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Abstract

Significance: Glutaredoxin (Grx)1, an evolutionarily conserved and ubiquitous enzyme, regulates redox signal
transduction and protein redox homeostasis by catalyzing reversible S-glutathionylation. Grx1 plays different
roles in different cell types. In Parkinson’s disease (PD), Grx1 regulates apoptosis signaling in dopaminergic
neurons, so that loss of Grx1 leads to increased cell death; in microglial cells, Grx1 regulates proinflammatory
signaling, so that upregulation of Grx1 promotes cytokine production. Here we examine the regulatory roles of
Grx1 in PD with a view toward therapeutic innovation.
Recent Advances: In postmortem midbrain PD samples, Grx1 was decreased relative to controls, specifically
within dopaminergic neurons. In Caenorhabditis elegans models of PD, loss of the Grx1 homologue led to
exacerbation of the neurodegenerative phenotype. This effect was partially relieved by overexpression of
neuroprotective DJ-1, consistent with regulation of DJ-1 content by Grx1. Increased GLRX copy number in PD
patients was associated with earlier PD onset; and Grx1 levels correlated with levels of proinflammatory tumor
necrosis factor-a in mouse and human brain samples. In vitro studies showed Grx1 to be upregulated on
proinflammatory activation of microglia. Direct overexpression of Grx1 increased microglial activation; si-
lencing Grx1 diminished activation. Grx1 upregulation in microglia corresponded to increased neuronal cell
death in coculture. Overall, these studies identify competing roles of Grx1 in PD etiology.
Critical Issues: The dilemma regarding Grx1 as a PD therapeutic target is whether to stimulate its upregulation
for neuroprotection or inhibit its proinflammatory activity.
Future Directions: Further investigation is needed to understand the preponderant role of Grx1 regarding
dopaminergic neuronal survival. Antioxid. Redox Signal. 30, 1352–1368.
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Introduction

Parkinson’s disease (PD) is a growing economic burden
internationally due to the increasing population of elderly

people and the necessity for extensive long-term health care
for individuals with PD. Being the second most common
neurodegenerative disease among the elderly, PD affects 1%
of people older than 65 years, and 5% of people older than
85 years. PD is distressful for the patients and their families,
manifesting symptoms that include bradykinesia, resting
tremor, rigidity, and postural instability. Loss of dopami-
nergic (DA) neurons in the substantia nigra (98) is the pri-
mary cause of movement disorders; however, PD patients

also exhibit several other complications, including impaired
cognition and dementia.

The major risk factor for PD is advanced age (65), which is
accompanied by many changes that could contribute to the
onset and/or progression of the disease, including diminu-
tion of antioxidant defense mechanisms, dysregulation of
cytosolic calcium homeostasis, compromised mitochondrial
membrane integrity, increased mutations in mitochondrial
DNA, and impaired mitochondrial electron transport with
decreased production of ATP. Overall, mitochondrial func-
tional impairment, increased oxidative stress, and abnormal
protein aggregation are common characteristics of PD (69).
Increased oxidative stress pertinent to neurodegeneration in
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PD has been ascribed to increased dopamine turnover, di-
minished glutathione (GSH) content, and increased levels of
free iron in the substantia nigra (82).

Notably, GSH deficiency is considered to be one of the
initial changes contributing to onset of PD (29). Samples of
brain tissue from PD patients have displayed decreased
GSH content in the dopaminergic neurons of the substantia
nigra (71, 86, 111) due to formation of glutathione disulfide
(GSSG) and glutathionyl conjugates, without diminution of
GSH synthesis. While specific genetic mutations and envi-
ronmental exposures (e.g., pesticides) have been implicated
as potential causes of PD, most cases of PD are classified as
sporadic (of unknown origin).

Rare familial forms of PD have been defined by muta-
tions in a number of genes, including DJ-1, LRRK2, Parkin,
PTEN-induced putative kinase 1 (PINK1), a-synuclein, and
ubiquitin carboxyl-terminal esterase L1 (UCH-L1) (111).
The proteins expressed by these genes participate in regula-
tion of various signaling pathways that control apoptosis, au-
tophagy, calcium homeostasis, mitochondrial fission/fusion,
respiration, reactive oxygen species (ROS) production, and
transport processes (23, 132, 133). Mutations in these pro-
teins account for only rare occurrences of inherited PD;
however, oxidative stress associated with PD may result in
post-translational oxidative modifications of these same pro-
teins and contribute more broadly to sporadic PD. For exam-
ple, PINK1 is a protein kinase, like many other protein kinases
(e.g., mitogen-activated protein kinase, protein kinases A
and C [PKA, PKC]), susceptible to deactivation by cysteine
modification (106); likewise, the active site cysteine of the E3
ubiquitin ligase Parkin is subject to oxidative modification.

Overexpression of a-synuclein in Drosophila results in
neuronal death, which can be mitigated by enhancing syn-
thesis of GSH (81); on the contrary, the rate of a-synuclein
aggregation is accelerated by GSSG (61). DJ-1, which is
characterized as protective of dopaminergic neurons by act-
ing as an antiapoptotic agent and redox sensor under reducing
conditions, instead is subject to diminished function under
oxidative conditions, apparently due to accelerated degra-
dation (52, 104). The leucine-rich repeat kinase 2 (LRRK2)
protein possesses both a kinase mitogen-activated protein
kinase kinase kinase domain and Ras GTPase-like domain
(21). Analogs of these LRRK2 domains (e.g., apoptosis signal
regulating kinase 1 [ASK1] and hRas) are known to be altered
functionally under oxidative stress conditions (73), suggesting
that LRRK2 also may be sensitive to redox modification.

Neuroinflammation is a common characteristic of neuro-
degenerative diseases, including PD; and loss of dopami-
nergic neurons in the substantia nigra and striatum correlates
with overt inflammation. The primary immune cells of the
central nervous system (CNS), namely the microglia residing
mainly in gray matter, are specifically implicated in neuro-
degeneration (30), as they become activated and launch an
immune response, releasing chemokines, cytokines, and
trophic factors. Indeed, increased levels of cytokines (TNF-a,
interleukin-1b [IL-1b], and interleukin-6 [IL-6]), compared
to controls, are observed in postmortem samples of substantia
nigra tissue from PD patients, and also in cerebrospinal fluid
and peripheral blood mononuclear cells from PD patients
(92). Since tumor necrosis factor-alpha (TNF-a) is consid-
ered a major mediator of the neuroinflammatory responses
that can lead to dopaminergic neuronal degeneration, it is

remarkable that mutation in the gene that promotes increased
production of TNF-a is correlated with early-onset PD (115).

As this introduction has conveyed, two key aspects of PD
have been emphasized, namely (i) the susceptibility of do-
paminergic neurons to oxidative stress and cell death; and (ii)
the role of inflammatory activation of resident immune cells
of the brain in promoting degeneration of the dopaminergic
neurons. These major influences on PD development are
depicted in Figure 1.

In this context, redox signaling and sulfhydryl homeostasis,
involving reversible post-translational modification of proteins
in brain cells, are important factors in the regulation or dys-
regulation of their cellular functions (36). These redox regu-
latory processes are mediated by thiol/disulfide oxidoreductase
(TDOR) enzymes, which catalyze thiol/disulfide interchange
reactions involving reversible oxidation and reduction of
cysteine residues. Glutaredoxin (Grx) and thioredoxin (Trx)
are the two primary TDOR enzymes that maintain sulfhydryl
homeostasis and mediate redox signaling (74, 136). The sub-
strate selectivities of each of these enzymes are indicative of
distinct physiological functions. Grx specifically reduces protein-
glutathione mixed disulfides (protein-SSG) (49), whereas Trx
primarily reduces intramolecular and intermolecular disulfide
bonds (49). The two enzyme systems carry out distinct, but
complementary functions, likely acting synergistically to
maintain thiol status in various types of cells (Fig. 2).

The focus of this review is on Grx, which has been impli-
cated in both of the key aspects of PD; as a potential neuro-
protective mediator in dopaminergic neurons on the one hand
and as a proinflammatory mediator in microglial cells on the
other hand. Thus, this review considers the ‘‘yin and yang’’ of
Grx homeostasis in brain cells and the role of this enzyme in
the progression of PD and potential therapeutic interventions.

Overview

Grx1 is an evolutionarily conserved and ubiquitously ex-
pressed enzyme that regulates redox signal transduction and
repairs protein oxidation by reversing the oxidative modifica-
tion of protein cysteine residues known as S-glutathionylation
(protein-SSG) (102). Grx1 is implicated in the regulation of
many important cellular processes, apparently playing different
key roles in different cell types.

The main function of Grx1 is to deglutathionylate proteins
and restore the reduced state (protein-SH), thereby contrib-
uting to sulfhydryl homeostasis and serving to regulate the
steady-state levels of protein-SSG in redox signaling net-
works (32). Loss of Grx1 activity and reversibility of S-
glutathionylation result in increased levels of protein-SSG,
implicated in many diseases, including neurodegenerative
diseases (34, 57, 89, 108). Since the chief function of Grx1 is
to catalyze deglutathionylation, manipulation of its content
in cells has been used effectively to document regulatory
pathways that involve S-glutathionylated intermediates. For
example, IKK-SSG and p-65-SSG have been identified as
regulatory intermediates in the nuclear factor kappa B
(NFjB) signaling pathway in different contexts (91, 96, 107).

Regulation by Grx1 has been shown also for other proteins
representing a broad range of cellular functions; examples
include the transcription factor nuclear factor-1 (NF-1) (14),
the signaling intermediate Ras (1), the contractile protein
actin (126), the apoptosis mediators serine/threonine protein
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kinase or protein kinase B (Akt) (79, 88) and cJun (60), and
the ion transporters K(ATP) channel (134) and cystic fibrosis
transmembrane conductase chloride channel (128). In each
case, Grx1 was shown to restore the original functional state
of the modified protein. These examples convey the breadth
of regulation of cell functions by reversible S-glutathionylation
and highlight the potential for dysregulation if the activity of
Grx activity is altered.

As depicted in Figure 3, many previous studies [reviewed in
(10)] have shown that Grx1 regulates the S-glutathionylation
status and activity of mediators of cell death and cell survival,
which are implicated in many disease situations. A few ex-
amples are displayed in Figure 3, where deglutathionylation
catalyzed by Grx1 alters the function of key regulators such as
NFjB. In the context of PD, Grx1 appears to regulate apo-
ptosis signaling in DA neurons, so that loss of Grx1 in these
cells leads to increased cell death (see the Grx as a Potential
Neuroprotective Mediator section).

Focusing on the immune cells of the brain, inflammatory
signaling pathways involve many mediators that are subject
to sulfhydryl redox regulation (Fig. 4). In particular, Figure 4
[adapted from (36)] depicts inflammatory signaling path-
ways involving mediators that are subject to reversible S-
glutathionylation, implicating a key role for Grx1. As shown,
S-glutathionylation can affect several different mediators in

pathways that lead to activation of NFjB, including the NFjB
subunit protein (65kDa) (p65) and p50 subunits. In contrast to
its role in neurons, Grx1 appears to regulate inflammatory
signaling in microglial cells, so that upregulation of Grx1
promotes proinflammatory cytokine production (see the Grx
as a Neuroinflammatory Mediator section). The challenge is
to understand the net effect of the regulatory roles of Grx1 in
PD to strategize its potential value as a therapeutic target.

While it has been implied in the discussion sections of
many published articles (54, 57, 58, 101) that elevation or
supplementation of Grx1 would have a protective role in PD
development, no definitive study has been conducted on Grx1
overexpressing animals to test that hypothesis. More likely,
the role of Grx1 in PD progression may not be so straight-
forward. Grx1 diminution/overexpression may have cell-
type-specific effects (apoptosis vs. inflammation). Moreover,
Grx1 levels may exert differential effects on the protein S-
glutathionylation status of different proteins in different
contexts. Below is a discussion of these considerations.

Grx as a Potential Neuroprotective Mediator

As indicated above, the etiology of PD is currently unclear;
however, oxidative stress and redox dysfunction are gen-
erally believed to play key roles in PD pathogenesis and

FIG. 1. Dopaminergic neurons are especially susceptible to oxidative stress internally and via assault from acti-
vated microglia that promote inflammation. The scheme depicted here represents an activated microglial cell and a
neuron. Microglia are considered the ‘‘resident macrophages’’ of the CNS. The microglia are activated by cytokines, and
they produce cytokines as well as ROS and RNS that promote oxidative stress extracellularly and thereby mediate injury of
neuronal cells. Various insults affecting the CNS, such as environmental and genetic factors, or changes in homeostatic
mechanisms due to aging, can lead to activation of the CNS-immune system, including microglia activation, astrocyte
proliferation, and lymphocyte recruitment. These events may in turn induce the production of ROS or RNS and drive the
expression of inflammatory factors. The inflammatory mediators can affect the vitality of neurons directly as well as
stimulate the CNS-immune cells to amplify proinflammatory signals that induce neurotoxic effects. Uncontrolled, chronic
inflammation can result in loss of neurons and progression of neurodegenerative diseases. DA, dopaminergic; CNS, central
nervous system; IL-6, interleukin-6; NOX, NADPH oxidase; ROS, reactive oxygen species; RNS, reactive nitrogen species;
TNF-a, tumor necrosis factor-alpha. Color images are available online.
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progression. Aging and environmental factors predispose
cells to adverse effects of redox changes. In addition, genetic
mutations linked to PD have been observed to disrupt the
redox balance (37, 53).

In contemporaneous studies in our laboratory (101) and
that of Viji Ravindranath (104), we learned that knockdown
of Grx1 in model DA neurons led to increased cell death,
providing an indication of the potential neuroprotective role
of Grx1. In more recent studies (52, 54), we examined the
levels of Grx1 in postmortem midbrain samples from PD
patients and found that Grx1 content is decreased relative to
controls, specifically within the DA neurons. Total Grx1
levels as well as a number of Grx1-positive and TH-positive
neurons were found to be decreased in substantia nigra of PD
patients (54). As microglia account for between 1% and 10%
of cells in the substantia nigra, depending on which marker is
used to identify microglia (77), total Grx1 levels in the sub-
stantia nigra are not reflective of Grx1 levels in the micro-
glia. The collective observations from our laboratory point to
a cell-type-dependent role for Grx1 in neurodegeneration, in
which Grx1 may play opposing yet balanced roles in neuronal
and microglial homeostasis. Specific overexpression of
Grx1 in the microglia in vivo by adenoassociated virus, as in
Ref. (22), would aid in investigating effects of microglial-
specific Grx1 induction on neuronal viability in vivo. As-
sessing neuronal and microglial Grx1 levels in PD patients or
PD animal models may help delineate cell-type-specific roles
of Grx1 in PD progression.

We examined the consequences of loss of the Grx1 ho-
mologue in well-established C. elegans models of familial
PD involving overexpression of pathogenic human LRRK2
mutants (G2019S or R1441C). Loss of the Grx1 homologue
led to significant exacerbation of the neurodegenerative
phenotype in C. elegans overexpressing the LRRK2 mutants.
Re-expression in the DA neurons of the active but not a
catalytically inactive form of the Grx1 homologue rescued
the exacerbated phenotype. Analogous results were observed

FIG. 2. Glutaredoxin and thioredoxin systems con-
tribute synergistically to sulfhydryl homeostasis. Repair
of sulfhydryl modifications is an important aspect of sulfhydryl
homeostasis. This function is carried out by the TDOR enzyme
systems. The Trx—TR system and the system that comprised
Grx coupled to GSH and GR catalyze disulfide reduction re-
actions and reactivation of oxidatively modified sulfhydryl
proteins. Grx is highly selective for glutathione-containing
mixed disulfides, that is, protein-SSG. Thus, reversible protein-
SSG formation by Grx may protect vital proteins from irre-
versible damage and serve as a regulatory mechanism. The Trx
system favors reduction of intramolecular disulfides via a Trx-
(S-S) intramolecular disulfide intermediate, and it is indis-
criminate with mixed disulfide substrates. As described in the
text, many of the proteins characteristically associated with
neurodegenerative diseases are subject to oxidative modifica-
tion and potential regulation via these enzyme systems. GR,
GSSG reductase; Grx, glutaredoxin; GSH, glutathione; GSSG,
glutathione disulfide; protein-SSG, S-glutathionylated protein;
TDOR, thiol/disulfide oxidoreductase; TR, thioredoxin re-
ductase; Trx, thioredoxin. Color images are available online.

FIG. 3. Grx1 regulates S-glutathionyl-
ation status and activity of mediators of
cell death and cell survival. Some exam-
ples of mediators that are known to be sus-
ceptible to reversible S-glutathionylation
and regulation by Grx1 are pictured here.
Adapted from Allen and Mieyal (10). NFjB,
nuclear factor kappa B; PKC, protein kinase
C. Color images are available online.
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in other C. elegans models, including overexpression of hu-
man a-synuclein and overexpression of tyrosine hydroxylase
(a model of sporadic PD), revealing a novel neuroprotective
role of Grx against DA neurodegeneration in models of fa-
milial and sporadic PD (54). However, it is important to note
in this context that the catalytic properties of the C. elegans
Grx1 homologue (GLRX-10) have not been characterized
as yet. Therefore, further investigations of the catalytic
mechanism of the C. elegans Grx1 homologue are needed
to fully characterize this enzyme as a model for hGrx1. It is
also worth noting that Grx activity was not assessed directly
in Grx1-/- C. elegans strains (54), so the relative catalytic
efficiency of GLRX-10 and its glutathionyl specificity rela-
tive to hGrx1 are not documented. Nevertheless, our studies
in C. elegans provide reasonable basis to expect that Grx1
loss in DA neurons in vivo increases their susceptibility to
degeneration.

Having obtained evidence for a neuroprotective role of
Grx1, we set out to examine potential targets of Grx1 regu-
lation in DA neurons, focusing on proteins that have been
both implicated in familial PD and found to be sensitive to
oxidative modification, providing a unifying mechanistic
basis for links between idiopathic and familial PD. Our pri-
mary target was DJ-1 (52). We focused first on DJ-1, because
previous data suggested a link between Grx1 and DJ-1.

DJ-1 is an atypical peroxiredoxin, molecular chaperone,
and transcription factor; its mutation with a loss of function or
deletion is linked to autosomal recessive PD (38). In another
context, oxidation of DJ-1 was interpreted to target it for
degradation (125). DJ-1 knockout mice show increased
sensitivity to oxidative stress (59); but it is not known if DJ-1
is oxidized in sporadic PD and if such oxidation of DJ-1
would change its function or accelerate its degradation. In
previous studies of model neuronal cells in culture, loss of
Grx1 was reported to result in a loss of DJ-1 protein content;
and mutation of cysteine 106 of DJ-1 ablated the dependence

of DJ-1 content on Grx1 activity (103). These results sug-
gested that loss of Grx1 may promote S-glutathionylation of
DJ-1, leading to its accelerated degradation.

We found diminished DJ-1 content in midbrain samples
from Grx-/- mice. Furthermore, with model DA neuronal
cells (SH-SY5Y), we observed decreased DJ-1 protein con-
tent in response to agents (H2O2 and diamide) that promote
protein-SSG formation; with isolated DJ-1, we identified two
distinct sites of S-glutathionylation (52). Overexpression of
DJ-1 in the DA neurons partly compensated for the effect of
knockout of the Grx1 homologue in a C. elegans in vivo
model of PD. Overall, these results suggest a novel Grx1-
mediated regulatory mechanism for DJ-1 content in vivo
potentially linked to PD. However, the partial rescuing effect
of DJ-1 overexpression suggests that other key proteins
regulated by reversible S-glutathionylation also contribute to
the neuroprotective effect mediated by Grx1. Certainly, ad-
ditional studies are necessary to fully delineate the neuro-
protective mechanism of Grx1.

Grx as a Neuroinflammatory Mediator

We hypothesized that Grx1 and reversible S-glutathionylation
would play a role in neuroinflammation based on analogy
to previous work by us and others in other contexts (Fig. 5).
In model studies of diabetic retinopathy using rat retinal
glial cells, we found a twofold induction of Grx1 in response
to high glucose, similar to the observed increase in Grx ac-
tivity in samples of retinal tissue from streptozotocin diabetic
rats compared to controls (108). Corresponding to Grx1 up-
regulation in retinal glial cells, there was a concomitant
proinflammatory response; namely, an increase in NFjB
activation and expression of the proinflammatory intercel-
lular adhesion molecule-1 (ICAM-1). The proinflammatory
response was mimicked when Grx1 was selectively upregu-
lated via adenoviral infection of the cells in normal glucose.

FIG. 4. Pathways of proin-
flammatory signaling have
many mediators that are
subject to regulation by re-
versible S-glutathionylation
and Grx1. Akt, serine/threo-
nine protein kinase or protein
kinase B; IKKb, I-kappaB ki-
nase-beta; IL-1B, interleukin-
1B; p65, NFjB subunit protein
(65kDa); TLR, Toll-like re-
ceptor. Color images are avail-
able online.
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Conversely, knockdown of Grx1 in retinal glial cells in high
glucose prevented ICAM-1 elevation. Collectively, these
results suggested that Grx1 regulates the reversible S-
glutathionylation and activity of the NFjB signaling path-
way. Supporting this interpretation, I-kappaB kinase-beta
(IKKb) was documented to be glutathionylated specifically
on Cys-179, identifying it as a potential control point regu-
lated by Grx1 in NFjB-mediated ICAM-1 expression.
Moreover, conditioned medium from Grx1-overexpressing
retinal glial cells contained more IL-6 relative to control
cells, and it induced upregulation of Grx1 and ICAM-1 in
freshly cultured rat endothelial cells and retinal glial cells,
indicating paracrine and autocrine transmission of the
proinflammatory response to upregulation of Grx1 (107). As
depicted in Figure 5, abundant Grx1 is found in immune cells
(4, 87), and Grx1 has been observed to be upregulated in
various situations where cytokine production was enhanced,
such as retinal glial cells in high glucose, microglial cells in
response to lipopolysaccharide (LPS) and TNFa (35), and
lung epithelial cells in response to various inflammatory
stimuli (4, 5, 97). As depicted (Fig. 5), knockout or knockdown
of Grx1 in various contexts has led to diminished proin-
flammatory effects of the corresponding stimulants (3, 34,
93, 104); and independent adenoviral upregulation of Grx1
was documented to promote increased formation of proin-
flammatory mediators in the absence of stimulants (34, 104).

Neuroinflammation and redox dysfunction are recognized
factors in PD pathogenesis; and diabetes is implicated as a
potentially predisposing condition. Remarkably, upregula-
tion of Grx1 is implicated in regulation of inflammatory re-
sponses in various disease contexts, including diabetes. We
investigated the potential impact of Grx1 upregulation in the
CNS on dopaminergic viability. For example, Grx1 content
in mouse and human brain samples correlated with levels of
the proinflammatory cytokine TNF-a; and we found that in-
creased GLRX copy number in PD patients was associated
with earlier PD onset. These findings prompted mechanistic
in vitro studies. Accordingly, treatment with LPS, or TNF-a,
led to upregulation of Grx1 content and activity in microglia.
Furthermore, upregulation of Grx1 via adenoviral infection,

titrated to the extent of induction by LPS, increased micro-
glial activation analogously, whereas Grx1 knockdown di-
minished activation.

Using selective inhibitors/probes of the NFjB activation
pathway, we discovered glrx1 induction to be mediated by
the Nurr1/NFjB axis, providing the first evidence for in-
volvement of the Nurr1/CoREST complex in repression of
glrx1 induction (35). Moreover, we documented that upre-
gulation of Grx1 in microglia promoted increased death of
neuronal cells in coculture. Using a model of diet-induced
insulin resistance in mice, we observed a correlation be-
tween upregulation of Grx1 in brain and loss of dopaminer-
gic function; namely, decreased tyrosine hydroxylase (TH)
content and diminution of TH-positive striatal axonal ter-
minals. Such effects were not observed with like-treated
Grx1 knockout mice. Our results indicate that Grx1 upregu-
lation promotes neuroinflammation and consequent neuronal
cell death in vitro, and synergizes with proinflammatory in-
sults to promote DA loss in vivo.

As discussed above, upregulation of Grx1 propagates
proinflammatory cytokine responses in various immune cell
contexts, and Grx1 knockdown has been shown to decrease
inflammatory activation of microglia (35), retinal glial cells
(108), and alveolar macrophages (4). In these various con-
texts, Grx1 has been shown to be a positive regulator of
NFjB, contributing to the propagation of inflammatory sig-
naling (4, 34, 91, 92, 93, 104). Specifically, silencing of Grx1
expression prevents progression of inflammation-driven
diseases, such as allergic airway disease, and dopaminergic
neuronal loss subsequent to type II diabetes in animal mod-
els (4, 76), documenting the proinflammatory role of Grx1
in vivo.

Certainly, there are exceptions to the generalization re-
garding the role of Grx1 as a proinflammatory mediator. In
fact, the opposite has been reported. For example, a recent
report indicated that BALB/CGrx1-/- mice, lacking Grx1,
were shown to mount an enhanced inflammatory response
when challenged with house dust mites (43), suggesting that
the role of Grx1 in inflammatory responses may be context
and/or mouse strain dependent. In addition, overexpression

FIG. 5. Grx1 is expressed abundantly
in immune cells, and its upregulation is
implicated in proinflammatory situa-
tions. Grx1 is expressed abundantly in
immune cells (26) and has been found to
be upregulated in various situations where
cytokine production is enhanced, such
as hyperglycemia in retinal glial cells, a
model of diabetic retinopathy (104); in
lung epithelial cells in response to various
inflammatory stimuli (4, 5, 97); and in
CNS microglial cells in response to LPS
and TNFa (35). ICAM-1, intercellular ad-
hesion molecule-1; LPS, lipopolysaccha-
ride. Color images are available online.
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of Grx1 has been reported to have an anti-inflammatory effect
in macrophages under particular conditions. Thus, over-
expression of Grx1 prevented accumulation of protein-SSG
in the monocytes of mice treated with low-density lipoprotein
plus high glucose, and inhibited monocyte chemoattractant
protein-1-induced monocyte chemotaxis in mice (121).

Impact of Grx1 overexpression

As described above, diminution/knockdown of Grx1 has
been associated with increased apoptosis, characterizing
Grx1 as a positive regulator of apoptosis (11, 20, 112);
whereas global overexpression of Grx1 has produced mixed
results in the context of disease tolerance. Grx1 over-
expression in the C57BL/6hGrx1TG mouse was found to
decrease cardiomyocyte cell death following ischemia/
reperfusion injury (3). On the contrary, Grx1 overexpression
in the lung was found to impair bacterial clearance and de-
crease survival on infection with Pseudomonas aeruginosa
(11). C57BL/6hGrx1TG mice show transgene expression in the
brain and heart, but not in the lung, liver, or kidney (3). We
observed (35) that Grx1-overexpressing mice display a de-
crease in brain TH levels similar to that induced by treatment
with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
a neurotoxin used as a chemical model of PD (16), suggesting
that Grx1 elevation in the CNS may recapitulate a PD phe-
notype when combined with an appropriate secondary insult
(in this case, prolonged feeding of a high-fat high-sugar
[HFHS] diet).

C57BL/6hGrx1TG mice also presented with elevated levels
of proinflammatory cytokines TNF-a and IL-6 (35), sug-
gesting that the observed decrease in TH levels may be due,
in part, to elevated neuroinflammation. C57BL/6hGrx1TG

mice displayed enhanced NFjB activation, as shown by
EMSA (3), as well as by decreased p65 S-glutathionylation
and increased expression of p65 target genes (80). Including
our observation of increased brain cytokine content (35),
several lines of evidence point to C57BL/6hGrx1TG mice
having enhanced baseline NFjB activation. Considering
models of PD, MPTP has been observed to promote p65
activation in mouse brain (35), and NFjB inhibition has been
found to ameliorate MPTP toxicity in animals (35) as well
as to prevent 1-methyl-4-phenylpyridinium (MPP+)-induced
neuroblastoma cell death in culture (131). Elevated p65 ac-
tivation has been documented in animal models of PD as well
as in glia and neurons of PD patients (33, 47, 90). Therefore,
we probed a database for samples of substantia nigra from

PD patients for evidence of increased expression of NFjB
target genes (Table 1). As shown in the Table, several key
components of NFjB pathways are found to be elevated.
Moreover, Grx1 was found to be induced in the brain after
MPTP treatment of male Swiss albino mice (57), and this
induction was found to be concomitant with TH neuronal
loss. Although the authors of that study interpreted neuronal
loss to be due to insufficient Grx1 in neurons, the results
could also reflect the consequence of Grx1 elevation in the
glia. Accordingly, the PD-like phenotypes observed in the
MPTP-treated mice and the C57BL/6hGrx1TG mice might be
due to elevated p65 signaling in the CNS. It would be of use
to characterize dopaminergic impairments, microglial acti-
vation, and behavioral abnormalities in the C57BL/6hGrx1TG

mouse to explore its potential as a mouse model of PD.

Potential alterations in DJ-1 content
on Grx1 overexpression

DJ-1 is involved in both PD and T2D pathogenesis. Al-
terations in DJ-1 levels appear to disrupt both beta islet cells
(51) and neuronal homeostasis (13). As described above, we
have reported evidence for Grx1 controlling DJ-1 levels (52),
suggesting that Grx1 overexpression in some contexts might
lead to dysregulation of DJ-1 homeostasis. C57BL/6JhGrx1TG

mice that overexpress Grx1 did not display appreciable
change in DJ-1 levels (52). However, DJ-1 levels were not
assessed in transgenic mice under stress, such as the HFHS
diet (type II diabetes [T2D]). It is possible that stress coupled
with Grx1 overexpression would promote alterations in DJ-1
levels. In regard to HFHS/T2D, DJ-1 levels have been found
to be diminished in T2D pancreatic islets; and DJ-1-deficient
mice show decreased secretion from beta cells in response to
aging or metabolic stress (50). DJ-1 deficiency decreases
adipogenesis and reduces inflammation in response to the
HFHS diet (50). Therefore, it is conceivable that elevated Grx1
and HFHS diet converge to disrupt DJ-1 homeostasis, thereby
leading to the observed biochemical markers of early PD (35).

Potential anti-inflammatory effects
of Grx1 overexpression

While elevated cytokine levels in the CNS have been as-
sociated generally with neurotoxic inflammation, certain
cytokines, such as IL-6 and IL-1b, have been reported to
exert neuroprotective effects in some contexts (7, 15, 105).
We found elevated levels of IL-6 in brain samples from the
C57BL/6hGrx1TG mice (35). IL-6 has been found elevated in

Table 1. Evidence for Elevated NFjB Signaling in Substantia Nigra of Parkinson’s Disease Patients

p value Fold change Gene symbol Gene title

0.00023 1.82 NFKB1 Nuclear factor of kappa light polypeptide
gene enhancer in B cells 1

0.00025 1.51 IKBKB Inhibitor of kappa light polypeptide
gene enhancer in B cells, kinase beta

0.0025 1.02 IL1B Interleukin 1, beta
0.0428 1.36 Interleukin 6 Interleukin 6

mRNA expression data for samples of Substantia nigra from PD patients (n = 11) and matched controls (n = 15) (accession number
GSE20295) were obtained from the Gene Expression Omnibus database. Three control subjects (GSM606624, GSM606625,
and GSM606626) were excluded from analysis as outliers. Data from remaining subjects were analyzed for differential expression
using GEO2R.
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brains of PD patients (78), suggesting that, despite potential
neuroprotective properties, elevated IL-6 fails to protect
TH neurons in PD patients. We found that Grx-
overexpressing microglia secreted elevated levels of IL-6, as
well as a number of proinflammatory (TNF-a, RANTES, IL-
12, IL-13) and anti-inflammatory (IL-10) cytokines (35).
However, proinflammatory neurotoxic effects appear to be
dominant, as increased neuronal cell death occurred in co-
culture with the microglia in which Grx1 was elevated,
suggesting that elevated inflammatory cytokine signaling is
sufficient to promote neuronal cell death despite potential
anti-inflammatory effects. It is nevertheless conceivable that
the C57BL/6hGrx1TG mouse may be resistant to further neu-
rodegeneration induced by neurotoxic stimuli, particularly
considering that resistance to MPTP toxicity in female Swiss
albino mice was attributed to their naturally elevated Grx1
levels relative to the male mice (57). It would be instructive to
characterize effects of neurotoxins on further DA neuronal
loss in the C57BL/6hGrx1TG mice.

Thus, Grx1 within DA neurons may play a neuroprotective
role; however, Grx1 within microglia may play a neuroin-
flammatory role. The dilemma regarding Grx1 as a thera-
peutic target for PD is whether to stimulate its upregulation
as a protective measure or inhibit its proinflammatory ac-
tivity. Much work is needed to sort out the preponderant role
of Grx1 and to devise effective therapeutic intervention.

Influence of Grx1 levels on protein S-glutathionylation

Generally, elevation of Grx1 has been found to correspond
to a decrease in global protein S-glutathionylation (5, 35), as
well as a decrease in S-glutathionylation of individual target
proteins; for example, p65 (35) and IKKb (107). However,
Grx1 has also been shown to facilitate S-glutathionylation in
the presence of glutathione thiyl radicals (GS�) (116) under
specific conditions. For example, Grx1 was found to promote
p65 S-glutathionylation under hypoxic condition and GSH
supplementation in a pancreatic cell line (91). Similarly,
Grx1 overexpression increased S-glutathionylation of select
protein targets and was shown to protect SK-N-SH dopa-
minergic cells from 6-hydroxydopamine (6-OHDA)-induced
damage (100). Since S-glutathionylation of particular pro-
teins may be a cell-protective mechanism, it follows that,
under certain circumstances, Grx1 elevation, leading to de-
creased S-glutathionylation of such proteins, would sensitize
cells to pro-PD insults. Our previous results (35) support this
interpretation, as we observed an increased loss of DA neu-
ronal projections in C57BL/6hGrx1TG mice following pro-
longed HFHS feeding. Thus, Grx1 content may differentially
drive protein S-glutathionylation, the vehicle of signal transduc-
tion by Grx1, depending on whether conditions favor deglu-
tathionylation or S-glutathionylation (i.e., the presence of GS�).

PD is a heterogeneous disease. As such, attempts to stratify
PD based on symptom presentation (119) and/or biochemical
signatures (28, 124) have been reported. We and others have
documented correlations with PD incidence for both Grx1
elevation (35) and Grx1 diminution (54); however, alter-
ations in content may drive distinct pathogenic processes of
PD. Decrease in Grx1 content has been shown to impair
mitochondrial complex I activity (58) and to exacerbate loss
of DA neurons in C. elegans genetic models of PD (54).
However, we have found Grx1 overexpression to result in

decreased DA neuronal striatal projections (35), further ex-
acerbated by prolonged HFHS diet. As described in Ref. (35),
loss of DA neuronal projections is often attributed to in-
creased phagocytosis by the microglia. It is therefore con-
ceivable that Grx1 diminution could drive PD onset through
mitochondrial impairment, while Grx1 overexpression could
promote loss of neuronal projections via increased microglial
activation. Thus, Grx1 expression levels might serve as a
unique classifier of PD subtypes.

Glutathionylatable targets in apoptosis
and inflammation

In this section, we provide an overview of apoptosis or
inflammatory mediators documented to be regulated via S-
glutathionylation. We have previously provided detailed
overviews of mitochondrial proteins (102) as well as com-
ponents of NFjB pathways (35, 109). Below, we provide in-
formation on other S-glutathionylatable targets in apoptosis
and inflammation. In addition, we describe S-glutathionylatable
proteins that have been specifically implicated in neuronal
apoptosis.

Fas

Fas (CD95, TNFRSF6) is a death receptor, activation of
which by TNF-a leads to apoptosis (reviewed in (11)). Fas
has been implicated in neurodegeneration. LRRK2 has been
shown to signal through activating Fas via binding to the
death domain; this was shown to be dependent on caspase-8
(39). Fas and TNF-a have been implicated in EAE patho-
genesis (19). Fas S-glutathionylation was first addressed in
the context of lung infection by P. aeruginosa (11). Increased
levels of Fas S-glutathionylation were proposed to drive
apoptosis of epithelial cells and subsequent bacterial clear-
ance. These findings suggest that Grx1 is implicated in epi-
thelial remodeling.

Caspase-3

Caspase-3 was found to be glutathionylated (83) on
Cys135 (active site) and on Cys45, both of which have
been found to be inhibitory to its apoptotic activity. S-
glutathionylation of these Cys residues on caspase-3 was
achieved by addition of physiological levels of GSSG (46).
Mutations of caspase-3 at Cys163, Cys184, and Cys220
led to increased cleavage, presumably due to decreased
S-glutathionylation (83), although these sites were not iden-
tified as glutathionylated (46). Procaspase-3 has also been
found adducted by biotinylated-GSSG, and treatment with
GSSG was shown to inhibit cleavage into the active form.
Procaspase-3 was also identified in rat liver, suggesting for-
mation of this adduct in vivo in the absence of exogenous
oxidative stimuli (46).

Grx1 knockdown via siRNA attenuated TNF-a-induced
apoptosis in endothelial cells (83). However, the authors did
not perform the converse experiment; that is, overexpression
of Grx1 and determination whether the antiapoptotic effect
would be reversed, or if there would be no effect. These data
suggest that Grx1 knockdown would, in fact, dampen
caspase-3 activity. Grx1 was shown to interact directly with
caspase-3 both in epithelial cells and in an overexpression
system (83). This interaction was shown to be negatively
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affected by treatment with TNF-a. Grx1 overexpression
prevented H2O2-induced caspase-3 cleavage in retinal pig-
ment epithelium cells (67). Collectively, accumulated evi-
dence indicates that Grx1 plays an antiapoptotic role in
regulation of caspase-3 activity.

Akt

S-glutathionylation of Akt resulted from H2O2 treatment
(67), and the extent of Akt S-glutathionylation was decreased
in cells overexpressing Grx1. In another study, data suggest
that Akt is S-glutathionylated on Cys296 and Cys310 (6).
Remarkably, S-glutathionylation of Akt was shown to inhibit
phospho-Akt formation. Grx1 knockdown in RPE cells did
not appear to decrease Akt protein levels (67); however,
similar experiment in Neuro2A cells decreased Akt protein
levels (6). Thus, the effect of S-glutathionylation on the rate
of degradation of Akt may be cell-type dependent and re-
quires further investigation.

MyD88

MyD88 is an intracellular adaptor protein for the toll-like
receptor (TLR) and IL-1R receptors. On ligation to the re-
ceptor, MyD88 recruits IRAK, which subsequently recruits
the TRAF adaptor proteins via death domain dimeriza-
tion, ultimately activating NFjB and AP-1 via TAK1/TAB.
MyD88 has been shown to be essential for TNF-a and IL-6
production following stimulation of TLR/IL-1R (8). Re-
markably, knockout of MyD88 has been shown to prevent
TLR-mediated LRRK2 phosphorylation in astrocytes, im-
plicating MyD88 in familial PD (27).

S-nitrosylation of MyD88 within the TLR interaction re-
gion at Cys-216 has been reported (48). This modification,
dependent on endothelial nitrogen oxide synthetase expres-
sion, was found to diminish NFjB activation by LPS. The S-

nitrosylation of MyD88 was abolished in a cell-free system
by treatment with GSH (1 mM), suggesting that S-nitrosylation
could serve as a precursor for S-glutathionylation of MyD88.
Hence, we were prompted to seek direct evidence for S-
glutathionylation of MyD88, which would implicate regula-
tion by Grx1. In fact, we documented S-glutathionylation of
MyD88 in BV2 murine microglial cells at rest [Fig. 6A; (75)],
consistent with the interpretation that MyD88 would be acti-
vated via deglutathionylation by Grx1 and thereby contribute
to the proinflammatory response as an upstream mediator that
propagates the effect of Grx1 upregulation to initiate NFjB
signaling, akin to other NFjB pathway members undergoing
reversible S-glutathionylation.

Thus, as described above, Grx1 upregulation by LPS or
via adenoviral overexpression led to a concomitant decrease
of S-glutathionylation of p65 in the microglia (35). Since
deglutathionylation of p65 has been found to correspond to
increased transcriptional activity of p65 in several other
contexts (5, 63, 66), we interpret our recent findings to in-
dicate that upregulation of Grx1 activates microglia through
activating NFjB, likely through deglutathionylation of
MyD88 and p65 and potentially other S-glutathionylated
components of the NFjB signaling network. Therefore, we
hypothesize that MyD88 is regulated by S-glutathionylation,
thereby acting as the upstream mediator that allows Grx1
induction to initiate NFjB signaling.

MyD88 inhibition decreases IL-6 release by LPS, but does
not prevent Grx1 induction—for assessing impact of MyD88
on Grx1 induction and IL-6 release stimulated by LPS, BV2
murine microglia cells were treated with cell-permeable
MyD88 inhibitory peptide (NBP2-29328; Novus Biologicals,
Littleton, CO) or inactive analog for 24 h. Cells were then
stimulated with 1 lg/mL LPS for 24 hr, and then, cells were
lysed to assess Grx1 activity. We found that Grx1 induction
by LPS does not appear to change in the presence of MyD88

FIG. 6. MyD88 may be a novel target for Grx1-mediated microglial activation. For detection of MyD88 S-
glutathionylation, HEK293T cells were cultured in low-glucose DMEM supplemented with 10% FBS. N-terminal FLAG
tagged hMyD88 sequence cloned into the pc3.1 vector (48) (FLAG-MyD88) was a kind gift from Dr. Takeshi Into (Asahi
University School of Dentistry, Japan). For transient FLAG-MyD88 expression, HEK293T cells were transfected with the
FLAG-MyD88 plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. Im-
munoprecipitation studies were conducted as described previously (35). Anti-FLAG M2 agarose was purchased from
Sigma-Aldrich (St. Louis, MO). We detected glutathionylated Flag-MyD88 in the absence of stimulus (A), suggesting that
Grx1 may regulate NFjB signaling at the level of MyD88 activation. (A) Pulldown of Flag-tagged human MyD88 transiently
expressed in HEK293T cells, probed for adducted glutathione, n = 3 +DTT–10 mM DTT added, NR, not reduced. (B) Grx1 activity
assay in BV2 pretreated with MyD88 inhibitory peptide (Novus Bio) or control peptide for 24 h and treated with 1 lg/mL LPS for
24 h. (C) TNF-a levels in medium of cells in (B), mean – SD, n = 2. DTT, dithiothreitol. Color images are available online.
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inhibitor (Fig. 6B), suggesting that MyD88 may contribute to
propagating the effect of Grx1 upregulation, but it is not
required for the mechanism of Grx1 induction in BV2 cells.
Media samples were taken for IL-6 ELISA (BioLegend, San
Diego, CA) according to the manufacturer’s instructions.
A decrease in LPS-stimulated IL-6 release was observed
(Fig. 6C), suggesting that MyD88 is necessary for IL-6 re-
lease from TLR4 stimulation in BV2 cells, consistent with its
role in activation of NFjB signaling.

Glutathionylatable Targets in Neuronal Apoptosis

Calcium channels

Dysregulation of calcium homeostasis has been identified
as a likely contributor to neurodegenerative disease. In this
regard, higher levels of cytosolic calcium have been reported
to promote cellular oxidative stress (72), a condition favoring
protein glutathionylation. In the context of models of PD,
MPTP treatment of mice was found to induce elevated in-
tracellular calcium and to increase neuronal cell death (62).
Similarly, calcium levels are found to rise in the event of ex-
citotoxic injury, leading to cell death. This increase in apo-
ptosis can be blunted by inhibition of the calcium-transporting
IP3 or ryanodine receptors (72). S-glutathionylation of the
ryanodine receptor type 1 was found to occur in response to
various treatments in vitro, corresponding to opening of the
channel and release of calcium from the endoplasmic reticu-
lum (12). With an in vivo cerebral ischemia rat model, S-
glutathionylation of the ryanodine receptor type 2 was found
to occur under ischemic conditions and result in hyperactivation
of the channel, possibly promoting neuronal death (17). In ad-
dition, sarcoplasmic reticulum calcium ATPase (SERCA)2 is
the chief regulator of Ca2+ reuptake, and its activity is known to
be altered by reversible S-glutathionylation in other contexts
(2), suggesting that its modulation may also contribute in the
context of neurodegeneration.

TRPC5 (transient receptor potential channel, subfamily C,
member 5) is another Ca2+ channel whose S-glutathionylation
on Cys176 and Cys178 was shown to activate the channel,
leading to elevated intracellular Ca2+, which may contribute
to increased neuronal death (45) Moreover, higher levels of
TRPC5-SSG were found in striatal neurons of patients with
Huntington’s disease. Therefore, these findings suggest that
TRPC5 S-glutathionylation is proapoptotic, and thus, Grx1
diminution may exert its proapoptotic effects in the neuron,
at least in part, through TRPC5 S-glutathionylation. How-
ever, we are unaware of studies that have examined the
S-glutathionylation status of the various calcium pumps in
PD models.

Actin/tau

Actin has been shown to be regulated via S-glutathionylation
(126), and in the context of neuronal degeneration, cyto-
skeletal S-glutathionylation has been implicated in axonal
dying-back degeneration (18). Actin polymerization/depo-
lymerization dynamically maintains cellular infrastructure
and participates in cell growth, movement, and division. In
particular, actin polymerization and function have been
found to be redox regulated through Grx1-dependent re-
versible S-glutathionylation. Thus, under unstimulated con-

ditions for NIH3T3 fibroblasts and A431 epithelial cells,
actin is largely S-glutathionylated on the Cys 374 residue,
inhibiting actin polymerization. Stimulation of these cells by
growth factors (FGF and EGF, respectively) led to Grx-
dependent deglutathionylation, increased polymerization,
and migration/rearrangement of the intracellular actin (126,
127). Regarding its role in neurons, S-glutathionylation of
actin appears to promote axonal and dendrite stability and
favor neuronal survival in normal brain (113). As expected,
dysregulation of actin S-glutathionylation has been impli-
cated in neuronal diseases. For example, fibroblasts from
patients with Friedreich’s ataxia showed increased actin S-
glutathionylation, and the actin filaments were disordered as
a result of S-glutathionylation (85), concomitant with en-
largement of the cells and cytoplasm. Postmortem brain
samples from Alzheimer’s disease (AD) patients have also
displayed increased actin oxidation (9). Accordingly, it is
reasonable to conclude that dysregulation of actin S-
glutathionylation may contribute to neurodegenerative dis-
ease progression in several contexts.

Tau protein is known to play key roles in neurons, promoting
neurite extension and axonal growth through dynamic micro-
tubule assembly. Aggregation of Tau in neurofibrillary tangles
is a prominent feature of AD, and neurofibrillary tangles have
also been noted in PD. A particular cysteine residue (Cys-322)
of Tau is required for its binding to microtubules. Accordingly,
oxidation of Cys-322 in vitro has been reported to alter Tau’s
ability to dimerize (26). S-glutathionylation of Tau has been
reported to accelerate its polymerization, displaying kinetics
comparable to that of Tau dimer linked via intermolecular
disulfides (26). In addition, assembled filaments generated from
monomers of S-glutathionylated Tau appeared to more closely
resemble AD fibrillary tangles than did the aggregates of Tau-
S-S-Tau dimers. Nevertheless, it is not known whether Tau is
actually oxidized in neurofibrillary tangles nor is it known
whether oxidation of Tau, for example, S-glutathionylation,
may alter its normal functions.

Systems analysis of pathways linked to Grx1
and neurodegeneration

To investigate potential shared pathways between neuro-
degenerative effects of Grx1 diminution and upregulation, we
performed cluster analysis on a list of S-glutathionylatable tar-
gets known to be involved in apoptosis and inflammation.
Notable common pathways are described below, identified
from either the Gene Ontology collection or KEGG (Kyoto
Encyclopedia of Genes and Genomes.

Gene ontology: response to interleukin 6

In our previous review (36), we briefly considered the role
of IL-6 in PD. In the current context, IL-6 signaling is a likely
contributor to the potentially opposing effects on PD pro-
gression of localized changes in Grx1 (the yin and yang of
Grx1), as IL-6 has been reported to exert both proin-
flammatory and neurotrophic effects. IL-6 release from
neurons has been proposed to be stimulated by neuronal ac-
tivity (55), and neuron-derived IL-6 has been proposed to be
required for facial nerve regeneration following axotomy
(117). Circulating IL-6 levels have been found higher in
PD patients compared to healthy controls, although this
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association is weak. Astrocytes are considered to be the pri-
mary source of IL-6 in the CNS (122). Hypoxia/reoxygena-
tion appears to increase IL-6 secretion in cultured brain slices
(68). The opposing effects of IL-6 on DA neuronal survival
resemble the opposing effects of Grx1 on this physiological
process, which may provide a reasonable explanation of the
seemingly disparate effects of Grx1 on DA neuronal ho-
meostasis. It would be of interest to determine whether al-
terations in Grx1 content promote parallel or opposing
alterations in IL-6 secretion from the various cell types of the
brain, neurons versus microglia versus astrocytes.

Gene ontology: nucleotide binding LRR containing
receptor pathways

NAIP contains an NOD domain and an LRR domain (25).
NAIP inhibits caspase-9 activity, which may represent
another layer of regulation by S-glutathionylation. XIAP
(X-linked apoptosis inhibitory protein), a protein related to
NAIP, has been shown to be regulated by S-nitrosylation,
which was shown to inhibit its antiapoptotic action (120).
XIAP is S-nitrosylated on the baculoviral IAP repeat resi-
dues, which bind to caspases and inhibit their function.
This S-nitrosylation may, in fact, serve as a precursor to S-
glutathionylation, analogous to SERCA (2) as discussed in
our previous review (36). Multiple targets of proapoptotic
action of Grx1 diminution have been identified (67). There-
fore, NAIP represents another avenue via which decrease in
Grx1 content may promote DA neuronal apoptosis.

Gene ontology: response to nicotine

Nicotine has been associated with decreased DA neuronal
loss in PD animal models [reviewed in (93, 94)]; similarly,
smoking is negatively associated with PD development in hu-
mans. Nicotine acts on nicotinic receptors, producing changes
in Ca2+ signaling. Nicotine administration in rotenone-treated
animals protects DA neurons [reviewed in (110)]. Treatment
with targeted inhibitors suggested that nicotine may exert its
neuroprotective effect through PI3K-Akt/PKB pathways (118).
Nicotine administration in cultured neurons may also decrease
unfolded protein response (114). In parallel, nicotinic receptor
stimulation decreases L-induced dyskinesia (93, 135). This
relationship held true for both existing dyskinesia and pre-
venting dyskinesia (93). In clinical trials, there are conflicting
results regarding the effect of nicotine on PD symptoms (93).
This disparity may be explained, in part, by the apparent
proinflammatory effects of nicotine (44). Akin to IL-6
(described above, in the Gene ontology: response to inter-
leukin 6 section), effects of nicotine on DA homeostasis in PD
may parallel the yin and yang of Grx1.

KEGG: TNF signaling pathway

TNF is a known activator of ASK1, which has been im-
plicated in DA neuronal death. We have shown Grx1 to
regulate ASK1 S-glutathionylation in SH-SY5Y cells (64),
representing a potential avenue through which Grx1 regulates
DA neuronal apoptosis. Antibodies against TNF prevented
Trx1 oxidation (potentially via inhibiting TNF-driven mito-
chondrial ROS generation) and subsequent ASK1 activation
(95). TNF-a is also considered an adipokine (described in
more detail in the next section). Moreover, we have also

shown that TNF-a can induce Grx1 in microglia, leading to
microglial activation (35). Therefore, differential modulation
of the TNF-a signaling pathway may represent an explana-
tion for the duality of apoptotic and inflammatory effects of
Grx1 in the context of PD.

KEGG: adipocytokine signaling pathway. Adipocyto-
kines are communication molecules secreted by the white
adipose tissue, and they can also be expressed in the CNS
[reviewed in (84)]. Adipocytokines have been implicated in
regulating metabolic activity. However, evidence suggests
that adipocytokines also play a role in neuronal survival and
glial inflammation. Prominent adipocytokines are leptin, re-
sistin, adiponectin, and TNF-a. Leptin can be produced in the
cerebellum, cortex, and hypothalamus. Resistin is cysteine
rich; in macrophages, resistin modulates NFjB signaling,
and thus, cytokine release. Adiponectin also modulates
NFjB signaling and promotes neuronal survival through
the AMPK pathway. The Adipo-R1 receptor is expressed
primarily in neurons, while Adipo-R2 is expressed weakly
in astrocytes and neurons. Adiponectin increases astrocyte ac-
tivation, and it has been shown to decrease release of inflam-
matory cytokines from the blood/brain barrier. Accordingly,
deficiency in adiponectin is associated with increased inflam-
mation (84).

Several findings in studies of models of PD suggest a
protective role of the adipokines. For example, leptin ad-
ministration to neurons challenged with 6-OHDA attenuated
apoptosis (129), likely involving modulation of the MEK
pathway. Furthermore, leptin administration into the sub-
stantia nigra of mice protected against coadministered 6-
OHDA in vivo and increased levels of neurotrophic factors
(129), consistent with the occurrence of leptin receptors
(LepR) in the mouse midbrain (130). The neuroprotective
effect of leptin has also been studied in model neurons treated
with MPP+, revealing a role for mitochondrial uncoupling
proteins in maintaining ATP levels and the mitochondrial
membrane potential in neuronal cells treated with MPP+

[reviewed in (24, 40)].
Despite the accumulating evidence from studies of PD

models, the role of adipokines in actual PD onset or pro-
gression is not clear. Thus, in a recent study, levels of leptin,
resistin, and adiponectin were measured in blood samples
from PD patients and found to be not significantly different
from those obtained from non-PD controls (99). These results
do not rule out changes in the adipokines in the CNS of PD
patients, and so, further study should be aimed at determining
the adipokine levels in cerebral spinal fluid or postmortem
brain samples. Indeed, a leptin neuroprotective effect has
been implicated in a study of PD patients undergoing treat-
ment with deep-brain stimulation (DBS). Thus, DBS of the
subthalamic nucleus resulted in weight gain and increased
circulating levels of ghrelin and leptin (70). This result pro-
vides insight regarding a potential mechanism of neuropro-
tection involving leptin elicited by DBS.

Grx as a therapeutic target in inflammatory diseases

As described above, Grx1 knockdown has been shown to
decrease inflammatory activation of microglia (35), retinal
glial cells (108), and alveolar macrophages (4), documenting
a proinflammatory role for Grx1; however, there are

1362 GORELENKOVA MILLER AND MIEYAL



exceptions where Grx1 may play an opposite role (41, 121),
suggesting that the role of Grx1 in inflammatory response
may be context and/or mouse strain dependent. We found
Grx1 knockdown to inhibit LPS induction of il6 (35, 75),
consistent with Grx1 as a target for anti-inflammatory treat-
ments. Grx1 diminution has been shown to contribute to
apoptosis in some cell types, such as neurons (100, 101),
retinal pigment epithelial cells (67), cardiomyocytes (31),
and lung epithelial cells (11). Therefore, cell-specific delivery
of a Grx1 inhibitor is desirable to control potential off-target
effects. Grx1-/- mice (41) are viable and appear to have a
normal life span, indicating that selective, local diminution of
its activity may be tolerated.

The absence of Grx1 (e.g., Grx1-/- mice) has been asso-
ciated with variable anti-inflammatory effects (5, 42), sug-
gesting that Grx1 may govern a specific inflammatory
signature. We found that Grx1 knockdown prevented il6 in-
duction, but not that of tnfa or il1b (75). These results are
consistent also with our earlier report of Grx1 knockdown
in BV2 cells decreasing LPS-stimulated secretion of IL-6
but not TNF-a (35). Interestingly, C57BL/6Grx1-/- mice dis-
played decreased whole-brain levels of both tnfa and il6
compared to WT controls (35, 75), suggesting that Grx1
knockdown in the microglia versus whole brain differentially
regulates tnfa expression. Further investigation is needed to
elucidate the main glutathionylated targets regulated by Grx1
in the microglia, which may explain apparent specificity for
Grx1 regulation of il6 induction.

Inflammation is a complex biological process involving
a number of physiological systems. As such, therapies that
effectively target the majority of interacting systems may
represent an effective treatment strategy. A recent study of
ours (72; manuscript under invited revision) is consistent
with this interpretation. Thus, we discovered an inhibitor of
Grx1 via rapid screening, identifying ‘‘CWR-J02,’’ a chlor-
oacetamido agent that inhibits Grx1 by covalently adducting
the active site cysteine, as documented by mass spectrometry.
J02 treatment of intact model microglia (BV2 cells) inhibited
intracellular Grx1 with an IC50 value essentially the same as
that for deactivation of the isolated enzyme in the presence of
1 mM GSH. Treatment of the microglia with J02 concomi-
tantly blocked production of proinflammatory cytokines. A
proteomic analysis of J02-adducted proteins identified many
J02-reactive proteins, including Grx1 and several mediators
of inflammatory activation.

Taken together, our data identify J02 as an intracellularly
effective Grx1 inhibitor that likely elicits its anti-inflammatory
action in a synergistic manner by also disabling other proin-
flammatory mediators. Notably, the covalent mode of action
and the presence of the alkyne group on the J02 molecule make
it relatively facile to screen-related derivatives for increased
Grx1 selectivity and intracellular potency in future studies.
Accordingly, despite its rather broad selectivity, J02 may be a
useful lead compound for further development as an anti-
inflammatory agent.

Our proteomic data identified J02 as modifying and likely
inhibiting a number of proteins belonging to the NFjB
family. These proteins have been shown to be inactivated by
S-glutathionylation (36). As J02 adduction onto reactive
cysteines may mimic S-glutathionylation, J02 likely inacti-
vates these target proteins. This effect could synergize with
increased S-glutathionylation of these proteins due to inac-

tivation of Grx1, thus highlighting J02 as a unique thiol-
directed anti-inflammatory agent.

Some of the most used anti-inflammatories, such as non-
steroidal anti-inflammatory drugs (123) and glucocorticos-
teroids (56), owe their efficacy partly to targeting multiple
pathways. Targeting multiple pathways also provides the
potential benefit of decreased likelihood for adverse effects
due to over-deactivation of a single pathway. Pathway anal-
ysis found J02 to potentially affect a wide variety of cellular
processes pertinent to the inflammatory response and redox
signaling, such as regulation of metabolic processes, trans-
lation, gene expression, cell redox homeostasis, and actin
cytoskeleton remodeling. Combined partial effects on these
processes may allow J02 or its analogs to be effective anti-
inflammatory agents while limiting adverse effects.

In contrast to targeting the proinflammatory role of Grx1 in
microglia via inhibition or knockdown, an alternative thera-
peutic approach would be to augment the activity of Grx1 and its
neuroprotective role in DA neurons. Conceptually, increasing
the activity of Grx1 could be accomplished by screening for
neuron-selective inducers of the enzyme or by genetic engi-
neering utilizing viral vectors or CRSPR/CAS9 technology.

Conclusions

Current research on Grx and its potential roles in PD
presents a complex situation where Grx1 likely plays a pri-
mary neuroprotective role in dopaminergic neurons, and
maintenance or enhancement of Grx1 activity in these brain
cells would diminish the progression of PD. In contrast, Grx1
appears to play a primary proinflammatory role in microglia
that are responsible for neuroinflammation, so diminution
of Grx1 in these brain cells would diminish the progression
of PD. Thus, a targeting Grx1 in the context of therapy of PD
is a challenging prospect, requiring consideration of cell-
selective manipulation of Grx1 content or activity.

Acknowledgments

This work was supported, in part, by NIH R21 grant
NS085503 ( JJM), Department of Veterans Affairs Merit
Review grant BX000290 ( JJM), and institutional support
from CWRU (OGM).

References

1. Adachi T, Pimentel Dr Fau - Heibeck T, Heibeck T Fau -
Hou X, Hou X Fau - Lee YJ, Lee Yj Fau - Jiang B, Jiang
B Fau - Ido Y, Ido Y Fau - Cohen RA, and Cohen RA. S-
glutathiolation of Ras mediates redox-sensitive signaling
by angiotensin II in vascular smooth muscle cells. J Biol
Chem 279: 29857–29862, 2004.

2. Adachi T, Weisbrod RM, Pimentel DR, Ying J, Sharov
VS, Schoneich C, and Cohen RA. S-Glutathiolation by
peroxynitrite activates SERCA during arterial relaxation
by nitric oxide. Nat Med 10: 1200–1207, 2004.

3. Adluri RS, Thirunavukkarasu M, Zhan L, Dunna NR,
Akita Y, Selvaraju V, Otani H, Sanchez JA, Ho YS, and
Maulik N. Glutaredoxin-1 overexpression enhances neo-
vascularization and diminishes ventricular remodeling in
chronic myocardial infarction. PLoS One 7: e34790, 2012.

4. Aesif SW, Anathy V, Kuipers I, Guala AS, Reiss JN, Ho
YS, and Janssen-Heininger YM. Ablation of glutaredoxin-

GLUTAREDOXIN IN PARKINSON’S DISEASE 1363



1 attenuates lipopolysaccharide-induced lung inflamma-
tion and alveolar macrophage activation. Am J Respir Cell
Mol Biol 44: 491–499, 2011.

5. Aesif SW, Kuipers I, van der Velden J, Tully JE, Guala
AS, Anathy V, Sheely JI, Reynaert NL, Wouters EF, van
der Vliet A, and Janssen-Heininger YM. Activation of the
glutaredoxin-1 gene by nuclear factor kappaB enhances
signaling. Free Radic Biol Med 51: 1249–1257, 2011.

6. Ahmad F, Nidadavolu P, Durgadoss L, and Ravindranath
V. Critical cysteines in Akt1 regulate its activity and
proteasomal degradation: implications for neurodegener-
ative diseases. Free Radic Biol Med 74: 118–128, 2014.

7. Akaneya Y, Takahashi M, and Hatanaka H. Interleukin-1
beta enhances survival and interleukin-6 protects against
MPP+ neurotoxicity in cultures of fetal rat dopaminergic
neurons. Exp Neurol 136: 44–52, 1995.

8. Akira S and Takeda K. Toll-like receptor signalling. Nat
Rev Immunol 4: 499–511, 2004.

9. Aksenov MY, Aksenova MV, Butterfield DA, Geddes JW,
and Markesbery WR. Protein oxidation in the brain in
Alzheimer’s disease. Neuroscience 103: 373–383, 2001.

10. Allen EM and Mieyal JJ. Protein-thiol oxidation and cell
death: regulatory role of glutaredoxins. Antioxid Redox
Signal 17: 1748–1763, 2012.

11. Anathy V, Aesif SW, Hoffman SM, Bement JL, Guala AS,
Lahue KG, Leclair LW, Suratt BT, Cool CD, Wargo MJ,
and Janssen-Heininger YM. Glutaredoxin-1 attenuates S-
glutathionylation of the death receptor fas and decreases
resolution of Pseudomonas aeruginosa pneumonia. Am J
Respir Crit Care Med 189: 463–474, 2014.

12. Aracena-Parks P, Goonasekera SA, Gilman CP, Dirksen
RT, Hidalgo C, and Hamilton SL. Identification of cys-
teines involved in S-nitrosylation, S-glutathionylation, and
oxidation to disulfides in ryanodine receptor type 1. J Biol
Chem 281: 40354–40368, 2006.

13. Ariga H, Takahashi-Niki K, Kato I, Maita H, Niki T, and
Iguchi-Ariga SM. Neuroprotective function of DJ-1 in Par-
kinson’s disease. Oxid Med Cell Longev 2013: 683920, 2013.

14. Bandyopadhyay S, Starke DW, Mieyal JJ, and Gronos-
tajski RM. Thioltransferase (glutaredoxin) reactivates the
DNA-binding activity of oxidation-inactivated nuclear
factor I. J Biol Chem 273: 392–397, 1998.

15. Bolin LM, Strycharska-Orczyk I, Murray R, Langston JW,
and Di Monte D. Increased vulnerability of dopaminergic
neurons in MPTP-lesioned interleukin-6 deficient mice. J
Neurochem 83: 167–175, 2002.

16. Bousquet M, St-Amour I, Vandal M, Julien P, Cicchetti F,
and Calon F. High-fat diet exacerbates MPTP-induced
dopaminergic degeneration in mice. Neurobiol Dis 45:
529–538, 2012.

17. Bull R, Finkelstein JP, Galvez J, Sanchez G, Donoso P,
Behrens MI, and Hidalgo C. Ischemia enhances activation by
Ca2+ and redox modification of ryanodine receptor channels
from rat brain cortex. J Neurosci 28: 9463–9472, 2008.

18. Carletti B, Passarelli C, Sparaco M, Tozzi G, Pastore A,
Bertini E, and Piemonte F. Effect of protein glutathiony-
lation on neuronal cytoskeleton: a potential link to neu-
rodegeneration. Neuroscience 192: 285–294, 2011.

19. Choe W, Stoica G, Lynn W, and Wong PK. Neurode-
generation induced by MoMuLV-ts1 and increased ex-
pression of Fas and TNF-alpha in the central nervous
system. Brain Res 779: 1–8, 1998.

20. Chrestensen CA, Starke DW, and Mieyal JJ. Acute cad-
mium exposure inactivates thioltransferase (Glutaredoxin),

inhibits intracellular reduction of protein-glutathionyl-
mixed disulfides, and initiates apoptosis. J Biol Chem 275:
26556–26565, 2000.

21. Crabb JW, Miyagi M, Gu X, Shadrach K, West KA, Sa-
kaguchi H, Kamei M, Hasan A, Yan L, Rayborn ME, Sal-
omon RG, and Hollyfield JG. Drusen proteome analysis: an
approach to the etiology of age-related macular degenera-
tion. Proc Natl Acad Sci U S A 99: 14682–14687, 2002.

22. Cucchiarini M, Ren XL, Perides G, and Terwilliger EF.
Selective gene expression in brain microglia mediated via
adeno-associated virus type 2 and type 5 vectors. Gene
Ther 10: 657–667, 2003.

23. Dagda RK and Chu CT. Mitochondrial quality control:
insights on how Parkinson’s disease related genes PINK1,
parkin, and Omi/HtrA2 interact to maintain mitochondrial
homeostasis. J Bioenerg Biomembr 41: 473–479, 2009.

24. Davis C, Mudd J, and Hawkins M. Neuroprotective effects
of leptin in the context of obesity and metabolic disorders.
Neurobiol Dis 72 Pt A: 61–71, 2014.

25. Davoodi JL, Lin L, Kelly J, Liston P, and MacKenzie AE.
Neuronal apoptosis-inhibitory protein does not interact with
Smac and requires ATP to bind caspase-9. J Biol Chem 279:
40622–40628, 2004.

26. Dinoto L, Deture MA, and Purich DL. Structural insights
into Alzheimer filament assembly pathways based on site-
directed mutagenesis and S-glutathionylation of three-repeat
neuronal Tau protein. Microsc Res Tech 67: 156–163, 2005.

27. Dzamko N, Inesta-Vaquera F, Zhang JZ, Xie CS, Cai HB,
Arthur S, Tan L, Choi H, Gray N, Cohen P, Pedrioli P,
Clark K, and Alessi DR. The IkappaB kinase family
phosphorylates the Parkinson’s disease kinase LRRK2 at
Ser935 and Ser910 during Toll-Like Receptor Signaling.
PLoS One 7: e39132, 2012.

28. Foltynie T, Brayne C, and Barker RA. The heterogeneity
of idiopathic Parkinson’s disease. J Neurol 249: 138–145,
2002.

29. Franco R and Cidlowski JA. Apoptosis and glutathione:
beyond an antioxidant. Cell Death Differ 16: 1303–1314,
2009.

30. Fuxe KG, Tarakanov AO, Goncharova LB, and Agnati
LF. A new road to neuroinflammation in Parkinson’s dis-
ease? Brain Res Rev 58: 453–458, 2008.

31. Gallogly MM, Shelton MD, Qanungo S, Pai HV, Starke
DW, Hoppel CL, Lesnefsky EJ, and Mieyal JJ. Glutar-
edoxin regulates apoptosis in cardiomyocytes via NFkap-
paB targets Bcl-2 and Bcl-xL: implications for cardiac
aging. Antioxid Redox Signal 12: 1339–1353, 2010.

32. Gallogly MM, Starke DW, and Mieyal JJ. Mechanistic
and kinetic details of catalysis of thiol-disulfide exchange
by glutaredoxins and potential mechanisms of regulation.
Antioxid Redox Signal 11: 1059–1081, 2009.

33. Ghosh A, Roy A, Liu X, Kordower JH, Mufson EJ,
Hartley DM, Ghosh S, Mosley RL, Gendelman HE, and
Pahan K. Selective inhibition of NF-kappaB activation
prevents dopaminergic neuronal loss in a mouse model
of Parkinson’s disease. Proc Natl Acad Sci U S A 104:
18754–18759, 2007.

34. Giustarini D, Milzani A, Aldini G, Carini M, Rossi R, and
Dalle-Donne I. S-nitrosation versus S-glutathionylation of
protein sulfhydryl groups by S-nitrosoglutathione. Anti-
oxid Redox Signal 7: 930–939, 2005.

35. Gorelenkova Miller O, Behring JB, Siedlak SL, Jiang S,
Matsui R, Bachschmid MM, Zhu X, and Mieyal JJ. Up-
regulation of glutaredoxin-1 activates microglia and pro-

1364 GORELENKOVA MILLER AND MIEYAL



motes neurodegeneration: implications for Parkinson’s
disease. Antioxid Redox Signal 25:967–982, 2016.

36. Gorelenkova Miller O and Mieyal JJ. Sulfhydryl-mediated
redox signaling in inflammation: role in neurodegenera-
tive diseases. Arch Toxicol 89: 1439–1467, 2015.

37. Heo HY, Park JM, Kim CH, Han BS, Kim KS, and Seol W.
LRRK2 enhances oxidative stress-induced neurotoxicity via
its kinase activity. Exp Cell Res 316: 649–656, 2010.

38. Heutink P. PINK-1 and DJ-1- new genes for autosomal
recessive Parkinson’s disease. J Neural Transm Suppl 70:
215–219, 2006.

39. Ho CC, Rideout HJ, Ribe E, Troy CM, and Dauer WT.
The Parkinson disease protein leucine-rich repeat kinase 2
transduces death signals via Fas-associated protein with
death domain and caspase-8 in a cellular model of neu-
rodegeneration. J Neurosci 29: 1011–1016, 2009.

40. Ho PW, Ho JW, Liu HF, So DH, Tse ZH, Chan KH,
Ramsden DB, and Ho SL. Mitochondrial neuronal un-
coupling proteins: a target for potential disease-modification
in Parkinson’s disease. Transl Neurodegener 1: 3, 2012.

41. Ho YS, Xiong Y, Ho DS, Gao J, Chua BH, Pai H, and
Mieyal JJ. Targeted disruption of the glutaredoxin 1 gene
does not sensitize adult mice to tissue injury induced by
ischemia/reperfusion and hyperoxia. Free Radic Biol Med
43: 1299–1312, 2007.

42. Hoffman SM, Nolin JD, Jones JT, Lahue KG, Chapman DG,
Aliyeva M, Daphtary N, Lundblad LK, Abdalla S, Ather JL,
Ho YS, Irvin CG, Anathy V, Wouters EF, Poynter ME, and
Janssen-Heininger YM. Ablation of the thiol transferase
glutaredoxin-1 augments protein S-glutathionylation and
modulates type 2 inflammatory responses and IL-17 in a
house dust mite model of allergic airway disease in mice. Ann
Am Thorac Soc 13 Suppl 1: S97, 2016.

43. Hoffman SM, Qian X, Nolin JD, Chapman DG, Chia SB,
Lahue KG, Schneider R, Ather JL, Randall MJ, McMillan
DH, Jones JT, Taatjes DJ, Aliyeva M, Daphtary N, Ab-
dalla S, Lundblad LK, Ho YS, Anathy V, Irvin CG,
Wouters EF, Reynaert NL, Dixon AE, van der Vliet A,
Poynter ME, and Janssen-Heininger YM. Ablation of
glutaredoxin-1 modulates house dust mite-induced aller-
gic airways disease in mice. Am J Respir Cell Mol Biol 55:
377–386, 2016.

44. Hom S, Chen L, Wang T, Ghebrehiwet B, Yin W, and
Rubenstein DA. Platelet activation, adhesion, inflamma-
tion, and aggregation potential are altered in the presence
of electronic cigarette extracts of variable nicotine con-
centrations. Platelets 27: 694–702, 2016.

45. Hong C, Seo H, Kwak M, Jeon J, Jang J, Jeong EM,
Myeong J, Hwang YJ, Ha K, Kang MJ, Lee KP, Yi EC,
Kim IG, Jeon JH, Ryu H, and So I. Increased TRPC5
glutathionylation contributes to striatal neuron loss in
Huntington’s disease. Brain 138: 3030–3047, 2015.

46. Huang Z, Pinto JT, Deng H, and Richie JP, Jr. Inhibition
of caspase-3 activity and activation by protein glutathio-
nylation. Biochem Pharmacol 75: 2234–2244, 2008.

47. Hunot S BB, Ricard D, Michel PP, Muriel MP, Ruberg M,
Faucheux BA, Agid Y, and Hirsch EC. Nuclear translo-
cation of NF-kappaB is increased in dopaminergic neu-
rons of patients with parkinson disease. Proc Natl Acad
Sci U S A 94: 7531–7536, 1997.

48. Into T, Inomata M, Nakashima M, Shibata K, Hacker H,
and Matsushita K. Regulation of MyD88-dependent sig-
naling events by S nitrosylation retards toll-like receptor

signal transduction and initiation of acute-phase immune
responses. Mol Cell Biol 28: 1338–1347, 2008.

49. Jacob C, Knight I, and Winyard PG. Aspects of the bio-
logical redox chemistry of cysteine: from simple redox
responses to sophisticated signalling pathways. Biol Chem
387: 1385–1397, 2006.

50. Jain D, Jain R, Eberhard D, Eglinger J, Bugliani M, Pie-
monti L, Marchetti P, and Lammert E. Age- and diet-
dependent requirement of DJ-1 for glucose homeostasis in
mice with implications for human type 2 diabetes. J Mol
Cell Biol 4: 221–230, 2012.

51. Jain D, Weber G, Eberhard D, Mehana AE, Eglinger J,
Welters A, Bartosinska B, Jeruschke K, Weiss J, Path G,
Ariga H, Seufert J, and Lammert E. DJ-1 protects pan-
creatic beta cells from cytokine- and streptozotocin-
mediated cell death. PLoS One 10: e0138535, 2015.

52. Johnson WM, Golczak M, Choe K, Curran PL, Miller OG,
Yao C, Wang W, Lin J, Milkovic NM, Ray A, Ravin-
dranath V, Zhu X, Wilson MA, Wilson-Delfosse AL,
Chen SG, and Mieyal JJ. Regulation of DJ-1 by Glutar-
edoxin 1 in Vivo: implications for Parkinson’s disease.
Biochemistry 55: 4519–4532, 2016.

53. Johnson WM, Wilson-Delfosse AL, and Mieyal JJ. Dys-
regulation of glutathione homeostasis in neurodegenera-
tive diseases. Nutrients 4: 1399–1440, 2012.

54. Johnson WM, Yao C, Siedlak SL, Wang W, Zhu X,
Caldwell GA, Wilson-Delfosse AL, Mieyal JJ, and Chen
SG. Glutaredoxin deficiency exacerbates neurodegenera-
tion in C. elegans models of Parkinson’s disease. Hum
Mol Genet 24: 1322–1335, 2015.

55. Juttler E, Tarabin V, and Schwaninger M. Interleukin-6
(IL-6): a possible neuromodulator induced by neuronal
activity. Neuroscientist 8: 268–275, 2002.

56. Keenan CR, Radojicic D, Li M, Radwan A, and Stewart
AG. Heterogeneity in mechanisms influencing glucocor-
ticoid sensitivity: the need for a systems biology approach
to treatment of glucocorticoid-resistant inflammation.
Pharmacol Ther 150: 81–93, 2015.

57. Kenchappa RS, Diwakar L, Annepu J, and Ravindranath
V. Estrogen and neuroprotection: higher constitutive ex-
pression of glutaredoxin in female mice offers protection
against MPTP-mediated neurodegeneration. FASEB J 18:
1102–1104, 2004.

58. Kenchappa RS and Ravindranath V. Glutaredoxin is es-
sential for maintenance of brain mitochondrial complex I:
studies with MPTP. FASEB J 17: 717–719, 2003.

59. Kim RH, Smith PD, Aleyasin H, Hayley S, Mount MP,
Pownall S, Wakeham A, You-Ten AJ, Kalia SK, Horne P,
Westaway D, Lozano AM, Anisman H, Park DS, and Mak
TW. Hypersensitivity of DJ-1-deficient mice to 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyrindine (MPTP) and oxidative
stress. Proc Natl Acad Sci U S A 102: 5215–5220, 2005.

60. Klatt P, Molina EP, and Lamas S. Nitric oxide inhibits c-
Jun DNA binding by specifically targeted S-glutathio-
nylation. J Biol Chem 274: 15857–15864, 1999.

61. Lam PY, Yin F, Hamilton RT, Boveris A, and Cadenas E.
Elevated neuronal nitric oxide synthase expression during
ageing and mitochondrial energy production. Free Radic
Res 43: 431–439, 2009.

62. Leist M, Volbracht C, Fava E, and Nicotera P. 1-Methyl-
4-phenylpyridinium induces autocrine excitotoxicity, pro-
tease activation, and neuronal apoptosis. Mol Pharmacol
54: 789–801, 1998.

GLUTAREDOXIN IN PARKINSON’S DISEASE 1365



63. Liao BC, Hsieh CW, Lin YC, and Wung BS. The glu-
taredoxin/glutathione system modulates NF-kappaB ac-
tivity by glutathionylation of p65 in cinnamaldehyde-
treated endothelial cells. Toxicol Sci 116: 151–163, 2010.

64. Liedhegner EA, Steller KM, and Mieyal JJ. Levodopa
activates apoptosis signaling kinase 1 (ASK1) and pro-
motes apoptosis in a neuronal model: implications for the
treatment of Parkinson’s disease. Chem Res Toxicol 24:
1644–1652, 2011.

65. Lin MT and Beal MF. Mitochondrial dysfunction and
oxidative stress in neurodegenerative diseases. Nature
443: 787–795, 2006.

66. Lin YC, Huang GD, Hsieh CW, and Wung BS. The glu-
tathionylation of p65 modulates NF-kappaB activity in
15-deoxy-Delta(1)(2),(1)(4)-prostaglandin J(2)-treated en-
dothelial cells. Free Radic Biol Med 52: 1844–1853, 2012.

67. Liu X, Jann J, Xavier C, and Wu H. Glutaredoxin 1 (Grx1)
Protects human retinal pigment epithelial cells from oxi-
dative damage by preventing AKT glutathionylation. In-
vest Ophthalmol Vis Sci 56: 2821–2832, 2015.

68. Maeda Y, Matsumoto M, Hori O, Kuwabara K, Ogawa S,
Yan SD, Ohtsuki T, Kinoshita T, Kamada T, and Stern DM.
Hypoxia/reoxygenation-mediated induction of astrocyte in-
terleukin 6: a paracrine mechanism potentially enhancing
neuron survival. J Exp Med 180: 2297–2308, 1994.

69. Maguire-Zeiss KA, Short DW, and Federoff HJ. Synu-
clein, dopamine and oxidative stress: co-conspirators in
Parkinson’s disease? Brain Res Mol Brain Res 134: 18–
23, 2005.

70. Markaki E, Ellul J, Kefalopoulou Z, Trachani E, Theo-
doropoulou A, Kyriazopoulou V, and Constantoyannis C.
The role of ghrelin, neuropeptide Y and leptin peptides in
weight gain after deep brain stimulation for Parkinson’s
disease. Stereotact Funct Neurosurg 90: 104–112, 2012.

71. Martin HL and Teismann P. Glutathione-a review on its
role and significance in Parkinson’s disease. FASEB J 23:
3263–3272, 2009.

72. Mattson MP. Calcium and neurodegeneration. Aging Cell
6: 337–350, 2007.

73. Mieyal JJ, Gallogly MM, Qanungo S, Sabens EA, and
Shelton MD. Molecular mechanisms and clinical impli-
cations of reversible protein S-glutathionylation. Antioxid
Redox Signal 10: 1941–1988, 2008.

74. Mieyal JJ, Srinivasan U, Starke DW, Gravina SA, and
Mieyal PA. Glutathionyl specificity of the thiol-
transferases: mechanistic and physiological implications.
In: Biothiols in Health and Disease, edited by Packer LC.
New York: E. Marcel Dekker, Inc.; 1995, pp. 305–372.

75. Miller OG. Glutaredoxin-1 As A Therapeutic Target
In Neurodegenerative Inflammation. [Ph.D. Thesis]. Case
Western Reserve University, 2017. https://etdadmin.ohiolink
.edu/wwv_flow.accept

76. Miller OG, Kern TS, and Mieyal JJ. Convergence of
Parkinson’s disease and diabetes: focus on glia. Macro-
phage 4: 1504, 2017.

77. Mittelbronn M, Dietz K, Schluesener HJ, and Meyermann
R. Local distribution of microglia in the normal adult
human central nervous system differs by up to one order
of magnitude. Acta Neuropathol 101: 249–255, 2001.

78. Mogi M, Harada M, Kondo T, Riederer P, Inagaki H,
Minami M, and Nagatsu T. Interleukin-1 beta, interleukin-
6, epidermal growth factor and transforming growth
factor-alpha are elevated in the brain from parkinsonian
patients. Neurosci Lett 180: 147–150, 1994.

79. Murata H, Ihara Y Fau - Nakamura H, Nakamura H Fau -
Yodoi J, Yodoi J Fau - Sumikawa K, Sumikawa K Fau -
Kondo T, and Kondo T. Glutaredoxin exerts an anti-
apoptotic effect by regulating the redox state of Akt. J
Biol Chem 278: 50226–50233, 2003.

80. Murdoch CE, Shuler M, Haeussler DJ, Kikuchi R, Bearelly
P, Han J, Watanabe Y, Fuster JJ, Walsh K, Ho YS,
Bachschmid MM, Cohen RA, and Matsui R. Glutaredoxin-
1 up-regulation induces soluble vascular endothelial growth
factor receptor 1, attenuating post-ischemia limb revascu-
larization. J Biol Chem 289: 8633–8644, 2014.

81. Obin M, Shang F, Gong X, Handelman G, Blumberg J,
and Taylor A. Redox regulation of ubiquitin-conjugating
enzymes: mechanistic insights using the thiol-specific
oxidant diamide. FASEB J 12: 561–569, 1998.

82. Olanow CW and Tatton WG. Etiology and pathogenesis of
Parkinson’s disease. Annu Rev Neurosci 22: 123–144, 1999.

83. Pan S and Berk BC. Glutathiolation regulates tumor ne-
crosis factor-alpha-induced caspase-3 cleavage and apo-
ptosis: key role for glutaredoxin in the death pathway.
Circ Res 100: 213–219, 2007.

84. Parimisetty A, Dorsemans AC, Awada R, Ravanan P,
Diotel N, and d’Hellencourt CL. Secret talk between ad-
ipose tissue and central nervous system via secreted
factors-an emerging frontier in the neurodegenerative re-
search. J Neuroinflammation 13: 67, 2016.

85. Pastore A, Tozzi G, Gaeta LM, Bertini E, Serafini V, Di
Cesare S, Bonetto V, Casoni F, Carrozzo R, Federici G,
and Piemonte F. Actin glutathionylation increases in fi-
broblasts of patients with Friedreich’s ataxia: a potential
role in the pathogenesis of the disease. J Biol Chem 278:
42588–42595, 2003.

86. Pearce RK, Owen A, Daniel S, Jenner P, and Marsden
CD. Alterations in the distribution of glutathione in the
substantia nigra in Parkinson’s disease. J Neural Transm
(Vienna) 104: 661–677, 1997.

87. Peltoniemi MJ, Rytila PH, Harju TH, Soini YM, Sal-
menkivi KM, Ruddock LW, and Kinnula VL. Modulation
of glutaredoxin in the lung and sputum of cigarette
smokers and chronic obstructive pulmonary disease. Re-
spir Res 7: 133, 2006.

88. Pham FH, Sugden PH, and Clerk A. Regulation of protein
kinase B and 4E-BP1 by oxidative stress in cardiac
myocytes. Circ Res 86: 1252–1258, 2000.

89. Pineda-Molina E, Klatt P, Vazquez J, Marina A, Garcia de
Lacoba M, Perez-Sala D, and Lamas S. Glutathionylation
of the p50 subunit of NF-kappaB: amechanism for redox-
induced inhibition of DNA binding. Biochemistry 40:
14134–14142, 2001.

90. Pranski E VSC, Dalal N, Orr AL, Karmali D, Cooper
DS, Gearing M, Lah JJ, Levey AI, and Betarbet R. NF-
kappaB activity is inversely correlated to RNF11 expres-
sion in Parkinson’s disease. Neurosci Lett 547: 16–20,
2013.

91. Qanungo S, Starke DW, Pai HV, Mieyal JJ, and Nieminen
AL. Glutathione supplementation potentiates hypoxic
apoptosis by S-glutathionylation of p65-NFkappaB. J Biol
Chem 282: 18427–18436, 2007.

92. Qian L and Flood PM. Microglial cells and Parkinson’s
disease. Immunol Res 41: 155–164, 2008.

93. Quik M, Bordia T, Zhang D, and Perez XA. Nicotine and
nicotinic receptor drugs: potential for Parkinson’s disease
and drug-induced movement disorders. Int Rev Neurobiol
124: 247–271, 2015.

1366 GORELENKOVA MILLER AND MIEYAL



94. Quik M, Perez XA, and Bordia T. Nicotine as a potential
neuroprotective agent for Parkinson’s disease. Move Dis-
ord 27: 947–957, 2012.

95. Ray A, Sehgal N, Karunakaran S, Rangarajan G, and
Ravindranath V. MPTP activates ASK1-p38 MAPK sig-
naling pathway through TNF-dependent Trx1 oxidation in
parkinsonism mouse model. Free Radic Biol Med 87:
312–325, 2015.

96. Reynaert NL, van der Vliet A, Guala AS, McGovern T,
Hristova M, Pantano C, Heintz NH, Heim J, Ho YS, Mat-
thews DE, Wouters EF, and Janssen-Heininger YM. Dy-
namic redox control of NF-kappaB through glutaredoxin-
regulated S-glutathionylation of inhibitory kappaB kinase
beta. Proc Natl Acad Sci U S A 103: 13086–13091, 2006.

97. Reynaert NL, Wouters EF, and Janssen-Heininger YM.
Modulation of glutaredoxin-1 expression in a mouse
model of allergic airway disease. Am J Respir Cell Mol
Biol 36: 147–151, 2007.

98. Riedlerer PF. Views on neurodegeneration as a basis for
neuroprotective strategies. Med Sci Monit 10: RA287–
RA290, 2004.

99. Rocha NP, Scalzo PL, Barbosa IG, de Sousa MS, Morato
IB, Vieira EL, Christo PP, Reis HJ, and Teixeira AL.
Circulating levels of adipokines in Parkinson’s disease. J
Neurol Sci 339: 64–68, 2014.

100. Rodriguez-Rocha H, Garcia Garcia A, Zavala-Flores L, Li
S, Madayiputhiya N, and Franco R. Glutaredoxin 1 pro-
tects dopaminergic cells by increased protein glutathio-
nylation in experimental Parkinson’s disease. Antioxid
Redox Signal 17: 1676–1693, 2012.

101. Sabens EA, Distler AM, and Mieyal JJ. Levodopa deac-
tivates enzymes that regulate thiol-disulfide homeostasis
and promotes neuronal cell death: implications for therapy
of Parkinson’s disease. Biochemistry 49: 2715–2724, 2010.

102. Sabens Liedhegner EA, Gao XH, and Mieyal JJ. Me-
chanisms of altered redox regulation in neurodegenerative
diseases—focus on S—glutathionylation. Antioxid Redox
Signal 16: 543–566, 2012.

103. Saeed U, Durgadoss L, Valli RK, Joshi DC, Joshi PG, and
Ravindranath V. Knockdown of cytosolic glutaredoxin 1
leads to loss of mitochondrial membrane potential: implica-
tion in neurodegenerative diseases. PLoS One 3: e2459, 2008.

104. Saeed U, Ray A, Valli RK, Kumar AM, and Ravindranath
V. DJ-1 loss by glutaredoxin but not glutathione depletion
triggers Daxx translocation and cell death. Antioxid Redox
Signal 13: 127–144, 2010.

105. Scheller J, Chalaris A, Schmidt-Arras D, and Rose-John
S. The pro- and anti-inflammatory properties of the cytokine
interleukin-6. Biochim Biophys Acta 1813: 878–888, 2011.

106. Shelton MD, Chock PB, and Mieyal JJ. Glutaredoxin: role
in reversible protein s-glutathionylation and regulation of
redox signal transduction and protein translocation. Anti-
oxid Redox Signal 7: 348–366, 2005.

107. Shelton MD, Distler AM, Kern TS, and Mieyal JJ.
Glutaredoxin regulates autocrine and paracrine proin-
flammatory responses in retinal glial (muller) cells. J Biol
Chem 284: 4760–4766, 2009.

108. Shelton MD, Kern TS, and Mieyal JJ. Glutaredoxin reg-
ulates nuclear factor kappa-B and intercellular adhesion
molecule in Muller cells: model of diabetic retinopathy.
J Biol Chem 282: 12467–12474, 2007.

109. Shelton MD and Mieyal JJ. Regulation by reversible S-
glutathionylation: molecular targets implicated in inflam-
matory diseases. Mol Cells 25: 332–346, 2008.

110. Shimohama S. Nicotinic receptor-mediated neuroprotec-
tion in neurodegenerative disease models. Biol Pharm
Bull 32: 332–336, 2009.

111. Sian J, Dexter DT, Lees AJ, Daniel S, Agid Y, Javoy-Agid F,
Jenner P, and Marsden CD. Alterations in glutathione levels in
Parkinson’s disease and other neurodegenerative disorders
affecting basal ganglia. Ann Neurol 36: 348–355, 1994.

112. Song JJ and Lee YJ. Differential role of glutaredoxin and
thioredoxin in metabolic oxidative stress-induced activa-
tion of apoptosis signal-regulating kinase 1. Biochem J
373: 845–853, 2003.

113. Sparaco M, Gaeta LM, Tozzi G, Bertini E, Pastore A,
Simonati A, Santorelli FM, and Piemonte F. Protein glu-
tathionylation in human central nervous system: potential
role in redox regulation of neuronal defense against free
radicals. J Neurosci Res 83: 256–263, 2006.

114. Srinivasan R, Henley BM, Henderson BJ, Indersmitten T,
Cohen BN, Kim CH, McKinney S, Deshpande P, Xiao C,
and Lester HA. Smoking-relevant nicotine concentration
attenuates the unfolded protein response in dopaminergic
neurons. J Neurosci 36: 65–79, 2016.

115. Sriram K and O’Callaghan JP. Divergent roles for tumor
necrosis factor-alpha in the brain. J Neuroimmune Phar-
macol 2: 140–153, 2007.

116. Starke DW, Chock PB, and Mieyal JJ. Glutathione-thiyl
radical scavenging and transferase properties of human
glutaredoxin (thioltransferase). Potential role in redox sig-
nal transduction. J Biol Chem 278: 14607–14613, 2003.

117. Streit WJ, Hurley SD, McGraw TS, and Semple-Rowland
SL. Comparative evaluation of cytokine profiles and re-
active gliosis supports a critical role for interleukin-6 in
neuron-glia signaling during regeneration. J Neurosci Res
61: 10–20, 2000.

118. Takeuchi H, Yanagida T, Inden M, Takata K, Kitamura Y,
Yamakawa K, Sawada H, Izumi Y, Yamamoto N, Kihara T,
Uemura K, Inoue H, Taniguchi T, Akaike A, Takahashi R,
and Shimohama S. Nicotinic receptor stimulation protects
nigral dopaminergic neurons in rotenone-induced Parkin-
son’s disease models. J Neurosci Res 87: 576–585, 2009.

119. Thenganatt MA and Jankovic J. Parkinson disease sub-
types. JAMA Neurol 71: 499–504, 2014.

120. Tsang AH, Lee YI, Ko HS, Savitt JM, Pletnikova O,
Troncoso JC, Dawson VL, Dawson TM, and Chung KK.
S-nitrosylation of XIAP compromises neuronal survival in
Parkinson’s disease. Proc Natl Acad Sci U S A 106: 4900–
4905, 2009.

121. Ullevig S, Zhao Q, Lee CF, Seok Kim H, Zamora D, and
Asmis R. NADPH oxidase 4 mediates monocyte priming
and accelerated chemotaxis induced by metabolic stress.
Arterioscler Thromb Vasc Biol 32: 415–426, 2012.

122. Van Wagoner NJ and Benveniste EN. Interleukin-6 ex-
pression and regulation in astrocytes. J Neuroimmunol
100: 124–139, 1999.

123. Vane J. The evolution of non-steroidal anti-inflammatory
drugs and their mechanisms of action. Drugs 33: 18–27, 1987.

124. von Coelln R and Shulman LM. Clinical subtypes and
genetic heterogeneity: of lumping and splitting in Par-
kinson disease. Curr Opin Neurol 29: 727–734, 2016.

125. Waak J, Weber SS, Gorner K, Schall C, Ichijo H, Stehle T, and
Kahle PJ. Oxidizable residues mediating protein stability and
cytoprotective interaction of DJ-1 with apoptosis signal-
regulating kinase 1. J Biol Chem 284: 14245–14257, 2009.

126. Wang J, Boja ES, Tan W, Tekle E, Fales HM, English S,
Mieyal JJ, and Chock PB. Reversible glutathionylation

GLUTAREDOXIN IN PARKINSON’S DISEASE 1367



regulates actin polymerization in A431 cells. J Biol Chem
276: 47763–47766, 2001.

127. Wang J, Tekle E, Oubrahim H, Mieyal JJ, Stadtman ER,
and Chock PB. Stable and controllable RNA interference:
investigating the physiological function of glutathiony-
lated actin. Proc Natl Acad Sci U S A 100: 5103–5106,
2003.

128. Wang W, Oliva C Fau - Li G, Li G Fau - Holmgren A,
Holmgren A Fau - Lillig CH, Lillig Ch Fau - Kirk KL,
and Kirk KL. Reversible silencing of CFTR chloride
channels by glutathionylation. J Gen Physiol 125: 127–
141, 2005.

129. Weng Z, Signore AP, Gao Y, Wang S, Zhang F, Hastings
T, Yin XM, and Chen J. Leptin protects against 6-
hydroxydopamine-induced dopaminergic cell death via
mitogen-activated protein kinase signaling. J Biol Chem
282: 34479–34491, 2007.

130. Xu Y, Lu Y, Xu P, Mangieri L, Isingrini E, Xu Y, Giros B,
and Tong Q. VMAT2-mediated neurotransmission from
midbrain leptin receptor neurons in feeding regulation. –
eNeuro 4: pii: ENEURO.0083-17.2017, 2017.

131. Yang HJ WL, Xia YY, Chang PN, and Feng ZW. NF-
kappaB mediates MPP+-induced apoptotic cell death in
neuroblastoma cells SH-EP1 through JNK and c-Jun/
AP-1. Neurochem Int 56: 128–134, 2010.

132. Yang Q and Mao Z. Parkinson disease: a role for autop-
hagy? Neuroscientist 16: 335–341, 2010.

133. Yang Q and Mao Z. Regulation of MEF2 s by chaperone-
mediated autophagy. Cell Cycle 8: 1304, 2009.

134. Yang Y, Shi W, Cui N, Wu Z, and Jiang C. Oxidative stress
inhibits vascular K(ATP) channels by S-glutathionylation.
J Biol Chem 285: 38641–38648, 2010.

135. Zhang D, McGregor M, Bordia T, Perez XA, McIntosh
JM, Decker MW, and Quik M. alpha7 nicotinic receptor
agonists reduce levodopa-induced dyskinesias with severe
nigrostriatal damage. Mov Disord 30: 1901–1911, 2015.

136. Ziegler DM. Role of reversible oxidation-reduction of
enzyme thiols-disulfides in metabolic regulation. Annu
Rev Biochem 54: 305–329, 1985.

Address correspondence to:
Prof. John J. Mieyal

Department of Pharmacology
School of Medicine

Case Western Reserve University
2109 Adelbert Road

Cleveland, OH 44106-4965

E-mail: jjm5@cwru.edu

Date of first submission to ARS Central, October 17, 2017;
date of acceptance, November 10, 2017.

Abbreviations Used

6-OHDA¼ 6-hydroxydopamine
AD¼Alzheimer’s disease
Akt¼ serine/threonine protein kinase (aka protein

kinase B)
ASK1¼ apoptosis signal regulating kinase 1
CFTR¼ cystic fibrosis transmembrane conductance

regulator
CNS¼ central nervous system

DA¼ dopaminergic
DBS¼ deep-brain stimulation
Grx¼ glutaredoxin
GS�¼ glutathione thiyl radicals

GSH¼ glutathione
GSSG¼ glutathione disulfide
HFHS¼ high fat high sugar

ICAM-1¼ intercellular adhesion molecule-1
IKKb¼ I-kappaB kinase-beta
IL-1B¼ interleukin-1B

IL-6¼ interleukin-6
KEGG¼Kyoto Encyclopedia of Genes and Genomes

LPS¼ lipopolysaccharide
LRRK2¼ leucine-rich repeat kinase 2

MPP+¼ 1-methyl-4-phenylpyridinium
MPTP¼ 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine
NF-1¼ nuclear factor-1

NFjB¼ nuclear factor kappa B
NOX¼NADPH oxidase

p53¼ protein 53 tumor suppressor
p65¼NFjB subunit protein (65kDa)
PD¼ Parkinson’s disease

PINK1¼ PTEN-induced putative kinase 1
PKC¼ protein kinase C
ROS¼ reactive oxygen species

SERCA¼ sarcoplasmic reticulum calcium ATPase
T2D¼ type II diabetes

TDOR¼ thiol/disulfide oxidoreductase
TH¼ tyrosine hydroxylase

TLR¼Toll-like receptor
TNF-a¼ tumor necrosis factor-alpha

TRPC5¼ transient receptor potential channel,
subfamily C, member 5

Trx¼ thioredoxin
XIAP¼X-linked apoptosis inhibitory protein

1368 GORELENKOVA MILLER AND MIEYAL


