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Abstract

Aims: Neuroinflammation and redox dysfunction are recognized factors in Parkinson’s disease (PD) pathogen-
esis, and diabetes is implicated as a potentially predisposing condition. Remarkably, upregulation of glutaredoxin-
1 (Grx1) is implicated in regulation of inflammatory responses in various disease contexts, including diabetes. In
this study, we investigated the potential impact of Grx1 upregulation in the central nervous system on dopami-
nergic (DA) viability.
Results: Increased GLRX copy number in PD patients was associated with earlier PD onset, and Grx1 levels
correlated with levels of proinflammatory tumor necrosis factor-alpha (TNF-a) in mouse and human brain
samples, prompting mechanistic in vitro studies. Grx1 content/activity in microglia was upregulated by lipo-
polysaccharide (LPS), or TNF-a, treatment. Adenoviral overexpression of Grx1, matching the extent of in-
duction by LPS, increased microglial activation; Grx1 silencing diminished activation. Selective inhibitors/
probes of nuclear factor jB (NF-jB) activation revealed glrx1 induction to be mediated by the Nurr1/NF-jB
axis. Upregulation of Grx1 in microglia corresponded to increased death of neuronal cells in coculture. With a
mouse diabetes model of diet-induced insulin resistance, we found upregulation of Grx1 in brain was associated
with DA loss (decreased tyrosine hydroxylase [TH]; diminished TH-positive striatal axonal terminals); these
effects were not seen with Grx1-knockout mice.
Innovation: Our results indicate that Grx1 upregulation promotes neuroinflammation and consequent neuronal
cell death in vitro, and synergizes with proinflammatory insults to promote DA loss in vivo. Our findings also
suggest a genetic link between elevated Grx1 and PD development.
Conclusion: In vitro and in vivo data suggest Grx1 upregulation promotes neurotoxic neuroinflammation,
potentially contributing to PD. Antioxid. Redox Signal. 25, 967–982.
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Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disease worldwide (23). It is charac-

terized by selective degeneration of dopaminergic (DA) neu-
rons in the midbrain, likely beginning with axonal loss in the
striatum (6). Neuroinflammation has been implicated as an
important contributing factor in PD (41). Elevated cytokine

concentrations and phagocytic markers, along with an increase
in inflammatory microglia, have been observed in substantia
nigra tissue from both chemical and genetic models of PD, and
in postmortem tissue from PD patients (50).

Dysregulation of redox homeostasis (oxidative stress) is
another recognized factor in PD pathogenesis, and its po-
tential effects on inflammatory signaling in PD and other
neurodegenerative diseases have been reviewed recently
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(16). In this context, metabolic syndrome is of particular
interest as it is characterized by increases in both oxidative
stress and proinflammatory signaling (20). Furthermore,
metabolic syndrome has been reported to be associated with
increased risk of developing PD (56). High-fat high-sugar
(HFHS) diet, used extensively to model metabolic syndrome
and insulin resistance in mice (36, 54), has been found to
worsen the effects of chemical inducers of PD, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-OHDA (5,
9, 32). Hence, in the current study, we investigated the impact
of HFHS on DA neuronal viability under conditions expected
to promote proinflammatory activation.

Perturbation of enzymes that regulate redox homeostasis is a
common consideration in both the oxidative stress and neuroin-
flammatory components of PD pathogenesis. Glutaredoxin-1
(Grx1), the enzyme that regulates reversible protein
glutathionylation, stands out as being implicated in both the
apoptotic and inflammatory signaling aspects of metabolic
syndrome (43, 51), and of PD (16). We and others have
observed that Grx1 diminution exacerbates neuronal cell
death in vitro (13, 39) and in in vivo (18). In contrast, upre-
gulation of Grx1 has been associated with proinflammatory
activation in several other contexts.

Grx1 is expressed abundantly in immune cells (34, 35), and
it has been found to be upregulated in various situations where
cytokine production is enhanced, such as hyperglycemia in
retinal Mueller cells, a model of diabetic retinopathy (45), and
in lung epithelial cells in response to various inflammatory
stimuli (37). However, it has been unknown whether Grx1
plays a regulatory role in activation of microglia, the primary
proinflammatory cell of the central nervous system (CNS) that
is implicated in neurodegeneration.

We report here that increased GLRX copy number in PD
patients corresponds to an earlier age of disease onset. At the
cellular level, we found lipopolysaccharide (LPS) induces Grx1
in microglia apparently through the NF-jB/Nurr1 axis.
Adenoviral-mediated overexpression of Grx1 in microglia
markedly increases cytokine release and death of cocultured
neurons, and mice overexpressing human Grx1 displayed an
increase in brain cytokine levels. These transgenic mice also
displayed DA degeneration when fed a high-fat diet. Taken
together, these observations suggest that inflammation driven by
Grx1 upregulation synergizes with other proinflammatory in-
sults to promote neurotoxic inflammation, suggesting elevated
Grx1 expression in the CNS as a potential risk factor for PD.

Results

Increase in GLRX copy number is associated
with earlier age of PD onset

Considering the potential interrelationships between in-
flammation, insulin resistance, oxidative stress, and PD, as
well as previous observations of Grx1 upregulation in in-
flammatory cells, we investigated effects of GLRX copy
number in PD patients. Whole genome sequence analysis of
PD patients revealed six PD patients with increased GLRX

FIG. 1. In vivo relationships among Grx1, TNF-a and
PD. (A) Decreased age of PD onset correlates with increased
GLRX copy number. Age of disease onset for PD patients with
varying GLRX copy numbers for patients diagnosed at age 50
or older. Differences between Kaplan–Meier curves were an-
alyzed using the log-rank (Mantel–Cox) test, p = 0.011 for
CN = 2 versus CN >2, hazard ratio = 0.38 (95% confidence
interval 0.51–2.6), p = 0.48 for CN = 2 versus CN <2, as de-
scribed in the Materials and Methods section. The table (be-
low) provides the cohort characteristics used to generate the
Kaplan–Meier curves, where PD patients refer to all patients
diagnosed with idiopathic PD and Healthy Controls refer to
age-matched non-PD control subjects.

GLRX
copy
number

PD patients Healthy controls
Age of PD

onset ‡50 y.o.

Number Percent Number Percent Number

CN <2 165 40.6 62 36.5 138
CN = 2 235 57.9 103 60.6 197
CN >2 6 1.5 5 2.9 6

(B) Correlation of Grx1 and TNF-a levels in mouse brain
tissue. Grx1 activity versus TNF-a levels (R2 = 0.81,
p = 0.0025) for midbrain homogenates from female C57BL/6
mice, ages 4–5 months (A, >) (young, n = 2); 13 months (:,
D) (middle age, n = 2); and 17 months (C) (elderly, n = 6).
Outliers (open symbols) were not included according to the
method of least-squares regression. (C) GEO accession num-
ber GSE20295. glrx1 versus tnfa in healthy controls, left
( p = 0.008, R2 = 0.48), and PD patients, right ( p = 0.04,
R2 = 0.37). *p < 0.05. CN, copy number; Grx1, glutaredoxin-1;
PD, Parkinson’s disease; TNF-a, tumor necrosis factor-alpha.

Innovation

Inflammation and redox dysregulation have been impli-
cated in the etiology of Parkinson’s disease (PD). In this
study, we document a regulatory role of Grx1 in inflamma-
tory activation of microglia and concomitant neurotoxicity.
Considered along with increased susceptibility to dopami-
nergic neurodegeneration of vertebrates overexpressing
Grx1, these data implicate Grx1 in promoting PD, a previ-
ously unrecognized contribution of Grx1 to PD etiology.
Thus, our findings caution against stimulating upregulation
of Grx1 in the whole brain, which has been postulated as a
potential therapeutic approach for PD. Instead, elevated
Grx1 is identified as a potential risk factor in PD.
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copy numbers (compilation shown in legend to Fig. 1).
Among all patients who were diagnosed with PD at 50 years
of age or older, patients with increased GLRX (CN >2) pre-
sented with a significantly earlier age of PD onset compared
to patients with normal copy number (Fig. 1A). This analysis
is the first to reveal a potential genetic link between elevated
Grx1 and PD (see Discussion section).

In several previous studies, the proinflammatory cytokine
tumor necrosis factor-a (TNF-a) has been implicated in
mediating neurodegeneration (31). Considering also previous
observations relating Grx1 upregulation in immune cells to
increased cytokine release, we examined the relationship
between Grx1 and TNF-a contents in brain tissue. Analysis of
brain homogenates from mice (4–18 months of age) showed a
strong correlation between TNF-a levels and Grx1 activity in
the midbrains (Fig. 1B). Turning again to human samples, we
analyzed gene expression data (57) from substantia nigra of
matched controls and PD patients. A positive correlation was
documented between grx1 and tnfa expression in healthy
controls (Fig. 1C, left), analogous to the protein data for
mouse brain (Fig. 1B). However, the relationship became
inverted in PD patients (Fig. 1C, right), suggesting a dysre-
gulation of the link between Grx1 and TNF-a in PD (see
Discussion section). The in vivo correlations suggesting a
potential link between Grx1 and proinflammatory activation
associated with PD prompted us to pursue mechanistic
in vitro studies on the heretofore uninvestigated role of Grx1
in regulation of microglial activation.

Inflammatory agents induce Grx1 in microglia

LPS induces Grx1 in microglia. Since CNS inflammation
promotes PD (41) and Grx1 is induced by proinflammatory
stimuli in other contexts (3, 45), we tested LPS, which is a
robust proinflammatory stimulus commonly used to activate

microglia in culture (40). We found that LPS treatment of
BV2 cells, used extensively as a model for microglia (40),
increased Grx1 activity and content (Fig. 2A). Maximum
Grx1 induction (approximately twofold) occurred at 1 lg/ml
LPS (Fig. 2A).

Primary microglia isolated from neonatal C57BL/6 mice
(Fig. 2B) and primary human microglia obtained commer-
cially (Fig. 2C) displayed similar increases in Grx1 protein
content and enzymatic activity in response to LPS, validating
the use of BV2 cells as a model for microglia in this context.
Levels of glrx1 mRNA were also elevated by LPS treatment
(Fig. 2D), documenting induction at the transcriptional level.
Consistent with the well-known cellular function of Grx1, its
induction by LPS corresponded to a decrease in global glu-
tathionylated protein levels (Fig. 2E).

TNF-a induces Grx1 in microglia. Notably, TNF-a (10 ng/
ml) induced Grx1 in BV2 cells to the same maximal extent as
LPS (Fig. 3A), and 50 ng/ml TNF-a elicited maximal Grx1
induction in mouse primary neonatal microglia (Fig. 3B).
The time course for induction of glrx1 mRNA by TNF-a in
BV2 cells (Fig. 3C) paralleled that by LPS (Fig. 2D), sug-
gesting that both inflammatory stimuli induce Grx1 through
a common mechanism. Treatment with increasing concen-
trations of TNF-a up to 1000 ng/ml confirmed maximum
induction of glrx1 mRNA also at approximately twofold
(Fig. 3D).

Grx1 levels in microglia govern activation

Grx1 overexpression promotes microglial activation. To
assess whether elevation of Grx1 by itself is sufficient to
drive increased cytokine release, we overexpressed Grx1 in
BV2 cells using an adenoviral vector titrated to give the same
extent of induction as seen with LPS treatment (Fig. 4A).

FIG. 2. LPS induces Grx1
in microglia. (A) BV2 cells
treated with indicated con-
centrations of LPS for 24 h.
(B) C57BL/6 mouse primary
neonatal microglia treated
with 1 lg/ml LPS for 24 h. (C)
Human primary microglia
(ScienCell) treated as in (B).
(D) glrx1 mRNA levels in
cells treated with 1 lg/ml LPS
for the indicated times. RQ,
relative quantity normalized
to gapdh mRNA as an internal
control. (E) Glutathionylated
protein levels in BV2 cells
treated with 1 lg/ml LPS for
24 h. All data are presented as
Mean – SEM; n = at least three
independent samples, with at
least two determinations of
Grx1 activity and four deter-
minations of mRNA expres-
sion. *p < 0.05; **p < 0.01,
***p < 0.001. LPS, lipopoly-
saccharide.
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Grx1 overexpression drove increased cytokine release as
documented with a cytokine ELISA panel (Fig. 4B), indi-
cating that Grx1 induction mediates microglial activation.
Moreover, Grx1 overexpression alone induced levels of in-
terleukin (IL)-6 release indistinguishable from those seen
with LPS treatment (Fig. 4B), suggesting that Grx1 induction
is the main mediator of increased production of some LPS-
induced cytokines.

Furthermore, Grx1 upregulation by LPS or via adenoviral
overexpression led to a concomitant decrease of glutathio-
nylation of p65 in the microglia (Fig. 4C). Since deglu-
tathionylation of p65 has been found to correspond to
increased transcriptional activity of p65 in several other
contexts (3, 25, 26), we interpret our current findings to
suggest that upregulation of Grx1 activates microglia through
activating NF-jB (see Discussion section).

Grx1 silencing decreases microglial activation in response
to LPS. Diminution of Grx1 content has been found to de-
crease responses of other cell types to inflammatory stimuli
(2, 45). Therefore, we investigated whether Grx1 silencing
would decrease the response of BV2 microglial cells to LPS.
Grx1 knockdown (*80%) in BV2 cells (Fig. 4D) corre-
sponded to a decrease (*60%) in IL-6 release by LPS
(Fig. 4E). In contrast, we found that Grx1 knockdown did not
decrease TNF-a release from BV2 cells in response to LPS
(data not shown).

Grx1 upregulation in microglia promotes neuronal cell
death in coculture

To test whether Grx1 upregulation in microglia, corre-
sponding to inflammatory activation, would drive loss of DA
neurons, we treated BV2 cells with LPS or adenoviral-Grx1

and cocultured these microglia with SH-SY5Y cells, a human
neuroblastoma cell line used extensively as a model of DA
neurons (55). Grx1 induction in BV2 by either method pro-
moted similar increases in two indicators of apoptosis in the
model neurons, namely, formation of the 24 kDa fragment of
poly (ADP-ribose) polymerase (PARP) (Fig. 5A) and chro-
matin condensation (Fig. 5B); similar results were obtained
for embryonic rat neurons (Fig. 5C). Our results suggest that
Grx1 is the main driver of microglial activation associated
with neurotoxic inflammation.

Microglial Grx1 induction in response to LPS
is regulated by the AP-1, NF-kB/Nurr1 axis

Grx1 induction is mediated by both AP-1 and NF-jB sig-
naling in response to LPS. In other contexts, Grx1 tran-
scription has been interpreted to be governed by AP-1 (21) or
by the canonical NF-jB pathway (3). LPS initiates its effects
through TLR4, and stimulation of TLR4 has been shown
to engage both the NF-jB and AP-1 pathways (19); there-
fore, we investigated the contribution of each of these
pathways to Grx1 induction in the microglia.

Using SC-514, an IKKb inhibitor (NF-jB pathway), and
SP600125, a c-Jun N-terminal kinase ( JNK) inhibitor (AP-1
pathway), we observed that both inhibitors, tested separately,
in a concentration-dependent manner diminished the increase
in Grx1 activity effected by LPS (Fig. 6A). We also observed
that the increase of glrx1 mRNA (measured 1 h after LPS)
was essentially nullified by the presence of 0.5 lM of either
inhibitor alone, or in combination (Fig. 6B). The increase in
Grx1 protein content (measured 24 h after LPS) displayed
greater inhibition by the combination of the two inhibitors
than by either inhibitor alone (at 0.5 lM) (Fig. 6C). While
these data do not distinguish between synergistic or additive

FIG. 3. TNF-a induces Grx1 in
microglia. (A) BV2 cells treated with
10 ng/ml TNF-a for 12 h. (B) Grx1-
specific activity was increased in
C57BL/6 mouse primary neonatal
microglia treated with 50 ng/ml TNF-
a for 12 h. (C) glrx1 mRNA levels in
BV2 cells treated with indicated con-
centrations of TNF-a for 1 h. Data are
presented as Mean – SEM, n = at least
three, with at least two determinations
of Grx1 activity and four determina-
tions of mRNA expression. *p < 0.05;
**p < 0.01; ***p < 0.001. (D) glrx1
mRNA levels were increased in BV2
cells treated with 10 ng/ml TNF-a for
the indicated times. RQ, relative
quantity normalized to gapdh mRNA
as an internal control. *p < 0.05,
**p < 0.01, compared to PBS by one-
way ANOVA.
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effects of the respective inhibitors, it is evident that glrx1
induction in microglia upon LPS stimulation is mediated by
both AP-1 and NF-jB pathways.

Nurr1/p65 axis mediates LPS-initiated induction of Grx1.
The Nurr1/CoREST corepressor complex has been reported

to regulate expression of NF-jB proinflammatory target
genes in microglia and astrocytes (40). Accordingly, we in-
vestigated whether the NF-jB/Nurr1 axis is involved in
regulating glrx1 transcription. The p65 subunit of NF-jB
displayed increased binding to the putative NF-jB target
region of the GLRX promoter following 4 h of treatment with

FIG. 4. Manipulation of Grx1 content in BV2 cells. (A) BV2 cells infected with ad-Grx1 (MOI 200) or ad-EV (empty
vector, MOI 200) for 2 h, then further cultured for 24 h. Shown are Grx1-specific activity (left); Relative Grx1 content
(middle); representative Western blot (right). (B) At the left, multiplex analysis of cell media samples from the following
treatments, PBS, (white bars); ad-EV (MOI 200), (gray bars); or ad-Grx1 (MOI 200), (black bars); at the right, IL-6 levels
in the media of cells treated with PBS; ad-EV (MOI 200); ad-Grx1 (MOI 200); or LPS, 1 lg/ml LPS for 24 h. All values in
(B) for ad-Grx1 or LPS, except where indicated, are significantly different from control, at p < 0.05; n.s., not significant. (C)
Decrease in glutathionylation of p65 was found when analyzed after 24 h treatment of BV2 cells with LPS. At the left,
representative immunoprecipitation of p65 from BV2 cells infected with ad-Grx1 (MOI 200) or ad-EV (MOI 200), or
stimulated with LPS and then probed with anti-GSH antibody; bottom left, 20% immunoprecipitation input, probed for p65.
At the right, quantification of% glutathionylation of p65 remaining, analyzed after treatment of BV2 cells with 1 lg/ml LPS
for 24 h (compared to PBS-treated cells), or with ad-Grx1 MOI 200 (compared to ad-EV, MOI 200). Data bars represent
Mean – SEM, n = at least three, with at least two determinations of Grx1 activity and three determinations of cytokine levels.
*p < 0.05; **p < 0.01. (D) Western blot of BV2 cells transfected with mock transfection (oligofectamine only), anti-Grx1
siRNA, or scrambled siRNA. (E) Densitometry showing extent of Grx1 diminution; p-value calculated using one-way
ANOVA, n = 3 – SEM; **p < 0.01, n.s., not significant. Right: IL-6 release after 24 h stimulation with 1 lg/ml LPS of cells in
(A), n = 3 – SEM; *p < 0.05. IL, interleukin.
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LPS (Fig. 7A), analogous to previous observations with
RAW264.7 macrophage cells (3). Nurr1 binding to the same
region on the GLRX promoter decreased at 4 h of LPS
treatment (Fig. 7B), consistent with the proposed mechanism
of Nurr1 enhancing p65 clearance from target sites (40).

Moreover, treatment with an inhibitor of G9a, a lysine
methyltransferase that is part of the Nurr1/CoREST complex
(40), led to enhanced glrx1 induction by LPS, approximately
twofold greater than with LPS treatment alone (Fig. 7C). As a
positive control for the G9a inhibitor, we also documented
enhanced expression of il1b, a known target of Nurr1/CoR-
EST repression (Fig. 7D). These results indicate, for the first
time, that the Nurr1/CoREST complex is involved in re-
pression of glrx1 induction.

Grx1 overexpression in vivo displays
a proinflammatory phenotype and promotes
DA neuronal loss in a model of metabolic syndrome

Mice overexpressing Grx1 display elevated cytokine levels
in the CNS. Considering the proinflammatory effect of Grx1
overexpression in microglia in vitro (Fig. 4), we investigated
whether Grx1 overexpression in vivo would promote CNS

inflammation. Using C57BL/6JhGrx1TG transgenic mice, which
display double the amount of Grx1 content and activity com-
pared to WT (1), we observed elevated levels of TNF-a and IL-
6 in brain homogenates compared to C57BL/6JWT controls
(Fig. 8A). This result suggests that Grx1 overexpression in the
CNS produces a proinflammatory phenotype.

Mice overexpressing Grx1 display DA neuronal loss when
maintained on HFHS. Metabolic syndrome is characterized
as a proinflammatory condition (20), potentially linked to
increased risk of PD (56), and a HFHS diet has been docu-
mented to induce metabolic syndrome (36, 54). Accordingly,
we hypothesized that the C57BL/6JhGrx1TG mice, which
display increased basal CNS inflammation (Fig. 8A), would
be predisposed to DA degeneration on a HFHS diet. Indeed,
C57BL/6JhGrx1TG mice on the HFHS diet displayed a sig-
nificant decrease in brain tyrosine hydroxylase (TH) levels
compared to C57BL/6JhGrx1TG mice on a control diet, or
C57BL/6JWT mice on either a control or HFHS diet (Fig. 8B).
Moreover, C57BL/6JhGrx1TG mice on HFHS displayed loss of
TH immunoreactivity in the striatal axonal terminals when
compared to C57BL/6JWT mice on the same diet (Fig. 8C).

FIG. 5. Grx1 upregulation in the
microglia induces neuronal apopto-
sis. SH-SY5Y human neuroblastoma
cells or primary rat embryonic neu-
rons were cocultured with BV2 cells
infected with ad-Grx1 (MOI 200) or
ad-EV (MOI 200), or activated with
1 lg/ml LPS for 48 h. Neurons and
BV2 cells were separated by a nylon
mesh with a 0.2 lm diameter pore. (A)
PARP cleavage (26 kDa fragment) and
(B) apoptotic nuclei formation as
measured by Hoechst 33342 stain.
ST = 1 lM staurosporine, used as a
positive control for cell death. Data
bars represent Mean – SEM, n = at
least three, with three independent
blinded counts of Hoechst-stained
nuclei. *p < 0.05, **p < 0.005, ***p <
0.001; n.s., not significant. (C)
Hoechst staining of primary embryonic
rat neurons. *p < 0.05 by one-way AN-
OVA compared to PBS sample. PARP,
poly (ADP-ribose) polymerase.
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Grx1 knockout mice show decreased neuroinflammation
at baseline and no TH loss on HFHS diet. To test the
converse of Grx1 overexpression, we examined Grx1-
knockout mice. We found C57BL/6JGrx1-/- mice to express
lower levels of tnfa and il6 mRNA compared to WT controls
(Fig. 8D), suggesting that lack of Grx1 decreases basal neu-
roinflammation. TH levels in whole brain homogenates from
C57BL/6JGrx1-/- mice maintained either on HFHS or control
chow were not significantly altered compared to C57BL/
6JWT mice on control chow (Fig. 8E).

Discussion

Glutaredoxin upregulation: a common factor
in proinflammatory activation of immune cells

Our current study revealed that LPS and TNF-a induce
Grx1 in the BV2 mouse microglial cell line, and primary
neonatal mouse microglia and primary human microglia
respond to LPS in like manner (Figs. 2 and 3). Moreover,
direct and selective upregulation of Grx1 by adenoviral-
mediated overexpression leads to activation of the model
microglia and increased production of proinflammatory
cytokines (Fig. 4), mimicking the effects of LPS. These
findings provide first evidence for a regulatory role for Grx1
in proinflammatory activation of CNS immune cells, anal-
ogous to previous studies by us and others that have im-

plicated Grx1 upregulation in mediating inflammatory
activation of retinal glial (Mueller) cells (44) and alveolar
macrophages (3). Thus, Grx1 induction and concomitant
proinflammatory activation appear to be a common phe-
nomenon across various types of immune cells throughout
the body.

Mechanism of microglial Grx1 induction
and implications for PD

Previously, Grx1 induction in macrophages was shown to
proceed through NF-jB (3). In the present study, we found
a pathway of Grx1 induction that appears to be specific to
the microglia (Fig. 9). Our data indicate that LPS-
stimulated induction of Grx1 in microglia is mediated
through both the AP-1 and NF-jB pathways, and NF-jB-
p65-SSG is concomitantly deglutathionylated (Figs. 4 and
6). The involvement of both AP-1 and NF-jB pathways
mirrors LPS induction of known inflammatory proteins,
such as TNF-a, which has been documented to proceed via
both pathways (7). Therefore, based on transcriptional
control, our findings classify GLRX as a bona fide inflam-
matory gene in the microglia.

We also found that Nurr1 represses glrx1 induction
(Fig. 7). Nurr1 has attracted attention in the field of PD re-
search due to its involvement in both neuronal survival and

FIG. 6. glrx1 induction in microglia is mediated by AP-1 and NF-jB. (A) Grx1-specific activity in BV2 cells
preincubated with IKKb inhibitor (SC-514, :, left), or JNK inhibitor (SP600125, C, right), or vehicle alone (DMSO) for
1 h, then stimulated with 1 lg/ml LPS in PBS, or vehicle alone (PBS) for 24 h. Data bars represent Mean – SEM, n = at least
three independent samples, with at least two determinations of Grx1 activity. Data were converted to percent induction and
then fit with a log (inhibitor) versus normalized response curve equation in each case. R2 for SC = 0.58, R2 for SP = 0.55. (B)
BV2 cells were pretreated for 1 h with the respective kinase inhibitors alone (0.5 lM each), or in combination, and then
treated with 1 lg/ml LPS. .glrx1 mRNA levels were measured after 1 h LPS treatment. (C) BV2 cells were pretreated for 1 h
with the respective kinase inhibitors alone (0.5 lM each), or in combination, and then treated with 1 lg/ml LPS. Relative
Grx1 protein content was measured after 24 h LPS treatment. Variance was analyzed by one-way ANOVA with Dunnett’s
test for multiple comparisons relative to value for vehicle with LPS (‘‘No inh+LPS’’) *p < 0.05, **p < 0.01. Data bars
represent Mean – SEM, n = at least three independent samples, with at least two determinations of Grx1 content. *p < 0.05;
**p < 0.01. JNK, c-Jun N-terminal kinase; NF-jB, nuclear factor kappa-light-chain-enhancer of activated B cells.
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microglial inflammation, including a reported decrease in
Nurr1+/TH+ neurons in postmortem samples from PD pa-
tients (12). Furthermore, Nurr1 appears to be required for
proper development of DA neurons and for transcription of a
number of proteins related to DA functioning, such as TH.

Recently, various Nurr1 agonists have been reported to
ameliorate microglial activation, neurodegeneration, and
behavioral defects in a number of animal models of PD (22,
47). As Nurr1/CoREST has been shown to govern expression
of inflammatory genes in microglia (40), our findings point to
regulation of Grx1 expression in the microglia as an in-
flammatory response, rather than an antioxidant response.
Indeed, upregulation of Grx1 in BV2 model microglia led to
cell death of model DA neurons in coculture (Fig. 5), sug-
gesting a potential contribution of microglial Grx1 upregu-
lation to PD development (vide infra).

Interrelationship of Grx1 and TNF-a: role
in inflammation

We found Grx1 knockdown in BV2 microglial cells to
correspond to a decrease of IL-6 release in response to LPS
(Fig. 4), akin to what we observed previously for Mueller
cells (44), suggesting that diminution of Grx1 may dampen
microglial activation or shift microglia into an alternate ac-
tivation state. We also found that Grx1-knockout mice
(C57Bl/6JGrx1-/-) express lower levels of tnfa and il6 com-
pared to WT controls (Fig. 8E). Decreasing TNF-a and IL-6
levels has been shown to be beneficial in models of PD
in vitro and in vivo (24, 29).

Akin to what has been demonstrated for lung inflammation
(2) and the inflammation of diabetic retinopathy (44), our

current data suggest that Grx1 may be a therapeutic target for
decreasing neuroinflammation in PD. However, as Grx1
diminution in neurons has been shown to promote apoptosis
(39), and diminution of Grx1 in DA neurons was observed in
brain samples from PD patients relative to controls (18), it
would be important to target therapeutic inhibition of Grx1
specifically to the inflammatory cells.

TNF-a is known as an important cytokine in PD (11), as
well as in normal brain signaling [reviewed in (31)]. We found
a positive correlation between TNF-a and Grx1 levels in
healthy subjects, at both protein and transcript levels, for
mouse midbrain and for human midbrain (Fig. 1). This rela-
tionship is consistent with the notion that Grx1 may be a driver
of neuroinflammation pertinent to PD. Since TNF-a induces
upregulation of Grx1 in microglia (Fig. 3) and upregulation of
microglial Grx1 promotes TNF-a production (Fig. 4) and
neurotoxicity (Fig. 5), these in vitro studies taken together
suggest that production of TNF-a in the brain might enhance
neuroinflammation autocatalytically through induction of
Grx1. Hence, our findings suggest that elevated Grx1 may
predispose to development of PD via increasing TNF-a levels.

Remarkably, at the mRNA expression level, the Grx1-
TNF-a correlation appears to become inverted for samples of
substantia nigra from PD patients (Fig. 1). Since most re-
ports, including the current study, have identified Grx1 as a
positive mediator of inflammation, this set of data for PD
patients presents a previously unseen inverse relationship
between glrx1 and tnfa expression in the context of PD. A
bell-shaped curve for TNF-a immunogenicity in macro-
phages has been reported (48), prompting us to hypothesize
an analogous relationship for microglia. Accordingly, higher
levels of TNF-a, characteristic of PD (30), might lead to

FIG. 7. glrx1 induction by LPS is regulated by the NFjB/Nurr1 axis. BV2 cells were stimulated with 1 lg/ml LPS for
4 h, then chromatin immunoprecipitation was carried out with primers for the putative NF-jB binding site on the GLRX
promoter and using antibodies for the p65 subunit of NF-jB (A) or Nurr1 (B); densitometric quantification is shown in the
corresponding bar graphs; *p < 0.05. (C) Relative glrx1 mRNA content in BV2 cells treated with 500 nM of G9a inhibitor
UNC0638 (Sigma) or DMSO for 48 h in 5% fetal bovine serum DMEM. Cells were then treated with 1 lg/ml LPS for 4 h in
serum-free DMEM. (D) il1b mRNA content was measured as a positive control for inhibition of Nurr 1-mediated repression
in cells treated as in (C). RQ, relative quantity normalized to gapdh mRNA. Data bars represent mean – SEM, n = at least
three independent samples, with four determinations of mRNA expression. *p < 0.05; ***p < 0.001. DMEM, Dulbecco’s
Modified Eagle Medium; Nurr1, nuclear receptor related-1.
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decreased Grx1 levels, consistent with a decrease in Grx1
level observed in the substantia nigra of PD patients (18).

However, we did not observe a biphasic induction of glrx1
mRNA when BV2 cells were treated with increasing con-
centrations of TNF-a (Fig. 3D), so other alternatives must be
considered. For example, effects of TNF-a levels on neu-
rons (8) and microglia (and/or astrocytes) may be opposing
and thereby contribute to a perturbation of the glrx1-tnfa
relationship as PD advances. Aged microglia have been

found to display prolonged activation (17). If such pro-
longed activation occurred in PD, it might explain the ob-
served reversal of the glrx1-tnfa relationship. Thus, Grx1
might become stabilized at the protein level, leading to an
apparent relative decrease in the glrx1 mRNA, while driving
increased tnfa transcription through NF-jB activation.
Clearly, additional studies are warranted to characterize the
relationship between TNF-a and Grx1 levels as a function of
PD disease progression.

FIG. 8. C57BL/6JhGrx1TG mice on HFHS diet display TH loss and degeneration of DA striatal axonal terminals. (A)
TNF-a and IL-6 levels in whole brain homogenates from C57BL/6JhGrx1TG mice versus age- and sex-matched C57BL/6JWT

controls. n = 3 – SEM, with three technical replicates. (B) TH levels for whole-brain homogenates from 10-month-old male
C57BL/6JhGrx1TG or C57BL/6J mice fed a HFHS diet or normal chow for 8 months. Differences analyzed by one-way
ANOVA compared to TG HFHS. *p < 0.05, **p < 0.01. Data bars (right) represent mean – SEM, n = 3–4 with two technical
replicates for (B). (C) TH immunostaining in striatum of C57BL/6JhGrx1TG and C57BL/6JWT mice fed HFHS diet or control
chow. Quantification (data bars, right) was done as described in Materials and Methods section. n = 3–4 – SEM. *p < 0.05,
**p < 0.01 by one-way ANOVA compared to WT HFHS. (D) Representative Western blot and desitometric quantification
of TH contents in brain homogenates of C57BL/6JGrx1-/- or C57BL/6WT mice fed HFHS or normal chow. (E) tnfa and il6
mRNA levels in midbrains of mice described in (D). Differences analyzed by one-way ANOVA. *p < 0.05. DA, dopa-
minergic; HFHS, high-fat high sugar; TH, tyrosine hydroxylase. To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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Exacerbating effect of insulin resistance on DA viability

Metabolic syndrome has been identified as a risk factor of
PD in humans (56), and mice with diet-induced insulin re-
sistance have been found to be more susceptible to DA
neuronal loss from treatment with MPTP (5, 9) or 6-OHDA
(32), which promote neuroinflammation besides their direct
neurotoxic effects. Accordingly, we hypothesized that mi-
croglial activation driven by Grx1 upregulation would sy-
nergize with HFHS diet-induced inflammation to promote
neuronal degeneration.

Indeed, we found that C57BL/6JhGrx1TG mice display in-
creased neuroinflammation and show a loss of DA striatal
axonal terminals when maintained on HFHS diet (Fig. 8C),
indicating that the observed decrease in TH protein levels
(Fig. 8B) likely occurs due to loss of DA striatal axon ter-
minals. It is postulated that DA neuronal loss characteristic of
PD begins in the axons in a process termed ‘‘dying-back
degeneration’’ [reviewed in (6)]. The role of inflammatory
cells in this process is poorly understood; however, changes
in striatal axonal morphology indicative of damage have been
correlated with increased microglial activation in a rat model
of alpha-synucleinopathy (10). This suggests that microglial
activation, possibly phagocytosis, may be driving neuronal
damage, but the precise relationship is unclear. Overall, our
results suggest that neuroinflammation driven by Grx1
overexpression may synergize with other insults, such as
insulin resistance, to induce significant loss of TH neurons
and promote or worsen PD.

In this regard, HMGB1, an endogenous TLR4 ligand, has
been found to be elevated in the plasma of diabetic patients

(52). It is conceivable that, in the mice on the HFHS diet and
in some human patients, increased HMGB1 may activate
TLR4 in the microglia and promote Grx1 upregulation and
subsequent neurotoxic inflammation. Recently, the drug
pioglitazone, which is known to reduce insulin resistance, has
garnered attention as a potential disease-modifying agent in
PD. Pioglitazone displays efficacy in in vivo and in vitro
models of PD (4), suggesting coincident treatment targets in
diabetes and PD.

Our study is the first to report a potential deleterious role of
Grx1 overexpression in PD. A number of studies have
demonstrated protective effects of elevated neuronal Grx1 in
the context of PD models (13), and the occurrence of some-
what higher Grx1 levels in female Swiss albino mice was
reported to be protective against chemically induced neuro-
degeneration in vivo (21). We postulate that, in the case of
general Grx1 overexpression in the brain, deleterious effects
of Grx1-driven microglial inflammation overwhelm protec-
tive effects of Grx1 overexpression in the neurons, resulting
in neuronal apoptosis. Further studies on the effect of Grx1
overexpression in PD models in vivo, preferably with cell-
selective overexpression of Grx1, are necessary to fully un-
derstand the role of Grx1 elevation in PD pathogenesis.

The C57BL/6JhGrx1TG, C57BL/6JGrx1-/-, and C57BL/6JWT

mice used for our HFHS studies were bred to deliberately
express the mutated NntC57BL/6 (nicotinamide nucleotide
transhydrogenase) allele, which increases their susceptibility
to metabolic disease (14, 49). As Nnt impairment has been
shown to weaken redox functioning (27, 38), it is conceivable
that the role of Grx1 in DA neuronal homeostasis could be
altered in these mice. It will be important in future studies to

FIG. 9. Schematic Representation of Grx1 transcriptional induction and subsequent neurotoxicity. In this simplified
schematic, TLR4 ligand, either exogenous (LPS) or endogenous (e.g., HMGB1), activates microglia. This leads to acti-
vation of AP-1 and NF-jB signaling pathways. Nurr1, in complex with CoREST and G9a, among others, occupies the
upstream region of the GLRX gene. Upon binding of the p65 subunit of NF-jB, Nurr1 complex is cleared from the
promoter region, allowing for glrx1 mRNA transcription. AP-1 induces glrx1 likely independently of Nurr1. Following
Grx1 induction and subsequent decrease in glutathionylated intracellular proteins, cytokine release from the microglia is
increased through an unknown mechanism, likely through an increase in synthesis. Increased cytokine release likely drives
apoptosis of neighboring neurons.
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discern the role of Grx1 in DA neuronal homeostasis in non-
Nnt mutant mice. Finally, microglia have been interpreted to
be the primary driver of inflammation in the brain; however,
the potential inflammatory effects of astrocyte activation
should not be overlooked in this context.

Genetic evidence for elevated Grx1 in PD onset

Increased copy number of genes, such as alpha-synuclein
(46), has been associated with increased risk of PD devel-
opment. Here we have reported that increased GLRX gene
copy number corresponded with earlier age of PD onset
(Fig. 1), providing the first evidence for increased GLRX
possibly promoting PD progression. No significant differ-
ences in disease severity markers CSF alpha-synuclein and
total tau were observed for this same cohort of patient sam-
ples (data not shown), suggesting that Grx1 overexpression
may influence PD onset, but not severity. Reflecting on our
mouse data where upregulation of Grx1 is linked to increased
cytokine production, we interpret the data for increased hu-
man GLRX copy number to indicate that increased inflam-
mation due to increased expression of Grx1 promotes earlier
PD onset. However, the relatively small size of our sample
prevents us from drawing a definitive conclusion regarding
the impact of GLRX copy number on PD development. Ad-
ditional studies with a larger sample size are needed to val-
idate our findings and further investigate the genetic
relationship between Grx1 and PD.

In summary, we have found that Grx1 is elevated in mi-
croglia following stimulation by LPS or TNF-a. The Grx1
induction enhances microglial activation and promotes cell
death of cocultured model neurons, consistent with a neuro-
toxic effect of elevated Grx1 levels in microglia. We found
C57BL/6JhGrx1TG mice on a HFHS diet exhibit diminished
brain TH, highlighting the potential deleterious effect of in-
creased Grx1 content on DA neuronal survival. Furthermore,
we found that increased GLRX copy number in human PD
patients was associated with earlier disease onset, thereby
identifying Grx1 overexpression as a potential PD suscepti-
bility factor. We expect our current findings to stimulate
further studies on the role of Grx1 in PD, including distin-
guishing the relative roles of Grx1 in neuroprotection versus
neuroinflammation, and the relative merits of upregulation
versus development of specific inhibitors of Grx1 as novel
therapeutic approaches to PD.

Materials and Methods

Reagents

NADPH and TNF-a were purchased from Roche. Cystei-
nyl glutathione disulfide (CSSG) was purchased from Tor-
onto Research Chemicals. Anti-Grx1 antibody was custom
generated by Genscript. Anti-GSH antibody was purchased
from Millipore. Anti-PARP (ab6079) and anti-TH (ab112)
antibodies were purchased from Abcam. Antibodies against
p65 (C-20) and IjBa (C-21) were purchased from Santa
Cruz. Enhanced chemical fluorescence (ECF) substrate was
purchased from Thermo Fisher. TRIzol, DDAO-phosphate,
random hexamers, TaqMan Fast Universal PCR Master Mix,
dNTPs, first strand buffer, dithiothreitol (DTT), and RNase
OUT were purchased from Life Technologies. All secondary

antibodies, antibody to b-actin, LPS (0111:B4 strain), and all
other chemicals were purchased from Sigma-Aldrich.

Animals and animal tissue

C57BL/6J mice were purchased from Jackson Labora-
tories. Unless indicated otherwise, mice were housed at the
CWRU animal facility on a 12-h light/12-h dark cycle with
ad libitum access to food and water. All experimental pro-
cedures were approved by the IACUC review board and done
in accordance with all vertebrate animal care regulations.
Male C57BL/6JhGrx1TG (33), C57BL/6JGrx1-/-, and matched
C57BL/6JWT mice, bred to deliberately express mutant form
of Nnt, were fed for 8 or 10 months, starting at 3 months of
age, on a HFHS diet, previously characterized to induce
metabolic syndrome (36, 54). These mice were housed at the
Boston University animal care facility according to an
IUCAC-approved protocol.

Immunohistochemistry

For analysis of TH levels in the striatum, mouse brains
were collected at time of sacrifice and fixed in 4% formal-
dehyde. After fixation, brains were bisected coronally, em-
bedded in paraffin, and sectioned. Immunohistochemistry
was performed as previously described (18). Sections from
all mice were immunostained at the same time. Images of the
striatum from multiple levels were taken under identical
conditions and analyzed blindly for staining intensity using
Axiovision software (Zeiss). Relative TH staining intensity
of the striatum was measured with the background cortical
value subtracted from each section. At least four separate
coronal sections were measured per animal, and the mean TH
staining level was determined.

Isolation of mouse primary neonatal microglia

Primary microglia were isolated from p1-p4 pups as de-
scribed elsewhere (28). Briefly, brains were triturated and
plated in modified DMEM/F12 medium. After 17–20 days in
culture, microglia and astrocytes were separated by trypsi-
nization and microglia were plated into six-well plates at
*8 · 105 cells/well and serum starved for at least 18 h before
treatment; all treatments were in the absence of serum. Mi-
croglial purity was confirmed by morphology.

Isolation of rat primary embryonic neurons

Rat Primary embryonic neurons were isolated according to
an established protocol (53). Coculture with BV2 microglia
was started at neuronal days in vitro 7.

Cell lines and treatments

BV2 immortalized murine microglia cells were a kind gift
from Dr. Gary Landreth (CWRU Department of Neu-
rosciences). SH-SY5Y human neuroblastoma cells were ob-
tained from ATCC (Manassas, VA). BV2 cells were
maintained in low-glucose (5 mM) DMEM supplemented with
5% fetal bovine serum (FBS). BV2 cells were plated at
*1 · 106 cells in 100 mm dishes or *1–3 · 105 cells/well in
six-well dishes, depending on the particular experiment. Cells
were plated in serum-free DMEM and allowed to adhere at
least 3 h before beginning experiments. All BV2 experiments
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were carried out in serum-free DMEM. BV2 cells were not
used past passage 30. SH-SY5Y cells were maintained in Opti-
MEM supplemented with 10% FBS. SH-SY5Y cells were
plated at *5 · 105 cells/well in six-well plates.

Primary human microglia were obtained from ScienCell.
Each vial of cells was split evenly between two wells of a six-
well plate and plated and treated according to the manufac-
turer’s instructions.

For kinase inhibition, BV2 cells were incubated with SC-
514 (IKKb inhibitor, Sigma-Aldrich) and SP600125 ( JNK
inhibitor; Sigma-Aldrich) for 1 h in serum-free DMEM be-
fore LPS stimulation. For G9a inhibitor experiments, BV2
cells were plated at *1 · 105 cells/well in six-well plate in
DMEM supplemented with 5% FBS, cultured in the presence
of 500 nM UNC0638 (Sigma-Aldrich) for 48 h, and stimu-
lated with 1 lg/ml LPS in serum-free media for 4 h. Cells
were collected with TRIzol and processed for RT-PCR as
described below.

RNA silencing in BV2 cells

BV2 cells were plated at 2 · 106 cells/well in six-well
plate and left to adhere overnight in serum-free DMEM.
Cells were then treated with 200 nM final concentration
of anti-GLRX1 siRNA (GE Dharmacon) or scrambled
siRNA using oligofectamine (Thermo Fisher) (4 ll/well)
for 24 h according to the manufacturer’s instructions.
Cells were then stimulated with 1 lg/ml LPS for 24 h, and
cell media collected and analyzed for cytokine content
using ELISA.

Adenoviral Grx1 overexpression

Glutaredoxin-expressing adenovirus was obtained and
utilized as described previously (45). BV2 cells were incu-
bated with virus-containing serum-free DMEM for 2 h at
37�C. The medium was removed, and cells were allowed to
recover for 24 h. Medium and cell lysates were collected
separately for ELISA and immunoblotting.

Coculture

BV2 cells were seeded at *4 · 105 cells/insert onto nylon
mesh inserts with a pore diameter of 0.4 lm (Corning) and
left to adhere in serum-free DMEM overnight. SH-SY5Y
cells were plated at *5 · 105 cells/well in six-well plates and
left to adhere overnight in Opti-MEM supplemented with
10% FBS. The next day, BV2 cells were stimulated with
1 lg/ml LPS or infected with adenovirus containing the
GLRX1 gene or empty virus. SH-SY5Y cells treated with
1 lg/ml LPS in the absence of BV2 were used as a control for
nonspecific LPS effect. SH-SY5Y cells were stimulated with
1 lM staurosporine for 4 h as a positive control for cell death.

Inserts containing treated BV2 cells were added to plates
containing SH-SY5Y cells, and the coculture was incubated
for 48 h. SH-SY5Y cells were collected and immunoblotted
for cleaved PARP, or stained with Hoechst 33342 dye (In-
vitrogen) to detect apoptotic nuclei (condensed chromatin),
as previously described (39). To confirm Grx1 upregulation,
the BV2 cells were lysed and processed for assay of Grx1
activity or for determination of Grx1 protein content by
Western blotting.

Brain tissue homogenization and analysis

Whole mouse brains or midbrain samples were homoge-
nized in lysis solution (10 mM KH2PO4, 0.1% Triton-X)
supplemented with protease inhibitors (Sigma-Aldrich) at
3 ml of lysis buffer per 1 g tissue and then allowed to lyse on
ice for 20 min. Homogenates were cleared by centrifugation
at 15,000 rpm at 4�C for 20 min. Aliquots corresponding to
100 lg protein were analyzed for TNF-a and IL-6 content
using an ELISA kit (BioLegend), according to the manu-
facturer’s instructions. Brain homogenates from C57BL/
6JhGrx1TG mice were lysed in the presence of 50 mM iodoa-
cetamide and used in ELISAs for cytokines. Values were
normalized to protein concentration and expressed as pg
cytokine per mg of brain protein.

Chromatin immunoprecipitation

Confluent BV2 cells in 150 mm plates were stimulated
with LPS for specific amounts of time. Cells were trypsi-
nized, resuspended in serum-free DMEM, and cross-linked
with formaldehyde. Nuclei were isolated, cooled in an ice-
bath, and sheared using a QSonica ultrasonic liquid processor
(30% maximum amplitude, 10 s on, 30 s off, five pulses).
Sheared chromatin divided into separate aliquots was incu-
bated at 4�C with antibodies either to p65 (C-20, 20 lg) or to
Nurr1 (N-20, 20 lg), each conjugated to magnetic protein G
beads (Dynabeads; Invitrogen). Beads were washed, bound
chromatin was eluted, and crosslinking was reversed by in-
cubation with 0.2 lg/ll Proteinase K (Sigma-Aldrich).

Primers to the NF-jB binding sequences of the GLRX
promoter (3) were used for PCR. Isotypic IgG was used as
control for nonspecific binding. PCR settings were as fol-
lows: (i) 95�C, 5 min; (ii) 95�C, 30 s; (iii) 52�C, 30 s; (iv)
72�C, 30 s (repeat steps ii–iv, 34 times); and (5) 72�C, 5 min.
The expected PCR product is*250 kb in length, as observed.
Band intensities were quantified using ImageJ.

Glutaredoxin activity assay

Spectrophotometric assay for Grx1 activity was performed
as previously described (15), using cysteinyl glutathione
disulfide as a substrate. One unit of Grx1 activity corresponds
to formation of 1 lmol of GSSG product per minute.

ELISA

Levels of IL-6 and TNF-a in culture medium were ana-
lyzed using ELISA kits from BioLegend, according to the
manufacturer’s instructions. Multiplex ELISA was per-
formed using the BioRad multiplex murine cytokine Grp
panel I kit, according to the manufacturer’s instructions.
Assays were performed on the BioPlex 200 system.

Determination of glutathionylated protein content

Glutathionylated protein content was measured as previ-
ously described (3).

RT-qPCR

Samples were solubilized in TRIzol, and mRNA was ex-
tracted according to the manufacturer’s instructions. mRNA
was transcribed into cDNA using SuperScript II (Thermo
Fisher). Commercially available TaqMan probes were used
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for glrx1 (Mm00728386_s1), il6 (Mm00434228_m1), and
tnfa (Mm00443258_m1) (Life Technologies); gapdh
(Mm99999915_g1) was used as an internal control. Assays
were performed on the ABI StepOnePlus machine using
standard settings, and ABI StepOne Software v2.0 was used
to generate results.

Immunoprecipitation

BV2 cells were lysed in lysis buffer (10 mM KH2PO4,
0.1% Triton-X) containing 50 mM iodoacetamide to block
free thiol groups and preserve glutathionylation. p65 was
immunoprecipitated using the C-20 antibody against p65
(Santa Cruz) linked to Protein G beads (Invitrogen). After
elution, Western blot analysis was carried out under nonre-
ducing conditions, and immunoreactivity with both anti-GSH
antibody and separately with anti-p65 antibody was used to
identify glutathionylated p65.

Western blotting

Samples were lysed in lysis buffer (above), and protein
concentration was determined using the Pierce BCA Protein
Assay kit (Thermo Scientific), according to the manufacturer’s
protocol. Twenty to 50 lg of cell protein was solubilized in
loading buffer, reduced with 1 ll of 1M DTT (unless under
nonreducing conditions), boiled at 95�C, and alkylated with 3 ll
of 1M iodoacetamide. Samples were separated on a 15% bisa-
crylamide gel and transferred onto a polyvinylidene fluoride
membrane. Membranes were blocked in 5% nonfat dry milk in
Tris-buffered saline 0.05% Tween-20 and then incubated with
primary antibodies overnight at 4�C. Membranes were incu-
bated with alkaline phosphatase-linked secondary antibodies,
then developed with ECF or DDAO-phosphate, and visualized
with the STORM or Typhoon imagers (General Electric). Band
intensity was quantified using ImageQuant software.

Gene expression analysis

mRNA expression data from postmortem samples of sub-
stantia nigra from PD patients (n = 11) and matched controls
(n = 15) [accession number GSE20295, first published in
Zhang et al. (57)] were obtained from the Gene Expression
Omnibus database (www.ncbi.nlm.nih.gov/geo/). Data from
the remaining subjects were analyzed for differential expres-
sion using GEO2R (www.ncbi.nlm.nih.gov/geo/geo2r). For
genes with multiple probes, average values were used.

Copy number variant analysis

Whole exome sequence data for 646 PD patients captured
using Illumina Nextera Rapid Capture Expanded Exome kit
were obtained from Parkinson’s Progressive Marker In-
itiative. Sequencing reads mapping to chromosome 5 were
extracted from the whole exome data. The reads from
these samples were used to generate background coverage
and GC content. Data were analyzed for copy number vari-
ants (CNVs) using exomeCopy (www.bioconductor.org/
packages/2.9/bioc/html/exomeCopy.html), which has been
shown to have the most accuracy when detecting shorter
CNVs (42). The resulting copy number predictions were
filtered to only those with a copy number prediction greater
than or less than two, overlapping the GLRX gene. PD pa-

tients were grouped by copy number, and disease parameters
were analyzed as described in figure legends.

Statistical analysis

Statistical significance of differences between mean values
was assessed via two-tailed unpaired Student’s t-test with
Welch’s correction or one-way ANOVA with Dunnett’s test for
multiple comparisons using GraphPad Prism v6.0. p-Values
less than 0.05 were considered significantly different.
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Abbreviations Used

Ad-EV¼ empty adenovirus
Ad-Grx1¼ adenovirus expressing the Glutaredoxin-1

protein
CNS¼ central nervous system
CNV¼ copy number variant

DA¼ dopaminergic
DDAO¼ 7-hydroxy-9H-(1,3-dichloro-9,9-

dimethylacridin-2-one)
DMEM¼Dulbecco’s Modified Eagle Medium

DTT¼ dithiothreitol
ECF¼ enhanced chemical fluorescence
FBS¼ fetal bovine serum
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Abbreviations Used (Cont.)

GLRX¼ glutaredoxin-1 gene

glrx1¼ glutaredoxin-1 mRNA

Grx1¼ glutaredoxin-1 (thioltransferase)

GSH¼ glutathione

HFHS¼ high-fat high sugar

IKKb¼ inhibitor of nuclear factor kappa-B kinase
subunit beta

IL-1b¼ interleukin 1 beta

IL-6¼ interleukin 6

IjBa¼ nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha

JNK¼ c-Jun N-terminal kinase

LPS¼ lipopolysaccharide
MPTP¼ 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

NADPH¼ nicotinamide adenine dinucleotide phosphate
NF-jB¼ nuclear factor kappa-light-chain-enhancer of

activated B cells
Nurr1¼ nuclear receptor related-1

PARP¼ poly (ADP-ribose) polymerase

PD¼ Parkinson’s disease

PVDF¼ polyvinylidene fluoride

TGF-b¼ transforming growth factor beta

TH¼ tyrosine hydroxylase

tnfa¼TNF-a mRNA
TNF-a¼ tumor necrosis factor-alpha
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