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Mutations in the DJ-1 gene have been shown to cause a rare autosomal-recessive genetic form of Parkinson’s
disease (PD). The function of DJ-1 and its role in PD development has been linked to multiple pathways,
however its exact role in the development of PD has remained elusive. It is thought that DJ-1 may play a role
in regulating reactive oxygen species (ROS) formation and overall oxidative stress in cells through directly
Keywords: scavenging ROS itself, or through the regulation of ROS scavenging systems such as glutathione (GSH) or
DJ-1 thioredoxin (Trx) or ROS producing complexes such as complex I of the electron transport chain. Previous
work in this laboratory has demonstrated that isolated brain mitochondria consume H,0, predominantly
by the Trx/Thioredoxin Reductase (TrxR)/Peroxiredoxin (Prx) system in a respiration dependent manner
(Drechsel et al., Journal of Biological Chemistry, 2010). Therefore we wanted to determine if mitochondrial
H,0, consumption was altered in brains from DJ-1 deficient mice (DJ-1-/-). Surprisingly, DJ-1~/~ mice
showed an increase in mitochondrial respiration-dependent H,0, consumption compared to controls. To
determine the basis of the increased H,0, consumption in DJ1~/~ mice, the activities of Trx, Thioredoxin
Reductase (TrxR), GSH, glutathione disulfide (GSSG) and glutathione reductase (GR) were measured. Com-
pared to control mice, brains from DJ-1-/~ mice showed an increase in (1) mitochondrial Trx activity, (2)
GSH and GSSG levels and (3) mitochondrial glutaredoxin (GRX) activity. Brains from DJ-1-/~ mice showed
a decrease in mitochondrial GR activity compared to controls. The increase in the enzymatic activities of
mitochondrial Trx and total GSH levels may account for the increased H,O, consumption observed in the
brain mitochondria in DJ-1~/~ mice perhaps as an adaptive response to chronic DJ-1 deficiency.
© 2014 Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Introduction

Parkinson’s disease (PD) is a neurodegenerative movement dis-
order which is characterized by a progressive loss of dopaminergic
(DA) neurons within the substantia nigra pars compacta (SNpc) [1,2].
There are two main forms of PD, an idiopathic/sporadic form, which
affects the majority of people diagnosed with PD, and a genetically
linked form which can be autosomal dominant or recessive [2,3]. The

Abbreviations: PD, Parkinson’s disease; DA, dopaminergic; Trx, thioredoxin; TrxR,
thioredoxin reductase; Trx1, cytosolic trx; Trx2, mitochondrial trx; TrxR1, cytosolic
TrxR; TrxR2, mitochondrial Trx; Prx, peroxiredoxin; H,0,, hydrogen peroxide; GSH,
reduced glutathione; GSSG, oxidized glutathione; ROS, reactive oxygen species; GRX,
glutaredoxin; GR, glutathione reductase; Gpx, glutathione peroxidase; DJ1~/~, DJ-
1 knockout; 4-HNE, 4-hydroxyl-2-nonenal; SNpc, substantia nigra pars compacta;
ASK1, apoptosis signal-regulating kinase 1; Nrf2, nuclear factor erythroid 2-related
factor; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; BSA, Bovin Serum Albu-
min; HEDS, 2-hydroxyethyl disulfide; 60HDA, 6-hydroxydopamine; PQ, paraquat; Cox
IV, complex IV; TH, tyrosine hydroxylase; MEF, mouse embryonic fibroblasts.
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precise causes of DA neuronal death in the sporadic form of PD is
unknown, but it is hypothesized that the pathogenesis of PD may in-
volve oxidative damage and mitochondrial dysfunction [2,4-7]. This
has been supported by postmortem studies in the brains of PD pa-
tients which indicated increased levels of oxidative stress within the
SNpc, a decrease in complex I activity and an increase in 4-hydroxyl-
2-nonenal (4-HNE) [4,8,9]. Of recent interest is the discovery that
some of the genetic forms of PD also indicate a role of oxidative stress
in the development of PD. Specifically, mutations in Parkin, Pink1 and
DJ-1 have been shown to generate early onset PD and their functions
have been linked to reactive oxygen species (ROS) formation resulting
in oxidative stress, mitochondrial dysfunction and cell death [10,11].

The homozygous mutation in the DJ-1 gene (PARK7) has been
shown to cause autosomal recessive early on-set PD [12,13]. DJ-1 has
been associated with multiple functions in disease and non-disease
states which include, but is not limited to a ROS scavenger, a regu-
lator of glutathione (GSH) levels and complex I activity, a molecu-
lar chaperone, and a transcriptional co-activator [7,14-25]. DJ-1 has
also been implicated in the thioredoxin/apoptosis signal-regulating
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kinase 1 (Trx/Ask1) complex, a regulator of the nuclear factor ery-
throid 2-related factor (Nrf2) and has been shown to act like an atyp-
ical peroxiredoxin-like peroxidase thereby regulating the endoge-
nous ROS scavenging systems [14,18,25]. Mitochondria have long
been thought to be major producers of ROS. Recently our labora-
tory demonstrated that mitochondria consume H, 05 in a respiration-
dependent manner primarily through the Trx/peroxiredoxin (Prx)
system and that knockdown of mitochondrial thioredoxin reduc-
tase (TrxR2) decreases the ability of mitochondria and DA cells to
consume exogenous H,0, in a respiration dependent manner [26,27].
Furthermore previous literature has shown that decreases in the mi-
tochondrial GSH or Trx/TrxR systems render DA cells more sensitive
to oxidative stress and cell death [27-29].

The purpose of this study was to determine if DJ-1 deficiency alters
the ability of brain mitochondria to consume and detoxify H,0,. Based
on previous literature showing DJ-1's role in regulating antioxidant
pathways and increasing ROS-dependent sensitivity of DJ-1-/~ to
PD toxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
we hypothesized that brain mitochondria from DJ-1-/~ mice would
show decreased respiration dependent H,O, consumption [26]. Sur-
prisingly we found that DJ-1=/~ mouse brains had (1) an increase
in mitochondrial respiration-dependent H,0, consumption, (2) an
increase in mitochondrial Trx activity and (3) an increase in total
glutathione (GSH and GSSG respectively) levels, (4) an increase in
mitochondrial glutaredoxin (GRX) activity and a (5) decrease in mito-
chondrial glutathione reductase (GR) activity. Thus DJ-1 deficiency re-
sulted in increased H, 0, consumption likely due to adaptive changes
in the mitochondrial GSH and Trx/TrxR systems.

Methods
Chemical reagents

All reagents and chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise noted.

Mice

Animal studies were carried out in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory Animals
(NIH Publications no. 80-23). All animal experiments were carried out
with approval from the Institutional Animal Care and Use Commit-
tee at the University of Colorado Denver Anschutz Medical Campus,
which is fully accredited by the American Association for the Accred-
itation of Laboratory Animal Care. DJ-1 homozygous knockout mice
(DJ-1-/=) mice on a C57BL/6 background and C57BL/6 controls (DJ-
1+/+)were purchased from The Jackson Laboratory (Bar Harbor, ME,
USA). DJ1 knockout in mice was confirmed by Western blot using a
primary antibody from Millipore (Billerica, MA, USA) at 1:500 and
secondary antibody purchased from Abcam (Cambridge, MA, USA) at
1:10,000 (data not shown). All experiments were conducted on mice
3-6 months old.

Isolation of pure mouse brain mitochondria

Adult male DJ-1+/+ or DJ-1-/~ had their brain excised and mi-
tochondria was isolated as previously described through a Percoll
density gradient centrifugation [26,30]. Briefly, mouse brain was ho-
mogenized in a sucrose isolation buffer and diluted 1:1 in 24% Per-
coll and centrifuged. After centrifugation the sediment was removed
and added to 40%/19% Percoll gradient and centrifuged. Mitochon-
dria from the interface was removed and diluted with isolation buffer
and centrifuged. The mitochondrial pellet was re-suspended in iso-
lation buffer containing 1 mg/ml Bovin Serum Albumin (BSA) and
centrifuged for final pure mitochondrial pellet.

Isolation of crude mouse brain mitochondria

Adult male DJ-1+/+ or DJ-1~/~ mouse brains where homogenized
inisolation buffer then centrifuged at 3000 RPM for 10 min at4 °C. The
supernatant was removed and centrifuged at 13,000 RPM for 10 min
at4°C. Supernatant was removed and saved for cytosolic fraction and
mitochondrial pellet was re-suspended in isolation buffer.

Exogenous H,0, removal rates by polarographic measurement

H,0, rates were measured in 100 pg of isolated pure mouse
brain mitochondria (as determined by Bradford assay) using a 100-
1M Clark-type electrode with an Apollo 4000 Free Radical Analyzer
(World Precision Instruments, Inc., Sarasota, FL, USA). As described
by Drechsel et al. [26] after obtaining a stable baseline for 60 s, 3 ©M
of H,0, was added to an open thermostatted chamber (30 °C) and
allowed to stabilize. Isolated mitochondria, and the respiration sub-
strates malate (2.5 mM) and glutamate (10 wM) were added and a
stable H,0, consumption rate was measured for 30-60 s. Isolated
pure mitochondria were added to the chamber and H,0, removal
rates were calculated based on the linear signal decay after the addi-
tion of mitochondria compared to respiration substrates.

TrxR and Trx activity assay

TrxR and Trx activity was measured in crude brain mitochondria
using an insulin-reduction assay in the presence of Escherichia coli
Trx or rat TrxR as previously described by Arnér et al. [31]. Briefly,
crude mitochondria were lysed using sonication and protein levels
were determined using a Bradford protein assay. 25 pg of isolated
mitochondria where plated and Trx, TrxR or water was added. Assay
buffer was added (for final volume of 50 1) and mitochondria where
incubated for 1 h. After incubation the number of reduced thiols was
determined on a Versamax micro plate reader (Molecular Devices,
Sunnyvale, CA, USA).

HPLC to determine glutathione levels

GSH, glutathione disulfide (GSSG) assays were performed with an
ESA 5600 CoulArray HPLC equipped with eight electrochemical cells
as previously described by Patel et al. [32]. The potentials of the elec-
trochemical cells were set and analyte separation was conducted on
a TOSOHAAS (Montgomeryville, PA, USA) reverse-phase ODS 80-TM
C-18 analytical column (4.6 mm x 250 cm; 5 wm particle size). A
two-component gradient elution system was used with component
A of the mobile phase composed of 50 mM NaH; POy, pH 3.2, and com-
ponent B composed of 50 mM NaH,PO4 and 40% methanol, pH 3.2.
An aliquot (40 1) of the supernatant was injected into the HPLC.

Glutaredoxin (GRX) activity assay

GRX activity was measured as previously described by Mesecke et
al. with a slight modification [33]. 100 pgisolated crude mitochondria
was incubated in reaction buffer (0.1 M Tris/HCl, and 1 mM EDTA,
pH 8.0, and contained 0.1 mM NADPH, 0.25 U/ml GR, and 1 mM GSH)
and the consumption of NADPH to NADP* through the addition of
2-hydroxyethyl disulfide (HEDS) was measured at 340 nm every 30 s
for 10 min on a Versamax micro plate reader.

Glutathione reductase (GR) activity assay

GR activity was measured spectrophotometrically in 100 pg of
isolated crude mitochondria incubated in a reaction buffer containing
50 mM sodium phosphate and 240 mM NADPH (pH 7.6). The reaction
was initiated with the addition of 16 mM GSSG and the conversion of
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NADPH to NADP*+ at 340 nM was measured for 10 min on a Versamax
micro plate reader.

Results

Increased H,0, consumption rates in DJ-1 =/~ mice compared to
DJ-1+/+ controls

We initially determined the role of DJ-1 in the ability of brain mito-
chondria to consume H,0, in the presence of respiration substrates,
malate and glutamate. Based on the link between DJ1 and antioxi-
dant functions we hypothesized DJ-1~/~ mice would have a decrease
in H,0, removal rates compared to DJ-1+/+ mice. Pure brain mito-
chondrion were isolated from DJ-1-/~ and DJ-1+/+ mice and their
ability to consume exogenous H, 0 in real-time was measured using
the polarographic method with a Clark-type electrode. As summa-
rized in Fig. 1A, a stable baseline was achieved followed by addition
of 3 uM H,0,. After stabilization, the respiration substrates malate
and glutamate were added and the H,0, consumption rates were
measured for730 s. After a steady rate had been achieved 0.1 mg/ml
of isolated mitochondria from either DJ-1-/~ or DJ-1+/+ mice was
added and the H,0, consumption rates were determined. As shown
graphically in Fig. 1A and quantified in Fig. 1B, brain mitochondria
from DJ-1~/~ mice showed a significant increase in their ability to
consume H,0, compared to DJ-1+/+ mice.

Increased mitochondrial thioredoxin (Trx2) activity in brains from DJ-1
~/= mice

The surprising finding that brain mitochondria from DJ1~/~ mice
show increased H,0, consumption prompted us to determine the
major enzymatic system underlying this effect. Previous work in our
laboratory has shown that inhibiting TrxR activity in isolated rat brain
mitochondria dramatically decreases their H,O, consumption rates
[26]. Based on the increase in HyO, consumption rates in DJ1~/~ mice
we wanted to determine if there was an increase in Trx2 and/or TrxR2
activity. As indicated in Fig. 2, there was a significant increase in the
Trx2 activity in DJ-1~/~ mice compared to DJ-1+/+ mice whereas no
change in Trx activity was observed in the cytosolic (Trx1) compart-
ment. No significant differences were observed between the mito-
chondrial or cytosolic (TrxR1) activity of TrxR in DJ-1-/~ vs. DJ-1+/+
mice. To ensure the changes in activity were not a result of changes in
mitochondria quantity, a Western blot for the mitochondrial marker
cytochrome oxidase, subunit IV, (Cox IV) was conducted in whole
brain lysate of DJ-1*+/+ and DJ-1~/~ mice. There was no change in
Cox IV levels when normalized to (3-Actin between DJ-1+/+ and
DJ-1~/~ mice (n = 4) (data not shown).

Increased brain GSH and GSSG levels in DJ-1 =/~ mice

Previous literature has shown when DJ-1-/- cells are under oxida-
tive stress they are more susceptible to cell death due to a decrease
in GSH levels [17,24,34]. Therefore based on the increased activity
of Trx2 we wanted to determine the status of the GSH system under
baseline conditions. GSH and GSSG levels were measured in the whole
brains of DJ-1-/~ and DJ-1+/+ mice. As indicated in Fig. 3A and B, DJ-
1/~ mice showed a significant increase in GSH levels (2148 + 22.6
vs.2029 + 17.3 nmol/g, DJ-1-/~ vs.DJ-1+/+ respectively) and GSSG
(751 + 0.4vs.2.86 + 0.4nmol/g, DJ-1~/~ vs.DJ-1+/+ respectively)
compared to DJ-1+/+ mice. This resulted in the DJ-1~/~ mouse brains
having significantly more total glutathione (GSH + GSSG) compared
to DJ-1+/+ mice (Fig. 3C).

Alterations in glutathione peroxidase (gpx), glutathione reductase (GR)
and glutaredoxin (GRX) activities in DJ-1 =/~ mice

To determine if the changes in GSH and GSSH levels were due in
part to changes in enzymatic regulation of the glutathione pathway,
we measured the activities of GR, GRX and GPx. GR and GRX activi-
ties were measured in cytosolic and mitochondrial fraction from the
brains of DJ-1-/~ and DJ-1+/+ mice. There was no change in the cy-
tosolic GR and GRX activity between the two mice (data not shown).
Mitochondrial GR activity was significant decreased in brains from D]J-
1/~ compared to DJ-1+/+ mice (7.01 + 0.2vs.9.08 + 0.6 pmol/mg,
in DJ-1-/~ and DJ-1+/+ mice, respectively). A significant increase in
GRX activity was observed in DJ-1-/~ compared to DJ-1+/+ mice
(24.71 + 0.6 vs. 17.63 £ 1.8 pmol/mg, in DJ-1-/~ and DJ-1+/+
respectively). Interestingly, there was no change in the brain mito-
chondrial GPx activity in DJ-1~/~ compared to DJ-1+/+ mice (Fig. 4A).
This data suggests that despite an increase in GSH levels, decreased
GR activity results in an increased GSSG level leading to increased
total glutathione levels (GSH + GSSG) in the brains of DJ1~/~ mice.
Increased GSSG can favor glutathionylation reactions resulting in in-
creased GRX activity.

Discussion

DJ-1 function has been implicated in a multitude of functions in-
cluding a ROS scavenger, a regulator of mitochondrial function, a
regulator of GSH levels, a molecular chaperone, and a transcriptional
co-activator [14-25,35]. DJ-1 is ubiquitously expressed throughout
the body including the brains of normal and idiopathic PD patients;
however point mutations or large deletion in the kinase region of the
DJ-1 gene is sufficient to cause early on-set autosomal recessive PD
[12,36]. It has been demonstrated that DJ-1 deficiency renders both
cells and animals more susceptible to MPTP, paraquat (PQ), rotenone,
and 6-hydroxydopamine (60HDA) toxicities which can be rescued
with its over expression [18,22,23,37-43]. It has been hypothesized
that the increased sensitivity to oxidative stress in DJ-1~/~ mice and
cells is related to a decrease in ROS scavenging arising from decreased
peroxidase-like scavenging, deficient Nrf2 transcriptional factors and
increased mitochondrial dysfunction due to complex I deficiency
[15,16,18,20,24]. Indeed deletion of DJ-1 in tyrosine hydroxylase (TH)
positive neurons of the midbrain resulted in higher mitochondrial
oxidant stress assessed by increased fluorescence of ro-GFP levels in
TH ™ neurons in the SNpc compared to control animals [17]. Interest-
ingly, there was no change in ro-GFP levels between neurons in the
ventral trigeminal area indicating the loss of DJ-1 in mice increases
mitochondrial oxidant stress in the neuronal population associated
with PD etiology [17].

Whereas decreases in cytosolic thioredoxin (Trx1) mRNA and pro-
tein levels has been observed due to DJ-1 deficiency in SH-SY5Y cells
and mouse embryonic fibroblasts (MEF) [14], to our knowledge, the
role of the mitochondrial Trx (Trx2) has not been studied in the con-
text of DJ-1 deficiency. Our previous studies have demonstrated that
pharmacological inhibition or deletion of Trx/TrxR activity in iso-
lated mitochondria result in decreased respiration dependent H,0-,
consumption by isolated mitochondria and render DA cells more sus-
ceptible to subtoxic concentrations of PQ and 60HDA [26,27]. Thus,
we sought to determine the antioxidant function of DJ-1 i.e. brain
mitochondrial H,0, consumption and detoxification in DJ-1-/~ mice
[26,27]. We hypothesized that DJ-1~/~ mice would show decreased
H,0, removal rates due to its role in oxidative stress and Trx1 levels.
Surprisingly, our study indicated that brain mitochondria from DJ-
1/~ mice showed increased rates of H,0, consumption which was
correlated with an increase in Trx2 activity. Interestingly, we found
no change in Trx1 activity in DJ-1=/~ mice compared to mock controls
as previously reported which may be due to the use of whole animal
brain (our study) vs. MEFs [14].
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Fig. 1. DJ-1-/~ mice show increased mitochondrial H,0, consumption rates compared to DJ-1+/+ mice. Pure mitochondria was isolated from the whole brain of DJ-1-/~ and
DJ-1+/+ mice and their H,0, consumption rates was determined as depicted in (A). As quantified in (B), actively respiring mitochondria from DJ-1-/~ mice had a significant
increase in their consumption rates compared to DJ-1+/+ mice (n = 7-8 mice; 2-4 runs for each mouse). *p < 0.05 as determined by Student’s t-test. Bars represent mean =+ SEM.
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Fig. 2. Increased mitochondrial Trx activity in brains from DJ-1-/~ mice. Isolated mitochondrial and cytosolic fractions from DJ-1+/+ and DJ-1-/~ mice were analyzed for Trx
(A) and TrxR (B) activities. There was a significant increase in the mitochondrial (Trx2) but not cytosolic (Trx1) or TrxR1 or TrxR2 activity in DJ-1~/~ compared to DJ-1+/+ mice.
*p < 0.05 as determined by 2way ANOVA (n = 4-5 mice with 2-3 runs for each mouse). Bars represent mean =+ SEM.
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Fig.3. DJ-1-/- mice have higher GSH and GSSG levels compared to DJ-1*/+ mice. GSH (A) and GSSG (B) levels were measured in DJ-1+/+ mice and DJ-1-/~ mice via HPLC. There
was a significant increase in GSH and GSSG level in DJ-1~/~ mice which resulted in a significant increase in total glutathione (GSH + GSSG). **p < 0.01, *** p < 0.005 as determined
by Student’s t-test. All bars represent mean & SEM (n = 4-5).
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Fig.4. DJ-1-/- mice show alterations in GR and GRX activity compared to DJ-1+/+. Crude mitochondria was isolated from the whole brain of DJ-1-/~ and D] */+ mice and different
activities of the GSH system were measured. There was no change in Gpx activity (A) however there was a significant decrease in GR (B) and a significant increase in GRX activity
(C)in DJ-1-/~ mice compared to DJ-1+/+ mice. *p < 0.05; **p < 0.01 as determined by Students t-test. Bars represent mean + SEM (n = 5).

The finding that DJ-1-/~ mice had an increase in H,O, consump-
tion rates which correlated with an increase in the Trx2 activity is
noteworthy due to the conflicting results regarding the lack of basal
dopaminergic neurodegeneration in DJ-1-/~ mice. Humans with ho-
mozygous deficiency of DJ-1 develop early-onset PD, however there
are contradictory studies regarding whether or not mice lacking DJ-1
develop baseline neuronal degeneration of dopamine cells or motor
dysfunctions [18,37,44,45]. Our data suggests that increased Trx2 ac-
tivity may be one compensatory mechanism utilized by the DJ-1-/~
mice to prevent long-term oxidative stress thus limiting the amount
of neuronal cell death. The effect of increased Trx2 activity may be
mitigated with exposure to pro-oxidant and PD linked chemicals such
as MPTP, rotenone, and PQ. As previously shown in the literature, DJ-
1-/~ mice are more sensitive to MPTP toxicity than DJ-1+/+ mice
[38]. Increased Trx2 activity in DJ-1~/~ mice may limit DA cell death
under basal conditions, however when exposed to a large oxidative
stress, such as MPTP, this compensatory mechanism may no longer
be effective. Thus, under larger levels of oxidative stress DJ-1 may
play a critical role in maintaining DA neuronal health while under a
controlled environment it may have other functions. This could also
partly explain the difference in phenotypes between human popu-
lations, which are constantly exposed to environmental factors, and
mice, which live in a controlled environment.

It is widely believed the GSH system is the primary antioxidant
system in ROS detoxification in the brain due to GSH being present in
mM concentrations and thus the most abundant intracellular thiol-
based system [46,47]. GSH has been reported to be present both in
astrocytes and neurons within the SNpc but with higher concentra-
tions in astrocytes compared to neurons [47]. Measurement of GSH
and GSSG levels in postmortem tissue of PD patients has revealed
significantly lower GSH levels (40%) and slight but insignificant in-
crease in GSSG levels (29%) in the SNc compared to age matched
controls [48]. Previous literature has indicated that knockout of DJ-1
in cell-based models results in increased susceptibility to ROS due to a
decrease in GSH levels which can be rescued with over-expression of
DJ-1 through increased activity of glutamate cysteine ligase [24,34].
The finding that GSSG levels were increased in DJ-1-/~ mice together
with decreased GR activity suggested that an inability to recycle GSSG
back to GSH. Of interest, there was also a small but significant increase
in GSH levels most likely arising due the inability to maintain reduced
GSH in the face of decreased GR coupled with the efflux of accumu-
lated GSSG from the cell.

Based on the results of this study, we hypothesize that increased
mitochondrial H,0, consumption rates in the brains of DJ-1-/~ mice

is most likely due to increased Trx activity protecting brain mitochon-
dria from the increased baseline ROS production. In corroboration
with previous literature, DJ-1-/~ mice had a decrease in GR activ-
ity leading to the increase in GSSG level, resulting in an increase in
glutathionylation and thus an increase in GRX activity. Based on the
increased H,0, consumption and mitochondrial Trx activity, it leads
one to speculate that upregulation of Trx, TrxR or Prx would be a
beneficial target for the treatment of PD.
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