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Hypoxia-inducible factor (HIF) plays an important role in cell
survival by regulating iron, antioxidant defense, and mitochon-
drial function. Pharmacological inhibitors of the iron-depend-
ent enzyme class prolyl hydroxylases (PHD), which target� sub-
units of HIF proteins for degradation, have recently been
demonstrated to alleviate neurodegeneration associated with
stroke and hypoxic-ischemic injuries. Here we report that inhi-
bitionofPHDby3,4-dihydroxybenzoate (DHB)protects against
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
nigraldopaminergiccell lossandup-regulatesHIF-1�within these
neurons. Elevations inmRNAandprotein levels ofHIF-dependent
genes heme oxygenase-1 (Ho-1) and manganese superoxide dis-
mutase (Mnsod) followingDHBpretreatment alone are alsomain-
tained in the presence ofMPTP.MPTP-induced reductions in fer-
roportin and elevations in nigral and striatal iron levels were
reverted to levels comparable with that of untreated controls with
DHBpretreatment.Reductions inpyruvatedehydrogenasemRNA
andactivity resulting fromMPTPwere also found tobe attenuated
byDHB. In vitro, theHIFpathwaywas activated inN27cells grown
at 3% oxygen treated with either PHD inhibitors or an iron chela-
tor. Concordant with our in vivo data, the MPP�-elicited
increase in total iron as well as decreases in cell viability were
attenuated in the presence of DHB. Taken together, these data
suggest that protection against MPTP neurotoxicity may be
mediated by alterations in iron homeostasis and defense against
oxidative stress and mitochondrial dysfunction brought about
by cellular HIF-1� induction. This study provides novel data
extending the possible therapeutic utility of HIF induction to a
Parkinson disease model of neurodegeneration, which may
prove beneficial not only in this disorder itself but also in other
diseases associated with metal-induced oxidative stress.

Parkinson disease (PD)2 is a neurodegenerative disorder pri-
marily associated with loss of dopaminergic (DAergic) neurons

of the pars compacta region of the substantia nigra (SNpc).
Dopaminergic neurons are particularly prone to oxidative dam-
age due to high levels of inherent reactive oxygen species that
are produced during dopamine synthesis or its breakdown by
monoamine oxidases or autoxidation to quinones (1–3).
Importantly, iron bound to neuromelanin within DAergic neu-
rons can subsequently reactwithmetabolically liberated hydro-
gen peroxide through the Fenton reaction to produce
extremely toxic hydroxyl radicals. If not properly buffered,
hydroxyl radicals can stimulate protein oxidation and lipid per-
oxidation, which is thought to contribute to macromolecular
injury and neuronal death. Iron is the most abundant metal in
the brain and some degree of accessible reactive iron is neces-
sary for brain viability as it serves as a cofactor in DNA, RNA,
and protein synthesis and for heme and non-heme enzymes
involved in bothmitochondrial respiration and neurotransmit-
ter synthesis (4). Although iron deficiencies early in life are
known to result in impairments in brain development (5), high
concentrations of iron may result in cellular toxicity (6) in part
due to its ability to catalyze the production of toxic oxygen
radicals.
An important family of enzymes that require iron as an

essential cofactor are the prolyl 4-hydroxylases (PHDs), which
serve to hydroxylate proline residues situated within hypoxia-
inducible factor proteins (HIFs) (7). Under hypoxic or iron-
lacking conditions, PHDs are prevented from hydroxylating
proline residues within the alpha (�) subunits of the HIF pro-
tein, preventing the ubiquitination and proteasomal degrada-
tion of the protein. Stabilization of HIF� results in its accumu-
lationwithin the cytosol and translocation to the nucleuswhere
it binds HIF� and then to hypoxia response elements found on
a variety of genes including heme oxygenase-1 (Ho-1) andman-
ganese superoxide dismutase (Mnsod).
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Previous studies have demonstrated that deferoxamine, an
iron chelator, can activate HIF-1� and prevent neuronal death
in both in vitro and in vivomodels of ischemia likely via inhibi-
tion of PHDs (8, 9). PHD inhibitors have been demonstrated to
prevent oxidative cell death and ischemic injury via HIF path-
way activation (10). More recently, it has been shown that inac-
tivation ofHIF-1� in specific cortical and striatal neurons exac-
erbated tissue damage in amousemodel of ischemia (11).With
increasingevidenceof theprotective effectsof inductionofHIF-
dependent gene products involved in iron regulation, cell sur-
vival, and energy metabolism, PHD inhibitors have been impli-
cated as targets for neuroprotection in the central nervous
system. We demonstrate here that PHD inhibition increases
induction of HIF and HIF-related genes, functionally im-
pacts on parameters of iron homeostasis andmetabolic func-
tion, and, most importantly, significantly reduces the extent
of DAergic nigrostriatal injury observed in the well estab-
lished murine MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine) PD model.

MATERIALS AND METHODS

Mouse Studies—Male 10-week-old C57BL/6 mice (Jackson
Laboratories, Bar Harbor, ME) used in this study were housed
according to standard animal care protocols, kept on a 12-h
light/dark cycle and maintained in a pathogen-free environ-
ment in the Buck Institute vivarium. All experiments were
approved by local IACUC review and conducted according to
current NIH policies on the use of animals in research. For
3,4-dihydroxybenzoate (DHB) studies (n � 20 per group), 3,4-
dihydroxybenzoate was diluted to a final dose of 100 mg/kg (in
5% ethanol) and administered intraperitoneally to 10-week-old
male C57BL/6 mice 6 h prior to 2 consecutive intraperitoneal
injections of either saline vehicle or 20 mg/kg of MPTP given
12 h apart. For clioquinol (CQ) studies (n � 12 per group),
another subset of mice were dosed daily by oral gavage with
either saline or CQ, 30mg/kg, for 2 weeks prior to the subacute
MPTP treatment paradigm (2 � 20 mg/kg MPTP, 12 h apart).
For VEGF studies (n � 4 per group), transgenic mice ex-
pressing human VEGF driven by the rat neuron-specific eno-
lase promoter were maintained on a C57BL/6 background
(kindly provided by Dr. David Greenberg (12)). Age-
matched non-transgenic controls (10 weeks of age) were also
treated with either 2 � 20 mg/kg MPTP or saline, 12 h apart.
Seven days following the final MPTP or saline injection in
the 3 different paradigms, mice were sacrificed for either
tissue harvest for biochemical assays or brain fixation via
intra-cardiac perfusion for immunohistochemistry.
Stereological Assessments—A subset of mice (n � 4 per con-

dition) were subject to cardiac perfusion with phosphate-buff-
ered saline followed by 4% paraformaldehyde. Brains were then
removed, dehydrated in 30% sucrose, and sectioned at 20 �m.
Immunohistochemistry was performed using antibody against
tyrosine hydroxylase (1:500TH; Chemicon, Temecula, CA) fol-
lowed by biotin-labeled secondary antibody and development
using 3,3� diaminobenzidine (Vector Labs, Burlingame, CA) to
immunostain DAergic neurons throughout the SNpc. TH-pos-
itive cells were counted stereologically using the optical frac-
tionatormethod (13). Striatal sections stainedwith THprimary

antibodies were subject to densitometric analysis using Scion
Image.
HPLC Assay for Dopamine and Metabolites—Dissected stri-

ata were sonicated and centrifuged in chilled 0.1 M perchloric
acid (about 100 �l/mg tissue). The supernatants were taken for
measurements of dopamine and its metabolites 3,4-dihydroxy-
phenylacetic and homovanillic acid by HPLC as described in
our previously described method (14, 15). Briefly, 15 �l of
supernatant was isocratically eluated through an 80 � 4.6-mm
C18 column (ESA, Inc., Chelmsford, MA) with a mobile phase
containing 0.1 M LiH2PO4, 0.85 mM 1-octanesulfonic acid, and
10% (v/v) methanol and detected by a 2-channel Coulochem II
electrochemical detector (ESA, Inc.). Concentrations of dopa-
mine, 3,4-dihydroxyphenylacetic, and homovanillic acid are
expressed as nanograms per milligram of protein. The protein
concentrations of tissue homogenates were measured accord-
ing to the Bio-Rad protein analyze protocol (Bio-Rad Labora-
tories) and PerkinElmer Life Sciences BioAssay Reader (Nor-
walk, CT).
Dynamic Array RT-PCR—Using the standard animal tissue

protocol from Qiagen, each experimental sample was prepped
for two-step RT-PCR (Ambion, Foster City, CA) and pre-am-
plification of each cDNA (Applied Biosystem, Foster City, CA).
Using the Roche Universal ProbeLibrary Assay Design Center,
forward and reverse primers for each gene of interest were
designed (Operon). Two experimental samples were chosen as
normalizing standards to be used on every reaction plate for the
experiment. Potential housekeeping genes were profiled
against 15 samples spanning the experimental set, using the
48.48 Dynamic Array “BioMark” Real Time PCR Plate Set-up
and Protocol (Fluidigm, South San Francisco, CA). From this, 2
genes that showed little variance across the samples were cho-
sen as the “housekeepers” for the experiment (ribosomal pro-
tein S20 and signal recognition particle 14). For the experiment,
each gene (“assay”) of interest was represented by a UPL probe
(Universal Probe Library, Roche), plus the Roche designed for-
ward and reverse primers from the �100 primer stock. Ther-
mal cycle conditions for the PCR reaction were: 1 cycle at 50 °C
for 2 min; 1 cycle at 95 °C for 10 min; and 40 cycles at 95 °C for
15 s, 70 °C for 5 s, and 60 °C for 1 min. Normalization was then
carried out using both the inter-run calibration (standards), as
well as the two housekeeping genes to derive the relative nor-
malized quantity for each gene.
Immunoblot and Immunohistochemical Analyses—Mid-

brain sections containing the substantia nigra (SN) were dis-
sected out and homogenized in phosphate-buffered saline con-
taining 0.3% Triton, a mixture of protease inhibitors (Sigma),
and 5 mM EDTA and processed with the NE/PER nuclear and
cytosolic protein extraction kit (Pierce). Protein concentrations
were determined using the Bradford assay (Bio-Rad). 100-�g
protein samples were separated on 4–12% bisacrylamide gels
before transfer to polyvinylidene difluoride membranes. Mem-
branes were blocked with 5% powdered milk solution in 0.3%
Triton/phosphate-buffered saline solution before incubation
with 1:1000 HIF-1� (Upstate, Lake Placid, NY), 1:2000 HO-1
(Stressgen, Ann Arbor, MI), 1:2000 MnSOD (Novus, Littleton,
CO), and 1:1000 vascular endothelial growth factor (VEGF,
Santa Cruz Biotechnology, Santa Cruz, CA). Actin (1:2000,
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Sigma) was used as a loading control. Protein bands were
detected via chemiluminescence substrate for horseradish per-
oxidase (Amersham Biosciences) and resulting bands were
scanned and densitometrymeasured by Scion Image. To deter-
mine co-localization of various proteins, 7-�m sections of the
SN from paraffin-embedded brains were cut and processed for
staining. Sections were mounted onto slides and processed in a
10mMcitrate buffer for enhancement of antigen retrieval. After
blocking with 10% donkey serum for 1 h, specific primary anti-
bodies (1:200 HIF-1�, Novus; 1:1000 HIF-2�, Novus; 1:1000
TH, Chemicon; 1:200 ferroportin (FPT), Alpha Diagnostic, San
Antonio, TX; 1:500 MnSOD, Novus; 1:500 VEGF, Santa Cruz
Biotechnology) were applied to the sections for overnight incu-
bation at 4 °C. Alexa-conjugated secondary antibodies were
used for fluorescence detection of proteins. For staining of do-
paminergic nerve terminals, striatal sections were stained with
1:1000 TH followed by biotinylated secondary antibody and
3,3� diaminobenzidine processing. Images were captured on a
Zeiss LSM 510 confocal microscope.
Perl Iron Staining—7-�m sections of SN from paraffin-em-

bedded brains were used for Perls iron staining. SN sections
were incubated for 2 h in 7% potassium ferrocyanide, in aque-
ous hydrochloric acid (3%) at 37 °C and subsequently incubated
in 0.75 mg/ml of 3,3�-diaminobenzidine and 0.015% H2O2 for
5 min.
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)—

All sample processing and analyses were conducted using trace
metal-clean techniques under HEPA-filtered air conditions to
minimize contamination of the samples. Prior to analyses, brain
samples (n � 3 per condition) were thawed, transferred to
Teflon� vials, dried, and digested for 4–8 h in 2 ml of hot 16 N

QHNO3, evaporated to dryness, and redissolved in 1 NQHNO3
for analyses (16). Total iron was measured using a Finnigan
MAT Element magnetic sector ICP-MS.
Pryruvate Dehydrogenase Activity—Striatal tissue was resus-

pended in ice-cold isolation buffer (320mM sucrose, 5mMTES,
and 1 mM EGTA, pH 7.4) followed by homogenization in a
Dounce homogenizer. The homogenates were centrifuged at
1,000 � g for 5 min at 4 °C. Supernatant containing mitochon-
dria was saved and the pellet resuspended in isolation buffer
and re-homogenized. 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 4 °C. The pellet containing the mitochondrion was
resuspended in 50 �l of isolation buffer for pyruvate dehydro-
genase (PDH) enzyme activity assay (MitoSciences, Eugene,
OR) whereby the PDH enzyme was immunocaptured within
the wells of the 96-well plate and the reduction of NAD� to
NADH was followed at 340 nm.
InVitro Studies—RatN27 SNDA-derived cells were cultured

at 3% O2 to mimic physiological oxygen tension and treated
with various PHD inhibitors (DHB and dimethyloxaloylglycine
(DMOG), 200 �M) or the iron chelator (salicylaldehyde isonic-
otinoyl hydrazone (SIH), 100 �M) in the presence and absence
of a subtoxic concentration ofMPP� (400�M). Cells were fixed
with 4% paraformaldehyde after 24 h co-treatment and pro-
cessed for immunocytochemistry to determine nuclear trans-
location of HIF-1�. To determine intracellular iron accumula-

tion, another subset of cells were labeled with 57Fe for 24 h,
treated with PHD inhibitors � MPP�, and then processed for
ICP-MS analysis. Cell viability was determined by treating cells
with a toxic concentration ofMPP� (800�M) in the presence or
absence of DHB and was measured via the microplate 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay
whereby the formation of water-insoluble formazan salt is
indicative of metabolic activity (Roche).
Statistical Analyses—Analyses were made by comparing

means between treatment groups using Student’s t-tests for
paired data, with p � 0.05 considered significant.

RESULTS

PHD Inhibition Protects against MPTP-induced DAergic Cell
Loss and StriatalDenervation—Based on the hypothesis that an
inhibition of iron-dependent PHD activity could result in the
accumulation of HIF-1� and a HIF-mediated activation of pro-
survival gene products, it was postulated that DHBmay reduce
the extent of DAergic injury induced by systemic MPTP treat-
ment in young adult mice. DHB is a low molecular weight
inhibitor of PHD that displaces 2-oxoglutarate or ascorbate,
co-factors required for PHD activity (17), and has been shown
to reduce infarct volume induced by middle cerebral artery
occlusion (10). Tyrosine hydroxylase (TH) is the rate-limiting
enzyme involved in DA synthesis and positive staining of the
cell for TH distinguishes DAergic neurons from other cellular
populations. In our study, subacuteMPTP administration (2 �
20 mg/kg body weight, 12 h apart) was found to result in a 30%
loss in SNpc DAergic neurons in mice receiving only ethanol
vehicle pre-treatment (Fig. 1A). Pretreatment with DHB for 6 h
prior to initial MPTP administration, however, was found to
result in complete protection against SN TH� cell loss
(9691.3 � 483, EtOH/SAL; 6894.2 � 566.8, EtOH/MPTP;
8765� 41, DHB/SAL; 9686.9� 252, DHB/MPTP; n� 4, *, p�
0.005 between EtOH/SAL and EtOH/MPTP; ∧, p � 0.001
between DHB/SAL and DHB/MPTP; #, p � 0.001 between
EtOH/MPTP and DHB/MPTP). Pre-treatment with DHB was
also demonstrated to protect against loss of TH� striatal termi-
nals induced byMPTP (densitometric ratio depicted in Fig. 1B;
1.98 � 0.15, EtOH/SAL; 1.06 � 0.1, EtOH/MPTP; 2.01 � 0.17,
DHB/SAL; 1.77 � 0.14, DHB/MPTP; *, p � 0.05 between
EtOH/SAL and EtOH/MPTP; #, p � 0.05 between EtOH/
MPTP and DHB/MPTP). Although DHB pre-treatment prior
to MPTP did not completely revert ST DA to control levels,
there was a significant increase in ST DA levels, measured by
HPLC, compared with MPTP treatment alone (Fig. 1C;
294.10 � 70.4 ng/ml, EtOH/SAL; 96.78 � 7.35 ng/ml, EtOH/
MPTP; 336.67 � 32.71 ng/ml, DHB/SAL; 179.62 � 13.74
ng/ml, DHB/MPTP; n � 7, *, p � 0.0001 between EtOH/SAL
and EtOH/MPTP; ∧, p � 0.0001 between DHB/SAL and DHB/
MPTP; #, p � 0.0001 between EtOH/MPTP and DHB/MPTP).
HIF-1� Levels Are Increased in DAergic SN Neurons by DHB

Pretreatment andMaintained followingMPTP—RT-PCR anal-
yses of multiple genes of interest were performed on midbrain
SN tissues obtained frommice at various time points following
the various treatments on amicrofluidics system (Fluidigm, San
Francisco, CA). We observed the most dramatic changes in
gene expression at 6–12 h post-treatment. At this time point,
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DHB pre-treatment alone or in combination with MPTP was
found to result in increased expression of several genes related
to energymetabolism, mitochondrial function, iron regulation,
or transcriptional control compared with controls (SAL or
MPTP alone). Gene expression of Hif-1� and its downstream
target Ho-1 was found to be elevated under conditions of DHB
pre-treatment andmaintained followingMPTP administration
(Fig. 2A). Immunohistochemical analyses of brains from mice
harvested 24 h post-treatment was performed to determine
whether HIF-1� protein levels increased within DAergic SN
neurons following DHB�/�MPTP (Fig. 2B). In the absence of

DHB and/or MPTP, very little basal HIF-1� staining was
observed. However, following pre-treatment with DHB alone
or in conjunction with MPTP administration, HIF-1� was
found to increase within DAergic (TH�) SN neurons including
in the nucleus (data not shown). To further assess activation of
the HIF pathway by DHB, midbrain SN protein homogenates
from the various experimental conditions (8 days post-treat-
ment) were assessed viaWestern blot analysis. Protein levels of
HO-1 were observed to be similarly elevated following MPTP,
in the presence and absence of DHB pretreatment, even at 8
days following the lastMPTP injection (Fig. 2B; forHO-1, *, p�
0.05 significantly different from EtOH/SAL; #, p � 0.05 signif-
icantly different from DHB/SAL).
Up-regulation of HIF-2� and MnSOD Levels—Hif-2� (en-

coded by the Epas1 gene) is a structurally related isoform of
Hif-1� (18). Although both isoforms are stabilized by hypoxia,
they have different sets of target genes and as such confer dif-
ferent biological roles (19–21). Similar toHif-1�, we found that
gene expression of Hif-2� was elevated under conditions of
DHB pre-treatment and maintained following MPTP adminis-
tration (Fig. 3A). Although mRNA levels of midbrain SN Ho-1
were found to be significantly up-regulated with DHB pre-
treatment in the presence and absence ofMPTP (Fig. 2A), alter-
ations in the mRNA levels of Mnsod were found to only be
approaching significance (p � 0.08) (Fig. 3A). Mice that
received DHB pre-treatment showed significant elevations of
HIF-2� and MnSOD protein in the SN that was maintained or
augmented in the presence of MPTP administration (see Figs.
2C and 3B).
PHD Inhibition byDHBPreventsMPTP-induced Losses in SN

Levels of Ferroportin and Accumulation of Nigral and Striatal
Iron—Dopaminergic cell loss in the SNpc is reported to be
accompanied by overaccumulation of unsequestered iron (22,
23). To assess whether alterations in iron regulatory proteins as
observed followingDHB in ourMPTPmodel coincide with any
functional consequences, iron levels in the SN, striatum, and
cerebellum were assessed in the various experimental condi-
tions. Nigral ferric iron levels were assessed by Perl staining
(Fig. 4A). Consistent with previous findings (13), we observed
an elevation of iron in MPTP-treated mice that was attenuated
in the presence of DHB. Because the striatum also includes DA
nerve terminals that project from the SN, iron levels of the ST
were also measured by ICP-MS (Fig. 4B). Although, as previ-
ously demonstrated (24, 25), MPTP treatment alone was found
to result in a significant increase in striatal iron levels, this was
found to be abolished in the presence of DHB pretreatment. An
absence of alterations in iron levels in the cerebellum confirms
the regional specificity of the effects of MPTP neurotoxicity on
the nigrostriatal system in vivo.

Another important protein known to be involved in regula-
tion of cellular iron levels is the iron export protein FPT, which
is indirectly regulated byHIF. In the presence of cytosolicHIF�,
hepcidin is down-regulated and prevented from binding to and
internalizing FPT (26, 27), thereby increasing the levels of the
iron exporter. MPTP treatment alone was observed to result in
a decrease of ferroportin levels within the SN (Fig. 4C). How-
ever, in the presence of DHB pre-treatment, protein expression
of FPT was found to return to control levels.

FIGURE 1. PHD inhibition protects against MPTP-induced DAergic cell
loss and striatal denervation. Male C57BL/6 mice were treated with 5%
ethanol (EtOH) as a vehicle control or 100 mg/kg of DHB 6 h prior to saline
(SAL) or 2 � 20 mg/kg of MPTP (intraperitoneally, 12 h apart). Mice were
sacrificed 7 days post-MPTP and processed for various assays measuring
nigrostriatal DAergic cell integrity. A, stereological quantification of TH-posi-
tive DAergic cell counts within the SN. *, p � 0.05 between EtOH/SAL and
EtOH/MPTP; ∧, p � 0.05 between DHB/SAL and DHB/MPTP; #, p � 0.05
between EtOH/MPTP and DHB/MPTP (mean � S.E.; n � 4). B, quantification of
TH immunoreactivity in striatum sections following treatments. *, p � 0.05
between EtOH/SAL and EtOH/MPTP; #, p � 0.05 between EtOH/MPTP and
DHB/MPTP (mean � S.E.; n � 3). C, neurochemical analysis of DA within ST
terminals. *, p � 0.0001 between EtOH/SAL and EtOH/MPTP; ∧, p � 0.0001
between DHB/SAL and DHB/MPTP; #, p � 0.0001 between EtOH/MPTP and
DHB/MPTP (mean � S.E.; n � 7).
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FIGURE 2. HIF-1� and its downstream target HO-1 are up-regulated by DHB in the SN; up-regulation is maintained in the presence of MPTP.
A, RT-PCR analysis of Hif-1� and its downstream target Ho-1 were performed on midbrain SN tissue obtained 6 h post-treatment; means � S.D. are
shown. EtOH/SAL (E/S), EtOH/MPTP (E/M), DHB/SAL (D/S), and DHB/MPTP (D/M). *, p � 0.05 significantly different from EtOH/MPTP; ∧, p � 0.05
significantly different from EtOH/SAL (n � 4). B, 7-�m paraffin-embedded sections of SN, obtained from mice harvested at 24 h post-treatment, were
stained for HIF-1� (green) and TH (red); white arrows point to HIF-1� localized within representative DAergic SN neurons. C, 100 �g of total protein
extracts prepared from midbrain SN homogenates were loaded onto 4 –12% BisTris gels and electrophoresed prior to transfer onto polyvinylidene
difluoride membranes and subsequently immunoblotted for HO-1 and MnSOD; actin was used as a loading control, a representative blot is shown in the
left panel and quantification of at least 3 separate immunoblots (means � S.E.) is shown in right panel. *, p � 0.05 significantly different from EtOH/SAL;
#, p � 0.05 significantly different from DHB/SAL.
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DHB Prevents MPTP-mediated Reduction in the Activity of
the Mitochondrial Tricarbocylic Acid Cycle Enzyme PDH—
PDH is responsible for the conversion of pyruvate to acetyl-
CoA as substrate for the tricarbocylic acid cycle necessary for
continued mitochondrial respiration (28, 29). We observed in
conjunction with our gene expression analyses that MPTP
reduces the message levels of Pdh 6–12 h post-treatment and
that this is restored by DHB pre-treatment (Fig. 5A, *, p � 0.05
between EtOH/SAL and DHB/MPTP; ∧, p � 0.05 between
EtOH/MPTP and DHB/MPTP). To assess the possible long-
term functional consequences, we measured PDH activity at 8
days post-MPTP. MPTP alone was found to result in a signifi-
cant reduction in PDH activity levels, whereas pre-treatment
with DHB completely attenuated this decrease (Fig. 5B, *, p �
0.0001 between EtOH/SAL and EtOH/MPTP; #, p � 0.05
between EtOH/MPTP and DHB/MPTP).

Short-term Pre-treatment with
the Bioavailable Iron Chelator CQ
Results in Increased HIF-1� within
DAergic Neurons and Protects
against MPTP-induced Nigral Cell
Death—Iron is an important co-fac-
tor required for proper functioning
of PHD to regulate HIF-� levels
(30). Chelation of iron has been
shown to inhibit PHD activity and
elevate cytosolic accumulation of
HIF-� (31). Previous studies in our
laboratory have demonstrated that
pre-treatment with the iron chelat-
ing compound CQ prevents
MPTP-induced neurotoxicity by
sequestering redox-active iron
(13). To determine whether phar-
macological iron chelation by CQ
could be acting in part via activation
of the HIF pathway, mice were pre-
treated for a shorter regime (2
weeks) of CQ administration than
previously published (2 months)
prior to MPTP treatment. Com-
pared with SAL-fed mice, CQ-fed
mice lost 50% less SN TH� neurons
in response to MPTP (Fig. 6A,
9993.5 � 401, SAL/SAL; 7643.5 �
325, SAL/MPTP; 10243.5 � 830.7,
CQ/SAL; 9006.7 � 531, CQ/MPTP;
n � 4, *, p � 0.01, #, p � 0.05). Sim-
ilar to DHB treatment in vivo (Fig.
2B), CQ administration alone and in
the presence ofMPTP elicited stabi-
lization of cytosolicHIF-1� (Fig. 6B)
suggesting that activation of theHIF
pathway by CQ could in part under-
lie the protection against DAergic
cell loss observed in various studies
utilizing iron chelation therapy in
MPTP PD models (13, 32).

VEGFOverexpression Protects againstMPTP-induced Nigral
Cell Death—VEGF is an important downstream target of
HIF-1� that has been implicated not only for angiogenic
processes in stroke models (33, 34) but also in the protection
of motor neurons in an amyotrophic lateral sclerosis mouse
model (12). Direct intra-striatal infusion and implantation of
capsules containing VEGF (35) and gene transfer of VEGF
using adenoassociated viral vectors (36) have also been dem-
onstrated to rescue DAergic neurons from 6-hydroxydopa-
mine toxicities in rodent models of PD. In our studies, we
utilized a mouse model of pan-neuronal overexpression of
VEGF to determine whether VEGF would also provide pro-
tection against MPTP toxicity in our model. VEGF protein
levels were observed, by immunoblot analysis of midbrain
SN homogenates, to be elevated under conditions of MPTP
treatment and PHD inhibition by DHB (Fig. 7A), consistent

FIGURE 3. HIF-2� and its downstream target MnSOD, are up-regulated by DHB in the SN; up-regulation
is maintained in the presence of MPTP. A, RT-PCR analyses of Hif-2� and mitochondrial Mnsod were per-
formed on midbrain SN tissue obtained 6 h post-treatment; means � S.D. are shown. EtOH/SAL (E/S), EtOH/
MPTP (E/M), DHB/SAL (D/S), and DHB/MPTP (D/M). *, p � 0.05 significantly different from EtOH/MPTP; ∧, p �
0.05 significantly different from EtOH/SAL (n � 4). B, 7-�m paraffin-embedded sections of SN, obtained from
mice harvested at 24 h post-treatment, were stained for MnSOD (green), HIF-2� (red), and nuclear DAPI (blue);
yellow staining indicates co-localization of MnSOD and HIF-2� within the same cell.
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with the effects of HIF-1� on VEGF (37, 38). VEGF protein
was observed to co-localize to nigral DAergic neurons in the
transgenic mice (Fig. 7B) and the overexpression of VEGF
was also able to protect againstMPTP neurotoxicity (Fig. 7C,
9691.3 � 483, SAL/SAL; 6894.2 � 566, SAL/MPTP;
10239.9 � 240, VEGF/SAL; 8931.2 � 351, VEGF/MPTP; n �
4; *, p � 0.01 between SAL/SAL and SAL/MPTP; #, p � 0.05
between VEGF/SAL and VEGF/MPTP; &, p � 0.05 SAL/
MPTP and VEGF/MPTP).

In Vivo Results Are Recapitulated in an SN DA-derived Cell
Model—Nigrostriatal homogenates used for RT-PCR,Western
blot, and biochemical analyses contain a mixed population of
cell types and nerve terminals. To verify that the effects we
observed in vivo following DHB administration in our MPTP

FIGURE 4. PHD inhibition by DHB attenuates MPTP-induced accumula-
tion of nigrostriatal iron and decreases in ferroportin. A, nigral sections
were used for Perls iron staining using 7% potassium ferrocyanide. B, striatal
(STR) and cerebellar (CB) tissue were analyzed for total iron levels by ICP-MS
(mean � S.D.; n � 4). *, p � 0.05 between EtOH/SAL and EtOH/MPTP; #, p �
0.05 between EtOH/MPTP and DHB/MPTP. C, 7-�m paraffin-embedded sec-
tions of SN obtained from treated mice harvested at 24 h post-treatment were
immunostained for ferroportin (green) and 4�,6-diamidino-2-phenylindole
(blue).

FIGURE 5. DHB prevents MPTP-mediated reduction in pyruvate dehydro-
genase mRNA and activity levels. A, RT-PCR analysis of Pdh was performed
on midbrain SN tissue obtained 12 h post-treatment; means � S.D. are
shown. EtOH/SAL (E/S), EtOH/MPTP (E/M), DHB/SAL (D/S), and DHB/MPTP
(D/M). *, p � 0.05 significantly different from EtOH/SAL; ∧, p � 0.05 signifi-
cantly different from EtOH/MPTP (n � 4). B, PDH activity was measured in ST
homogenates obtained 8 days post-treatment (means � S.E.). *, p � 0.0001
between EtOH/SAL and EtOH/MPTP; #, p � 0.05 between EtOH/MPTP and
DHB/MPTP (n � 3).

FIGURE 6. The bioavailable iron chelator clioquinol protects against MPTP-
induced nigral cell death and stabilizes HIF-1� accumulation within
DAergic neurons. A, quantification of TH-positive cell counts. *, p � 0.05
between SAL/SAL and SAL/MPTP; #, p � 0.05 between CQ/SAL and CQ/MPTP
(mean � S.E.; n � 4). B, 20-�m sections of SN obtained from control and CQ-fed
mice harvested at 8 days post-SAL/MPTP were stained for HIF-1� (green) and TH
(red); white arrows point to HIF-1� co-localized to SN DAergic neurons.
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PD model coincide with alterations within DAergic cell
types, we turned to an in vitromidbrain-derived dopaminer-
gic cell line, N27. Additionally, althoughmany in vitro exper-
iments utilize cells grown in 21% O2 in humidified incuba-
tors, cultivation of cells at 3% O2 represents a more
physiologically relevant paradigm because the oxygen tension

in most mammalian tissues range
from 1 to 6% O2 and so we chose to
grow ourN27 cells under these con-
ditions (39). Dopaminergic N27
cells were treated with a subtoxic
concentration of 400�MMPP� (the
bioactive metabolite of MPTP)
either in the presence or absence of
PHD inhibitors (DHB and DMOG)
or an iron chelator (SIH). DHB,
DMOG, and SIH all were found to
elicit translocation of HIF-1� into
the nucleus and this was sustained
in the presence of MPP� (Fig. 8A).
Concurrent with these data, we
observed that N27 cells transfected
with hypoxia responsive element-
luciferase reporter plasmid also dis-
played HIF activation following
treatment with PHD inhibitors in
both the presence and absence of
MPP� (data not shown). Measure-
ment of total iron levels by ICP-MS
inN27 cells grown in normoxic con-
ditions demonstrated, as observed
in striatal homogenates in vivo, that
whereas MPP� elicited an increase
in total intracellular iron, this was
attenuated in the presence of DHB
(Fig. 8B, *, p � 0.05 between con-
trol/control and DHB/control; #,
p � 0.05 between control/MPP�

and DHB/MPP�). Although iron
chelators have been shown to be
protective against MPP� neurotox-
icity (24, 40), it was determined that
PHD inhibition by DHB was also
able to attenuate cell death associ-
ated with a toxic concentration of
MPP� (Fig. 8C, *, p� 0.005 between
control/control and control/MPP�;
∧, p � 0.001 between control/
MPP� and DHB/MPP�), results
that parallel those observed in vivo
(Fig. 1A).

DISCUSSION

MPTP is a pro-toxicant whose
systemic administration results in
selective destruction of DAergic
SNpc neurons in both primates and
rodents resulting in an acute Par-

kinsonismphenotype; it is currently awidely usedmodel for the
disease (41). MPTP has been proposed to exert its neurotoxic
effects via selective inhibition ofmitochondrial complex I activ-
ity resulting in both a reduction in ATP synthesis and accumu-
lation of reactive oxygen species (42). It is also accompanied by
the specific accumulation of SN iron levels similar to that

FIGURE 7. VEGF overexpression protects against MPTP-induced nigral cell death. A, 100 �g of total protein
extracts prepared from midbrain SN homogenates were loaded onto 4–12% BisTris gels and electrophoresed
prior to transfer onto polyvinylidene difluoride membranes and subsequent immunoblotting for VEGF; actin was
used as a loading control, a representative blot is shown in upper panel and quantification of at least 3 separate
immunoblots (means�S.E.) is shown in the lower panel. *, p �0.05 significantly different from EtOH/SAL; #, p �0.05
significantly different from DHB/SAL. B, 20-�m sections of SN obtained from VEGF transgenic mice were stained for
VEGF (green) and TH (red); overlay of VEGF and TH staining demonstrates co-localization of VEGF in DAergic neurons
(yellow-orange). C, brain scans show TH-stained DAergic neurons of saline (SAL)-treated mice from the wild-type and
VEGF transgenic groups (upper scans). Bottom scans show the mice from the corresponding groups treated with
MPTP and then allowed to recover for 7 days before sacrifice. Quantification of TH-positive cell counts is depicted in
the graph. *, p � 0.05 between SAL/SAL and SAL/MPTP; &, p � 0.05 between VEGF WT/MPTP and VEGF TG/MPTP; #,
p � 0.05 between VEGF TG/SAL and VEGF TG/MPTP (mean � S.E.; n � 4).
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observed in the human disease state (43). In earlier studies from
our laboratory (13), we demonstrated that iron chelation was
effective in significantly attenuating MPTP-induced DAergic
nigral neurodegeneration via overexpression of the iron-stor-
age protein ferritin in DAergic neurons and pharmacological
chelation of iron by the blood-brain barrier-misciblemetal che-
lator clioquinol. Specific potential mechanism(s) involved in
the protective effects of iron, however, were not explored.
Prolyl hydroxylases are iron-dependent enzymes that reduce
levels of HIFs via their ability to hydroxylate these proteins,
marking them for subsequent degradation by the ubiquitin-

proteasome system. Reduction in HIF signaling pathways by
PHDs results in decreased transcription of several genes whose
protein products have been shown to be protective against
either oxygen depletion or oxidative stress within the brain (10,
44, 45). Because PHDs require the presence of iron, it is possible
that iron chelation therapy is in part protective against MPTP
neurotoxicity by resulting in decreased PHDactivity, which can
contribute to the induction of protective HIF-dependent genes
including those involved in cellular iron regulation and protec-
tion against oxidative stress andmitochondrial dysfunction. To
test this hypothesis, we assessed the impact of the general PHD
inhibitor DHB on MPTP neurotoxicity. We report here that
pre-treatment with this agent results in not only maintained
up-regulation of the Hif-1� message and protein and HIF-
induced gene products in the presence of MPTP administra-
tion but, importantly, prevents MPTP-induced DAergic
nigral and striatal neurodegeneration.
Transgenic mice overexpressing MnSOD have previously

been shown to be more resistant to MPTP toxicity (49).
MnSOD, well characterized to be involved in elimination of
mitochondrial superoxide and demonstrated to be HIF-in-
duced (50), was found in this study to be up-regulated by PHD
inhibition, whereby the co-localization ofMnSODwithHIF-2�
was observed in the SN even in the presence ofMPTP (Fig. 3B).
Although HO-1 activation has been associated with both pro-
tective and detrimental consequences, the effects of HO-1 are
highly dependent upon the duration, intensity of protein induc-
tion, and the specific cellular microenvironment. HO-1-defi-
cient mice and fibroblasts are less protected against oxidative
stress from paraquat and hydrogen peroxide (51) and overex-
pression of HO-1 has been shown to protect against hyperoxia-
mediated cellular injury (52) and cisplatin-induced nephrotox-
icity (53). HO-1 has been demonstrated to be involved in
cellular iron efflux (54). Indeed in our study, elevations inHO-1
levels via DHB treatment (Fig. 2C) corresponds with an atten-
uation in nigral and striatal iron accumulation as a result of
MPTP administration (Fig. 4,A and B). Iron efflux by ferropor-
tin also contributes to the homeostatic regulation of intracellu-
lar iron levels (55–57). Similar to recent findings (58), MPTP
was found to reduce expression of ferroportin within the SN
(Fig. 4C). The reduction in ferroportin and its ability to
export iron probably contributes to the MPTP-induced
accumulation of iron observed in previous MPTP studies.
Given that ferroportin is intricately regulated by hepcidin
(27), the stabilization of HIF� by DHB, even in the presence
of MPTP, could promote iron export and prevent neurode-
generation associated withMPTP. Similar to previous studies,
divalent metal transporter-1 was observed to be up-regulated
byMPTP (59) and this increase was sustained even in the pres-
ence of DHB (data not shown). Recent studies suggest that
overexpression of divalent metal transporter-1 alone is associ-
ated with intracellular iron accumulation (60) and MPTP-in-
duced apoptosis (61), however, these detrimental effects appear
to be overridden by other HIF-related events in our system.
The activity of the mitochondrial PDH complex (PDC) is

regulated by pyruvate dehydrogenase kinase, a direct target of
HIF-1� (62). Stabilization of HIF-1� can activate pyruvate
dehydrogenase kinase to phosphorylate and inactivate the PDC

FIGURE 8. In vitro studies in SN DA-derived N27 cells. A, N27 cells grown in
3% O2 were treated with 200 �M DHB, 200 �M DMOG, or 100 �M SIH in the
presence of 400 �M MPP� for 24 h. Cells were then fixed with 4% paraform-
aldehye and stained with transferrin receptor (green), HIF-1� (red), and 4�,6-
diamidino-2-phenylindole (nuclear marker, blue); pink staining represents
nuclear localization of HIF-1�. B, cells were labeled with 57Fe for 24 h, treated
with 200 �M DHB � 400 �M MPP�, and then digested with nitric acid for
ICP-MS analysis of total iron measurements (mean � S.D.; n � 4). Asterisk
denotes p � 0.05 between control/control and DHB/control; # denotes p �
0.05 between control/MPP� and DHB/MPP�. C, cells were treated with 800
�M MPP� for 24 h in the presence and absence of 200 �M DHB. The 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was used as a
measure of cell viability. *, p � 0.005 between control/control and control/
MPP�; ∧, p � 0.001 between control/MPP� and DHB/MPP� (mean � S.D.;
n � 4).
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complex. In this way, a metabolic switch occurs whereby oxi-
dative phophorylation is shunted to a glycolytic pathway to
maintain energy demands while preventing reactive oxygen
species production (28). Interestingly, in ourmodel, PDHactiv-
ity is inhibited by MPTP treatment and this inhibition is
restored by DHB treatment (Fig. 5), which would presumably
act to contribute to restoration of mitochondrial function. As
part of our RT-PCR analysis we have preliminary evidence that
expression of other genes involved in mitochondrial function
including uncoupling protein 2 (Ucp2) and peroxisome prolif-
erator-activated receptor-� coactivator 1� are also down-regu-
lated in the presence ofMPTP but restored to above basal levels
when pre-treated with DHB. Of particular interest is the
involvement of proliferator-activated receptor-� coactivator
1� in the activation ofmitochondrial biogenesis and respiration
(63), which could perhaps provide a potential mechanism
underlying the restoration of PDH activity by DHB treatment.
Pharmacological chelation of iron can effectively sequester

co-factor that is necessary for PHD activity and subsequent

induction of HIF as demonstrated via our in vivo studies using
the iron chelator CQ. Activation of the HIF pathway by iron
chelation may also be one of the mechanisms underlying the
neuroprotection against MPTP observed in other studies
including following ferritin overexpression in DAergic SN neu-
rons (13). Because of its role in angiogenesis, VEGF has primar-
ily been considered to elicit a protective effect in such condi-
tions as stroke, tumor growth, and tissue grafting via its
involvement in vascular remodeling (64, 65). However, previ-
ous studies have implicated VEGF in the rescue of motor neu-
ron function in an amyotrophic lateral sclerosis mouse model
(12) as well as protecting DAergic neurons from 6-hydroxydo-
pamine toxicity in rat models of PD (36). Although it is not
surprising that neuronal overexpression of VEGF is able to pro-
tect mice againstMPTP neurotoxicity (Fig. 7C), it is interesting
to note that although VEGF expression is principally regulated
byHIF, VEGF can also regulateHIF-1� levels as shown recently
in cultured endothelial cells via superoxide-mediated signaling
(66, 67). Thus, the utility of CQ-fed and VEGF transgenic mice

FIGURE 9. Proposed model. Manipulation of the HIF pathway is proposed to result in induction of gene products that are neuroprotective against MPTP
toxicity. Under conditions of non-stress and substrate availability, PHD hydroxylates proline residues on HIF� transcription factors to be targeted for protea-
somal degradation. Stabilized HIF� arise from the inhibition of PHD brought about by either pharmacological sequestration of PHD substrates by DHB or
chelation of iron as co-factor by CQ. Consequently, induction of genes containing HIF-responsive elements result in elevated expression of proteins respon-
sible for maintaining catecholamine biosynthesis (TH), mitochondrial and/or respiratory function (peroxisome proliferator-activated receptor-� coactivator,
PGC-1�; MnSOD, PDH), intracellular iron homeostasis and oxidative stress (HO-1 and ferroportin (FPT)), cellular functions that are compromised in Parkinson
disease and recapitulated in MPTP models of DA neurotoxicity.
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in this study provided additional evidence that theHIF pathway
may be activated in the absence of direct pharmacological
inhibitors of PHD.
Depletion of HIF proteins in vivo has recently been demon-

strated to also impact on catecholamine synthesis and mito-
chondrial metabolism suggesting that PHD inhibition may
have pleiotropic protective effects as a consequence of HIF
induction (46, 47). Recently, a set of elegant in vitro experi-
ments set forth the premise that there are indeed cell-type spe-
cific roles for HIF-1� (48). Using co-cultures of neurons and
astrocytes obtained from transgenic mice, it was demonstrated
that selective depletion of neuronal HIF-1� resulted in reduced
viability induced by hypoxia, whereas a selective depletion of
astrocytic HIF-1� during hypoxia protected neurons.
Currently, some PHD inhibitors that activate the HIF path-

way are being pursued for use in the treatment of anemia and
tissue injury resulting from ischemia (33). To our knowledge,
this study is the first to demonstrate, in both in vitro and in vivo
systems, the beneficial aspects of PHD inhibition in a neurode-
generative model of PD, representing a novel therapeutic path-
way in treatment of this disorder. Findings of these studies are
illustrated in Fig. 9, The stabilization of HIF� transcription fac-
tors resulting from PHD inhibition can lead to the up-regula-
tion of several proteins involved in promoting iron efflux (FPT,
HO-1), DA synthesis (TH), and mitochondrial integrity and
bioenergetics (MnSOD, PDH, proliferator-activated recep-
tor-� coactivator 1�), combating the neurotoxic effects associ-
ated with MPTP. Additional mechanistic studies are necessary
to fully elucidate the potential players involved in the protective
effect of PHD inhibition as well the relative contributions of
HIF-1� and HIF-2� in conferring protection in the MPTP
administration model.
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Sánchez, R., Calabia, O., Peñate, S., and González-Pacheco, F. R. (2008)
J. Biol. Chem. 283, 11435–11444

Neuroprotection by Prolyl Hydroxylase Inhibition

29076 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 42 • OCTOBER 16, 2009


