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Abstract

Parkinson’s disease (PD) is characterized by early glutathione depletion in the substantia nigra (SN). Among its
various functions in the cell, glutathione acts as a substrate for the mitochondrial enzyme glutaredoxin 2 (Grx2).
Grx2 is involved in glutathionylation of protein cysteine sulfhydryl residues in the mitochondria. Although
monothiol glutathione–dependent oxidoreductases (Grxs) have previously been demonstrated to be involved
in iron-sulfur (Fe-S) center biogenesis, including that in yeast, here we report data suggesting the involvement
of mitochondrial Grx2, a dithiol Grx, in iron-sulfur biogenesis in a mammalian dopaminergic cell line. Given that
mitochondrial dysfunction and increased cellular iron levels are two important hallmarks of PD, this suggests a
novel potential mechanism by which glutathione depletion may affect these processes in dopaminergic neurons.
We report that depletion of glutathione as substrate results in a dose-dependent Grx2 inhibition and decreased
iron incorporation into a mitochondrial complex I (CI) and aconitase (m-aconitase). Mitochondrial Grx2 inhi-
bition through siRNA results in a corresponding decrease in CI and m-aconitase activities. It also results in
significant increases in iron-regulatory protein (IRP) binding, likely as a consequence of conversion of Fe-S–
containing cellular aconitase to its non–Fe-S–containing IRP1 form. This is accompanied by increased transferrin
receptor, decreased ferritin, and subsequent increases in mitochondrial iron levels. This suggests that glutathione
depletion may affect important pathologic cellular events associated with PD through its effects on Grx2 activity
and mitochondrial Fe-S biogenesis. Antioxid. Redox Signal. 11, 2083–2094.

Introduction

Parkinson’s disease (PD) is an age-related progressive
neurodegenerative disorder characterized by preferential

loss of dopaminergic (DA) neurons in the substantia nigra
(SN), a region of the midbrain involved in coordinating vol-
untary motor movement (6). Physiologically, PD is charac-
terized by midbrain dopamine deficiency owing to the
degeneration of these neurons (10). Its pathologic features also
include the presence of intracytoplasmic inclusions known as
Lewy bodies (18). Multiple lines of evidence implicate both
oxidative stress and mitochondrial dysfunction in cell death
associated with PD.

Glutathione plays multiple roles in the nervous system,
both as an antioxidant and as a redox modulator. Depletion in

levels of total glutathione (GSH þ GSSG) is one of the earliest
reported biochemical events reported to occur in the parkin-
sonian SN (2, 22, 36, 37). Previous studies from our laboratory
demonstrated that total glutathione reduction within dopa-
minergic cells resulted in selective CI inhibition and subse-
quent mitochondrial dysfunction, which ultimately leads to
cell death (11, 12, 22, 24), indicating that maintenance of thiol
homeostasis may be critical for protecting midbrain dopa-
minergic neurons.

In addition to its several other known cellular functions,
reduced glutathione (GSH) also acts as a substrate for Grxs,
enzymes involved in the glutathionylation and deglutathio-
nylation of cysteine sulfhydryl groups on various proteins
(3, 13, 48). Much like thioredoxins, Grxs primarily maintain
the cellular redox status. Grxs fall into two main groups:
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dithiol Grxs including Grx1, which contains Cys-Pro-Tyr-Cys
at the active site, and vertebrate Grx2, which contains a Cys-
Ser-Tyr-Cys consensus sequence; and the monothiol Grxs,
which contain Cys-Gly-Phe-Ser at the active site (including
mitochondrial yeast Grx5 and vertebrate Grx1). Whereas
mammalian dithiol Grx1 is reported to be localized exclu-
sively in the cytosol within dopaminergic neurons (3), Grx2 is
largely localized solely in the mitochondria, although a Grx2
isoform has been demonstrated to be targeted to the nucleus
(19, 31, 32, 42). Grx1 and Grx2 have similar GSH-binding sites
and hydrophobic surfaces; however, Grx2 also contains an Fe-
S cluster that bridges two monomers of Grx2 and, as a result,
acts as a redox sensor (29). Although these mammalian
cytosolic and mitochondrial glutaredoxins share *36% se-
quence identity, both Grx1 and Grx2 contain additional
nonconserved cysteine residues outside of the active site that
could contribute to differences in their inactivation and acti-
vation, respectively, during oxidative stress and may underlie
various differences in function, depending on their subcellu-
lar localization (20). Monothiol Grx has been implicated in
iron-sulfur center (Fe-S) biogenesis through control of pro-
teins involved in the assembly (Grx5), as well as uptake of iron
by regulation of the Aft1 transcription factor (Grx3=4; 21). In
yeast, absence of Grx5 results in reductions in respiratory
growth and aberrant accumulation of iron within cells (38,
39). These alterations had been attributed to a reduction in
Fe-S center synthesis and activity of enzymes containing such
centers, including those involved in both mitochondrial
function and cellular iron regulation.

Another recent study demonstrated that deficiency in the
zebrafish homologue of yeast Grx5 also resulted in impaired
Fe-S cluster assembly, suggesting that monothiol Grx homo-
logues are involved in this process and, therefore, are evolu-
tionarily conserved (49). Grx5 deficiency in zebrafish was
found to result in conversion of cytosolic aconitase to its iron-
regulatory protein 1 (IRP1) isoform, which normally acts to
regulate cellular iron levels by controlling levels of the major
iron-uptake protein transferrin and the iron-storage protein
ferritin.

Grx2 is ubiquitously expressed throughout the brain, in-
cluding within dopaminergic SN neurons. Previous studies
showed that mammalian Grx2 effectively catalyzes the re-
versible glutathionylation=deglutathionylation of mitochon-
drial thiol proteins such as complex I (CI), which form mixed
disulfides during oxidative conditions (7). Grx2 also functions
as an essential component of the mitochondrial antioxidant
defenses; selective knockdown of Grx2 levels by siRNA has
been found to lead to increased sensitivity to oxidative stress–
inducing apoptotic agents in HeLa cells (30). Recent studies
also showed that selective knockdown of Grx2 by using anti-
sense oligonucleotides results in partial loss of CI activity,
suggesting that Grx2 is important in maintaining the function
of this complex in mouse brain mitochondria (25).

In the present study, we assessed whether reduction in
GSH as a substrate results in decreased Grx2 activity and,
in turn, the possible impact of dithiol Grx2 inhibition on
Fe-S center biogenesis and the enzymatic activity of Fe-S–
containing enzymes involved in either mitochondrial function
(CI, m-aconitase) or cellular iron homeostasis (cytosolic aco-
nitase, IRP-1) within cultured dopaminergic cells. Our data
for the first time suggest that GSH reduction and mammalian
Grx2 inhibition through the impact on Fe-S center biogenesis

result in disruptions in mitochondrial function and regulation
of iron-regulatory proteins that control cellular iron levels.

Materials and Methods

Chemicals and reagents

All chemicals used in this study were obtained from Sigma
(St. Louis, MO), unless otherwise noted. siRNA primers were
designed and synthesized from Invitrogen (Carlsbad, CA).
TRIzol reagent also was obtained from Invitrogen. DNA-free
reagents were from Ambion (Austin, TX). TaqMan reverse-
transcription reagent and SYBR Green PCR Master Mix were
obtained from Applied Biosystems (Foster City, CA). All
chemicals used were of at least analytic grade.

Tissue culture

All tissue-culture materials were procured from Cellgro
(Kansas City, KS). For this study, we used N27 cells derived
from embryonic rat dopaminergic mesencephalic neurons via
SV40 large T antigen immortalization. These cells exhibit in-
creased levels of tyrosine hydroxylase and dopamine trans-
porter proteins and therefore consist of cells comparable to the
midbrain dopaminergic neurons that are selectively lost in PD
(1, 14). N27 cells were grown in RPMI medium 1640 con-
taining 10% fetal bovine serum, penicillin (100 units=ml), and
streptomycin (100mg=ml). Glutathione was depleted by
treatment of N27 cells with buthionine sulfoxamine (BSO) at
a concentration of 0–40 mM for 0–72 h; previous studies dem-
onstrated that 20mM BSO results in a maximal 50% reduction
in cellular glutathione, mimicking the depletion levels ob-
served in the parkinsonian SN (11).

Mitochondrial preparations

Control, glutathione-depleted, or Grx2 siRNA–treated N27
cells were washed and resuspended in ice-cold isolation
buffer (320 mM sucrose, 5 mM2-{[2-hydroxy-1,1-bis(hydroxy-
methyl) ethyl]amino}ethanesulfonic acid, and 1 mM EGTA,
pH 7.4) followed by homogenization in a Dounce homoge-
nizer. The homogenates were centrifuged at 1,000 g for 5 min
at 48C. Supernatant containing mitochondria was saved and
pellet resuspended in isolation buffer and rehomogenized.
Centrifugation of the resuspended homogenate was repeated,
and the supernatants were pooled. The pooled supernatant
was centrifuged at 10,000 g for 10 min at 48C. The pellet con-
taining the mitochondrion was resuspended in 50ml isolation
buffer for Grx2, mitochondrial CI, and m-aconitase enzyme
activity assays. The purity of mitochondrial fractions for all
subsequent studies was verified by assessing with Western
blot with antibodies against the mitochondrial marker VDAC
and the cytoplasmic actin.

Grx2 activity assay

Grx2 activity assay was performed as described by Glady-
shev et al. (19), but with GSH provided endogenously (19). In
brief, the reaction mixture contained 0.2 mM NADPH, 0.1 M
potassium phosphate buffer (pH 7.4), 0.4 units of GSSG re-
ductase, and 5mg of mitochondrial fraction from control
and treated samples in a total volume of 0.1 ml. After a 5-min
preincubation with 2 mM synthetic substrate, hydroxy-
ethyldisulfide (HEDS), the reaction was carried out at 308C
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for 5 min. The decrease in absorbance of NADPH at 340 nm
was monitored by using the Spectra Max 340PC spectropho-
tometer (Molecular Devices, Sunnyvale, CA). To determine the
Grx2 activity, the slope of the linear portion of the time course
for 340-nm absorption loss in a control (Grx2-free) sample was
subtracted from the slope of the samples containing Grx2.

Grx2 knockdown with siRNA

siRNA primers were designed by using the Invitrogen
BLOCK-iT RNAi Designer tool. We purchased three sets
of primers to determine those with the maximal knock-
down efficiency of knockdown. The following oligonucleotides
were designed, encoding the desired siRNA strands: tar-
get sequence 97 (TS-97) GGAAUGGGAAACAGCACAU
(sense) and AUGUGCUGUUUCCCAUUCC (antisense);
TS-206, CCUGCUCUUACUGUUCAAU (sense) and AUU
GAACAGUAAGAGCAGG (antisense); and TS-396, GCUU
CACAAAGAAGGGAAA (sense) and UUUCCCUUCUUUG
UGAAGC (antisense). As a control, a nonspecific ‘‘scrambled’’
(scr) siRNA was designed by using the following oligonu-
cleotides: scr, AACATTCACTCAGGTCATCAGCCTGTCTC
(sense) and AACTGATGACCTG AGTGAATGCCTGTCTC
(antisense). At 24 h before transfection, N27 cells were seeded
in six-well plates, and transfection was performed at a cell
confluence of 60% by using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. In brief, 20 nM 21-nt
double-stranded siRNA in 50ml of Opti-MEM I reduced serum
and 12ml of Lipofectamine 2000 in 50ml of Opti-MEM I reduced
serum were mixed and added to RPMI medium to yield a total
volume of 2.0 ml. After 6 h of incubation, an equal volume of
medium was added to the cells. The diluted transfection mix
was removed after 24 h of transfection. The cells were washed
twice with PBS before harvesting to perform RT-PCR to con-
firm the degree of Grx2 knockdown.

RT-PCR analysis of Grx2 and Grx1 mRNA

Total RNA was extracted from control and siRNA-
transfected N27 cells by using Trizol (Invitrogen), and 2mg
was used to generate first-strand cDNA by using the Super-
Script II reverse transcriptase kit (Invitrogen). Approximately
25 ng of cDNA was subject to PCR analysis by using the SYBR
Green PCR Master Mix on the ABI prism 7900HT Sequence
detection system (Applied Biosystems). Primers for Grx2,
Grx1, actin, and GAPDH were designed based on nucleotide
sequences found in Genbank. The PCR amplified products
were run on a 2% agarose gel, and densitometry analysis was
performed to evaluate the levels of Grx2 and Grx1 reduction
by using actin or GAPDH as the internal control.

Dual Grx2 immunocytochemistry=Mitotracker
red staining

N27 cells were seeded on glass plates to a density of 60%
and transfected with siRNA primers (TS-396) for 24 h before
fixation with 4% formaldehyde at room temperature for
30 min. Mitochondria were stained with 50 nM MitoTracker
red (Molecular Probes) at 378C for 30 min before fixation.
Anti-Grx2 Ab (kindly provided by Dr. Lillig, Stockholm,
Sweden) was preincubated for 2 h at room temperature at
1:10 dilution with 0.5 mg of BSA in 10 ml of PBS containing
0.3% Triton X-100. The Grx-2 antibody was then diluted 1:50

and incubated with the fixed cells in a moisture chamber at
48C overnight. After washing with PBS 3�5 min, cells were
incubated with the secondary Ab (1:250, Alexa Fluor 488 goat
anti-rabbit IgG; Molecular Probes) for 60 min at room tem-
perature. After 30-min washing with PBS, the slides were
mounted and analyzed by using the fluorescence microscope
Olympus BX51.

Immunoprecipitations of CI and m-aconitase

For immunoprecipitation of CI, mitochondria were isolated
from control and BSO-treated N27 cells, as described earlier.
Approximately 2 mg of mitochondria was washed with
20 mM Tris-HCl, pH 7.5, and 1 mM EDTA and suspended in
the same buffer containing the protease inhibitor mixture.
This suspension was solubilized by adding n-dodecyl-b-d-
maltoside to a final concentration of 1% at 5 mg=ml protein
concentration and incubated for 30 min on ice. Insoluble ma-
terial from this suspension was removed by centrifugation at
55,000 g for 30 min at 48C, and soluble material was taken for
immunoprecipitation of CI by using the MS101 Complex I
(CI) Immunocapture kit from MitoSciences (Eugene, OR) (43).
In brief, the solubilized mitochondria was incubated with CI
antibody linked with agarose beads for 3 h at RT or overnight
at 48C, followed by three quick washes with TE buffer con-
taining protease inhibitors. Immunocaptured CI was then
eluted with 10 ml of 0.1 M glycine, pH 2.5, supplemented with
0.05% n-dodecyl-b-d-maltoside. The eluted sample was then
neutralized with 1ml of 1 M Tris, pH 8.0. For immunoprecip-
itation of m-aconitase, *1 mg of mitochondrial extract (in
RIPA buffer containing anti-protease cocktail; Sigma) was
incubated with aconitase antibody (#48915, kindly provided
by Dr. Rick Eisenstein, University of Wisconsin-Madison) for
at least 2 h to facilitate the formation of the antibody–antigen
complex. This was followed by an overnight incubation with
Red Protein A Affinity Gel and centrifugation to recover the
immunoprecipitated mitochondrial aconitase bound to the
beads. An aliquot of the antibody–antigen complex is mixed
with sample buffer and boiled before running on an SDS-
PAGE gel and stained with Sypro-Ruby (Bio-Rad) to deter-
mine its presence and abundance for normalization purposes.

ICP-MS assessment of iron incorporation

To determine the incorporation of iron into immuno-
precipitated Fe-S cluster–containing enzymes, N27 cells were
co-treated with 10mM BSO and 50mM Fe57 in normal RPMI
medium for 72 h. Mitochondrial CI, m-aconitase, and cytosolic
IRP-1 were immunoprecipitated, as earlier. Before analyses,
immunoprecipitated samples were digested overnight with
concentrated nitric acid, followed by a 20-min heating at 958C,
and redissolved in 1N Q-HNO3. Total iron and Fe57 were
measured by using a Varian Ultramass inductively coupled
mass spectrometer (ICP-MS) under operating conditions
suitable for routine multielement analysis (services were
kindly provided by Irene Volitakis and Robert Cherny at The
University of Melbourne Mental Health Research Institute,
Australia).

Mitochondrial complex I assay

The mitochondrial CI enzyme assay was carried out as de-
scribed by Trounce et al. (47). In brief, the assay was initiated
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by addition of aliquots of mitochondria to 50mM potassium
phosphate, pH 7.4, 500mM EDTA, 1% bovine serum albumin,
200 mM NADH, and 200 mM decylubiquinone with and
without 2mM rotenone in the presence of KCN, with 0.002%
dichloroindophenol as a secondary electron acceptor. The
decrease in the absorbance at 600 nm was recorded as a
measure of enzyme reaction rate at 308C for 10 min, and the
specific activity was calculated. Values for all the assays were
normalized per protein by using Bradford reagent (Bio-Rad,
Hercules, CA).

Mitochondrial aconitase activity assay

From 5 to 10 mg of isolated mitochondrial extracts was in-
cubated with a chemical cocktail of 30 mM sodium citrate,
0.6 mM MnCl2, 0.2 mM NADPþ, and 2 units=ml of isocitrate
dehydrogenase (in 25 mM KH2PO4 buffer). Readings were
measured over a period of 5 min at 308C (Abs¼ 340 nm), in-
dicative of isocitrate formation with the release of NADPH.

IRP-binding assays

Cytoplasmic IRP-binding activities were assessed via an
RNA gel-shift assay by using the I12CAT plasmid (gift of
Dr. M.W. Hentze, EMBL, Heidelberg, Germany) that contains
the IRE sequence of the human ferritin heavy chain under the
control of T7 phage promoter. The plasmid is used to prepare
the IRE RNA probe for the assay via in vitro transcription and
32P labeling by using an RNA gel-shift kit from Fermentas,
Inc. (Glen Burnie, MD) according to the manufacturer’s in-
structions. Cellular homogenates (10 mg) were incubated with
a molar excess of the 32P-labeled IRE probe, as previously
described. IRE-IRP1 complexes were then resolved on 6%
non-denaturing acrylamide=bisacrylamide gels and quanti-
fied via autoradiography. b-Mercaptoethanol (b-ME) was
added to aliquots of each sample as a control for loading.

TfR1 and ferritin Western blot analyses

Cells were homogenized in lysis buffer (0.15 M NaCl, 5 mM
EDTA, pH 8, 1% Triton X100, 10 mM Tris-Cl, pH 7.4, DTT
50 mM) and centrifuged at 10,000 g. Protein concentration was
determined in the supernatant by using Bradford reagent;
100 mg of protein per sample was mixed with sample buffer
(100 mM Tris, pH 6.8, 2% SDS, 5% b-ME, 15% glycerol),
boiled, and subjected to SDS-PAGE on a 4–12% gel. After
transfer to PVDF membranes, the blots were probed with
antibodies against TfR1 (Zymed, South San Francisco, CA;
1:1,000) and ferritin (Ramco, Stafford, TX; 1:500). TfR1 and
ferritin levels were then detected by using HRP-conjugated
secondary antibodies via ECL reagent (Amersham Biosci-
ences, Piscataway, NJ). Actin was used as a loading control.

LIP measurements

The fluorescent probe calcein, which is quenched in the
presence of iron (Fe3þ), was used to measure the labile iron
pool (16). Cells were loaded with 25 mM calcein-AM for
30 min at room temperature, washed x3 with PBS to remove
free dye, and counted. Calcein-loaded cells were then inocu-
lated onto 96-well Optiplates (Perkin-Elmer Life Sciences,
Boston, MA) at a density of 50,000 cells per well in 100 ml of
PBS. Immediately before fluorescent measurements, SIH (cell-

permeable iron chelator, kindly provided by Dr. P. Ponka,
Montreal, Canada) was diluted in PBS, and 100ml was added
to the plates to give a final concentration of 100mm for SIH.
Triplicate wells were used for each condition. The plate was
then read over timed intervals on a Molecular Devices fluo-
rescent plate reader (488-nm excitation and 535-nm emis-
sion). For mitochondrial LIP measurement, the same method
was slightly modified. The mitochondrial fraction was re-
suspended in PBS and loaded with calcein. After three
washes, fractions of mitochondria corresponding to 5 mg pro-
tein were loaded per well. Fluorescent measurement at each
time point for each treatment condition was averaged for the
triplicate wells and graphed as a change in relative fluorescent
units compared with untreated control cells or mitochondria.

Ferrozine assay

Total iron was measured with a modified ferrozine assay
(34). Cytosolic or mitochondrial extracts were first incubated
with concentrated hydrochloric acid to release iron from pro-
teins, reduced with 75 mM ascorbate, and total iron levels were
colorimetrically monitored (Abs¼ 562 nm) after the addition
of 10 mM ferrozine and saturated ammonium acetate.

Statistical analyses

Values for all data were presented as mean � SEM, and
significance was assessed with a Student’s t test. Differences
were considered significant at p< 0.05. Data were collected
from at least three cultures per condition in at least three
separate experiments for all analyses.

Results

Glutathione depletion inhibits Grx2 activity
in mammalian dopaminergic N27 cells
in a dose-dependent manner

Previous studies showed that GSH acts a substrate for the
Grx2 enzyme (17, 19). As GSH (and GSSG) depletion is the one
of the earliest detectable biochemical alterations in PD and is
known to affect both mitochondrial and iron regulatory func-
tions involving Fe-S center-containing enzymes, we assessed
the effect of GSH depletion on Grx2 activity in mitochondrial
fractions isolated from our dopaminergic N27 cell line (Fig.
1A). The relative purity of mitochondrial fractions from ex-
perimental versus control cell populations for this and all sub-
sequent studies was verified by assessing with Western blot
by using antibodies against the mitochondrial marker VDAC
and the cytoplasmic marker actin (Fig. 1B). N27 cells treated
with increasing concentrations of BSO for 24 h displayed a
concentration-dependent inhibition of Grx2 activity (Fig. 1;
percentage of control 10mM: 62.21� 8.3; 20mM, 40.44� 7.21;
40mM, 32.97� 3.3; p< 0.05; n¼ 3). This suggests that the GSH
substrate is rate limiting for Grx2 activity in these cells.

siRNA-mediated knockdown of Grx2 in dopaminergic
N27 cells

To monitor the role of GSH and Grx2 in iron incorporation
into Fe-S center-containing enzymes and in their subsequent
activities, we used an siRNA approach to knockdown Grx2
mRNA and protein levels in our N27 dopaminergic cell
model. Of the three tested siRNA target sequences (siRNA-
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TS), two were found to be very effective in decreasing mRNA
levels (97 and 396). Neither the transfection procedure itself
nor the transfection of N27 cells with a control scrambled
siRNA (siRNA-scr) had any effect on Grx2 mRNA levels (Fig.
2A) or subsequent protein or activity levels. Based on densi-
tometry analysis of PCR products, siRNA-TS396 was found to
be the most effective and was used for all subsequent exper-
iments (data not shown).

We performed dual Grx2 immunocytochemistry and
MitoTracker red staining to confirm a specific loss of Grx2
protein in the mitochondria on transfection of cells with
siRNA-TS396. As shown in Fig. 2B, Grx2-specific staining in
control cells colocalized well with MitoTracker red staining,
indicating that Grx2 is located mainly in mitochondria of this
dopaminergic cell line and that siRNA treatment effectively
reduces Grx2 protein levels in this subcellular compartment.
We further confirmed the loss of Grx2 mRNA and protein
after siRNA transfection by measuring Grx2 activity. Two of
the siRNA target sequences displayed more than an 80% in-
hibition of Grx2 activity compared with controls (Figs. 2C and
3A). Additionally, because Grx1 has recently been demon-
strated to be localized within the mitochondrial intermem-
brane space in some cell types (35), RT-PCR analysis was

performed to ensure that Grx1 was not affected by siRNA
treatment with Grx2-specific primers (Fig. 2D).

Impact of glutathione depletion on iron incorporation
into mitochondrial Fe-S center-containing enzymes
and subsequent activity levels

We next assessed the impact of glutathione depletion on
iron incorporation into Fe-S center-containing enzymes (i.e.,
mitochondrial CI and m-aconitase) via ICP-MS analysis after
their immunoprecipitation. Glutathione depletion by BSO
significantly decreased the iron content in both mitochondrial
CI and m-aconitase, as well as cytoplasmic aconitase (Fig. 3B
and C; CI percentage of control, 54.55� 22.13; m-acon per-
centage of control, 50.52� 13.83; c-acon percentage of control,
89.46� 2.45; p< 0.05; n¼ 3). Grx2 silencing via siRNA in
combination with GSH depletion did not enhance the reduc-
tion in iron levels (or subsequent Fe-S enzyme activities),
suggesting that the two act in the same pathway (data
not shown). Loss of iron incorporation into these enzymes
may have contributed to significant decreases in their enzy-
matic activities, as reported in previous studies from our
laboratory.

We did not study other Fe-S center containing mitochon-
drial complexes, as CI activity was selectively inhibited after
GSH depletion (11, 22). We next determined whether Grx2
inhibition via siRNA would also affect mitochondrial function
in our cellular model. We demonstrated an *60% loss in
m-aconitase (Fig. 4A; siRNA percentage of control, 58� 3.98;
p< 0.0001; n¼ 7) and a nearly 30% loss in CI (Fig. 4B; siRNA
percentage of control, 72.09� 11.27; p< 0.05; n¼ 4) activities
compared with controls.

Impact of Grx2 siRNA on IRP1 binding, TfR and ferritin
protein, and cellular iron levels

Unpublished data from our laboratory suggest that gluta-
thione depletion has a significant impact on maintenance of
iron homeostasis in dopaminergic cells (26). Therefore, to
assess the impact of Grx2 inhibition as a consequence of glu-
tathione depletion, we examined several aspects of iron reg-
ulation in vitro. Inhibition of Grx2 resulted in a 30% increase in
IRP binding, presumably because of decreases in iron incor-
poration into Fe-S center-containing c-aconitase and resulting
conversion to its non–Fe-S–containing IRP1 form (Figs. 3B and
4C). This was accompanied by increases in TfR and decreases
in ferritin protein levels (Fig. 5). The labile iron pools (LIPs)
within the cytosol and mitochondria (Fig. 6A) were measured,
as well as total iron content, with the ferrozine assay (Fig. 6B;
mitochondrial BSO-treated percentage of control 268.19;
p< 0.0001; mitochondrial siRNA-treated percentage of con-
trol, 378.63� 86.8; p< 0.05; cytoplasmic BSO percentage of
control, 135.42� 13.9; cytoplasmic siRNA-treated percentage
of control, 133.6� 33.6; n¼ 3). Although no changes were
observed in overall cytosolic iron levels, a significant increase
in mitochondrial iron was noted after Grx inhibition.

Discussion

PD is characterized by depletions in SN glutathione (GSH
and GSSG) levels early in the course of the disorder (4, 36, 37).
Mitochondrial monothiol Grx5 that uses GSH as a substrate
was recently demonstrated to be involved in the assembly of

FIG. 1. Effect of total glutathione depletion on mitochon-
drial Grx2 activity in mammalian midbrain-derived dopa-
minergic N27 cells. (A) Measurement of Grx2 activity in
mitochondrial fractions isolated from N27 cells treated with
increasing concentrations of BSO for 24 h (0–40 mM). Activ-
ities are reported as percentage of control. *p< 0.05, BSO
treated compared with control. Experiments were repeated
three times with n¼ 3. (B) Representative Western blot ana-
lyses verifying purity of mitochondrial fractions isolated
from experimental versus control cell populations and used
for assay of Grx2 enzyme activity and all subsequent ex-
periments.
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Fe-S centers in both yeast and zebrafish; these Fe-S centers are
necessary for the activities of proteins involved in both mi-
tochondrial function and cellular iron regulation, two pro-
cesses strongly implicated in PD-related neurodegeneration.
In contrast, in mammalian dopaminergic cells, the mito-
chondrial species of Grx is the dithiol enzyme Grx2 (28, 41).
Although glutathione reduction in yeast does not appear to
affect the activity of mitochondrial monothiol Grx5 (45),
whether reductions in total dopaminergic glutathione levels
affect mitochondrial function and cellular iron regulation
via mitochondrial dithiol Grx2 and whether this involves
effects on Fe-S center assembly have not yet been explored.
Here we report that depletion of glutathione in dopaminer-
gic cells results in enzymatic inhibition of Grx2 and subse-
quent decreases in iron incorporation into mitochondrial
CI, m-aconitase, and cytosolic aconitase.

Grx2 inhibition also resulted in the inhibition of the enzy-
matic activities of CI and m-aconitase, which were accompa-
nied by increases in mitochondrial iron levels. Elevations in
IRP1 binding, increased transferrin receptor, and decreased
ferritin protein levels also were observed. These data suggest
that reduction in total dopaminergic glutathione levels can
result in reduced dithiol Grx2 activity that may affect Fe-S
center synthesis and in turn mitochondrial function and cel-

lular iron homeostasis. In the Grx2 system, electrons are ini-
tially transferred from NADPH to glutathione reductase (GR),
then to glutathione (GSH), and finally to Grx2. During chronic
oxidative-stress conditions such as those that occur in the
parkinsonian midbrain, GSH depletion can cause GR inhibi-
tion via a peroxynitrite-mediated mechanism (5). This can lead
to further depletion of GSH levels and inhibition of Grx2 ac-
tivity. Decreases in the NADPH pool can also dramatically
reduce Grx2 activity.

Grx2 plays a major role in controlling redox signals and
oxidative damage in the mitochondria by facilitating the in-
teraction between the mitochondrial glutathione pool and
protein thiols. Previous studies showed that Grx2 effec-
tively catalyzes the reversible transient glutathionylation=
deglutathionylation of mitochondrial thiol proteins, such as
CI, that form mixed disulfides during oxidative conditions (7).
However, during conditions of chronic oxidative stress, such
as that observed in the parkinsonian midbrain, low levels of
GSH and GSSG may inhibit Grx2 activity, preventing further
transient protective mitochondrial protein glutathionylation,
including at those cysteine residues found within Fe-S cen-
ters, ultimately leading to permanent damage via irreversible
oxidation of those residues. This could prevent subsequent
iron incorporation at Fe-S centers and inhibit the activity of

FIG. 2. siRNA-mediated knockdown of Grx2
in dopaminergic N27 cells. N27 cells transfected
with three different primer sets (97, 206, 396) via
Lipofectamine for 24 h. Control cells were
transfected with scrambled siRNA (C) and mock
transfected (-ve). (A) Representative RT-PCR
analysis of Grx2 mRNA; actin RT-PCR was in-
cluded as a control. (B) Representative dual Grx2
immunocytochemistry (Grx2) and mitotracker
red staining (Mito marker) in cells transfected
with 396 primer set (SiRNA) or scrambled
(Control). (C) Grx2 activity after transfection
with Grx2 siRNA primer sets 97, 206, and 396
versus scrambled control set in N27 cells. Activ-
ities are reported as percentage of control. (D)
Representative RT-PCR analysis of Grx1 and
Grx2 mRNA; GAPDH RT-PCR was included as
a control. (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article at www.
liebertonline.com=ars).

2088 LEE ET AL.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2489&iName=master.img-001.jpg&w=288&h=393


FIG. 3. Decreased Grx2 activity in N27
cells after siRNA transfection and re-
duced iron incorporation into mitochon-
dria Fe-S–containing enzymes after GSH
depletion. (A) Grx2 activity in N27 cells
transfected with 396 primers for 24 h
(CONT, mock transfected; siRNA, Grx2
396 siRNA-treated). Activities are reported
as percentage of control. *p< 0.0001,
siRNA treated compared with control
(n¼ 3). (B) N27 cells treated with 10 mM
BSO for 72 h, and mitochondria were
harvested from these cells for immuno-
precipitation of CI, m-aconitase, and
c-aconitase for measurement of iron in-
corporation. ICP-MS analysis of 57Fe levels
in immunoprecipitated proteins; reported
as percentage of control. *p< 0.05, BSO
treated compared with control (n¼ 3). All
experiments were repeated at least 3 times.
(C) Representative examples of Sypro-
Ruby gels verifying efficiency of IP of
m-ACON (upper panel) and CI (lower panel)
from control (CONT) and Grx2 siRNA-
transfected (siRNA) cells. Molecular
weight markers (M) are shown in lane 1.
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FIG. 4. Effect of Grx2 siRNA
mitochondrial Fe-S center-
containing enzyme activities.
N27 cells were treated with
siRNA TS-396 for 24 h before
exchange with normal RPMI
media for another 48 h be-
fore measurement of corre-
sponding enzyme activities.
(A) Mitochondrial aconitase
(m-ACON) and (B) complex I.
*p< 0.0001 (n¼ 7) and *p< 0.05
(n¼ 4), respectively, compared
with control (CONT, mock-
transfected; siRNA, 396 trans-
fected, reported as percentage
of control). (C) Representative
IRP binding in mock trans-
fected (C) or 396-transfected
(siRNA); densitometric quan-
tification was performed
by using b-mercaptoethanol
(þbME) as a normalizing con-
trol. Experiments were re-
peated 3 times with n¼ 3.
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FIG. 5. Increased TFR1 and ferritin protein
levels after Grx2 knockdown. (A) Re-
presentative Western blot analysis of TfR1
(TfR) and ferritin (FerrH) proteins from
mock-transfected (CONT) controls versus 396-
transfected (siRNA) cells. Actin is shown as
loading control. (B) Band density (integrated
density value) is expressed graphically as
a percentage ratio of optical density of the
TFR1 and ferritin proteins versus actin
from three different Western blots. *p< 0.05,
siRNA treated compared with controls.

FIG. 6. Effect of Grx2
knockdown on labile iron
pool content in N27 cells. (A)
Mitochondrial (white bars) and
cellular LIP levels were mea-
sured with Calcein dequench-
ing after 5-min SIH treatment.
*p< 0.008 siRNA treated com-
pared with control. **p< 0.05
siRNA treated compared with
control. Experiments were re-
peated three times with n¼ 5.
(B) Mitochondrial (white bars)
and cellular total iron con-
tent (black bars) as measured
by ferrozine assay after mock-
transfection (CONT), BSO, or
396 siRNA treatments. Exper-
iments were repeated three
times with n¼ 3.
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Fe-S-center–containing enzymes involved in mitochondrial
function and iron regulation. Insults that affect the iron-sulfur
cluster biogenesis pathway have been suggested to be capable
of influencing basic cellular processes and contributing to
various human diseases (40). Grx2 knockdown via siRNA
increases cellular sensitivity to oxidative stress–inducing ap-
optotic agents in HeLa cells (30), whereas its overexpression
was found to decrease susceptibility of cells to apoptotic
stimuli (15). Grx2 overexpression in Neuro2a cells was re-
cently shown to abolish toxicity mediated by the parkinsonian
neurotoxicant MPPþ (25).

Grx2 itself is known to contain an Fe-S cluster, and spec-
troscopic analysis reveals a [2Fe-2S] cluster bridging two
molecules of Grx2 (45). This Fe-S cluster is complexed by two
N-terminal active-site thiols consisting of two Grx2 mono-
mers and two molecules of GSH. The dimeric holo-Grx2 was
enzymatically inactive, but it can be converted to its active
monomeric form by oxidation of GSH to GSSG (29). In our
dopaminergic PD model system, we believe that prolonged
lack of both GSH and GSSG as substrates due to reductions in
the total glutathione pool (emulating what occurs in the
disease state itself ) results in continued inhibition of Grx2,
even in its active non–iron-binding form. It is also possible
that the enzymatic activity of Grx2 is not the only factor re-
sulting in the phenotypes observed after its depletion in
midbrain dopaminergic cells but also loss of ability to bind to
Fe-S centers (which interestingly requires the presence of
GSH) (8). Alternatively, because the specific enzymatic ac-
tivity of Grx1 is *10-fold higher than that of Grx2 (33), it is
possible that Grx1 may also contribute to the effects of mi-
tochondrial Grx2 inhibition observed in this study. Although
we were not able to demonstrate the absence of Grx1 in
our mitochondrial preparations because of technical issues,
we did not observe any changes in its mRNA levels after
knockdown of Grx2 (Fig. 2D).

PD is characterized by both mitochondrial dysfunction and
iron dysregulation. Our data suggest that these effects involve
glutathione depletion–mediated Grx2 inhibition and its ef-
fects on mitochondrial Fe-S biogenesis. The phenotype we
observe after Grx2 inhibition remarkably resembles pheno-
types resulting from the silencing of other proteins involved
in Fe-S cluster assembly in mammalian cells, including fra-
taxin (45) and Nfs1 (9).

It is not clear mechanistically what causes the observed
increase in mitochondrial iron levels and decrease in cytosolic
iron, but it is likely a compensatory action by the cell in an
aberrant attempt to enhance mitochondrial Fe-S assembly by
increasing mitochondrial iron levels. The increase in mito-
chondrial iron levels fits with previous reports of this occur-
rence as a consequence of disruption of mitochondrial Fe-S
assembly (27, 44). This may involve compensatory increases
in mitochondrial iron import or stability as a consequence of,
for example, TfR2 increase or frataxin reduction as a conse-
quence of GSH reduction (2). We are currently exploring these
possibilities in our model system.
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