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Abstract

Accumulating evidence suggests that many cytotoxic signals occurring in the neurodegenerative brain can
initiate neuronal death processes, including oxidative stress, inflammation, and accumulation of iron at the sites
of the neuronal deterioration. Neuroprotection by iron chelators has been widely recognized with respect to their
ability to prevent hydroxyl radical formation in the Fenton reaction by sequestering redox-active iron. An
additional neuroprotective mechanism of iron chelators is associated with their ability to upregulate or stabilize
the transcriptional activator, hypoxia-inducible factor-1o. (HIF-1x). HIF-1o stability within the cells is under the
control of a class of iron-dependent and oxygen-sensor enzymes, HIF prolyl-4-hydroxylases (PHDs) that target
HIF-1u for degradation. Thus, an emerging novel target for neuroprotection is associated with the HIF system to
promote stabilization of HIF-1a and increase transcription of HIF-1-related survival genes, which have been
reported to be regulated in patient’s brains afflicted with diverse neurodegenerative diseases. In accordance, a
new potential therapeutic strategy for neurodegenerative diseases is explored, by which iron chelators would
inhibit PHDs, target the HIF-1-signaling pathway and ultimately activate HIF-1-dependent neuroprotective
genes. This review discusses two interrelated approaches concerning therapy targets in neurodegeneration,
sharing in common the implementation of iron chelation activity: antioxidation and HIF-1-pathway activation.
Antioxid. Redox Signal. 13, 919-949.
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I. Introduction

HE PATHOGENESIS of a number of neurodegenerative

disorders, such as Parkinson’s disease (PD), Alzheimer’s
disease (AD), and amyotrophic lateral sclerosis (ALS), as well
as the aging process, is associated with increased levels of
mitochondria-derived free radicals and oxidative damage
(87, 280). The mitochondrion is one of the main sources of
endogenous reactive oxygen species (ROS), and its proteins
signify targets for oxidative alteration and loss in function
(105). ROS can be radicals, possessing unpaired electrons,
such as superoxide anion and hydroxyl radical or nonradical
molecules, such hydrogen peroxide (H>O,) (307). Even so,
ROS may not create a real risk to the neurons if the toxic end
products are detoxified and balanced against the amount of
ROS generated (307). Under physiologic conditions, super-
oxide is converted to H,O, by the enzyme superoxide dis-
mutase (SOD) or by interaction with transition metals (86).
H,0; is, in turn, reduced to water by glutathione peroxidase
(GP) or converted to oxygen and water by catalase (86). Su-
peroxide and H,O; are relatively unreactive toward biologic
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processes; however, H,O, has been reported to induce cell
death in neuronal cell cultures (335, 344) through the forma-
tion of reactive hydroxyl radicals, which are generated by
the interaction of H,O, with transitional metals, such as iron,
in the Haber-Weiss reaction/Fenton reaction (222). Thus,
high levels of reactive iron can increase oxidative stress (OS)-
induced neuronal vulnerability of environmental or endoge-
nous toxins (354). Iron accumulation, and OS are early events
in many neurodegenerative diseases, such as PD and AD,
proximal to the development of hallmark pathologies, con-
tributing significantly to the pathogenic processes of these
disorders (354). A wealth of data has drawn attention to the
significance of both maintaining reducing conditions in cells
and the fight against the damaging effect of iron/ROS inter-
mediates. Defense mechanisms include the reduction of ROS
by iron chelators and radical scavengers and the induction of
various antioxidant enzymes, such as catalase, manganese-,
copper- and zinc-containing SOD (Mn-SOD/Cu-SOD/
Zn-SOD), and the redox-sensitive enzyme GP (280) (Fig. 1).
Additionally, growing evidence supports the concept of
oxygen signaling across membranes of intracellular com-
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FIG.1. Schematic diagram illustrating the potential neuroprotective effects of iron chelators and radical scavengers on
attenuation of oxidative stress (OS). Under normal physiologic conditions, the use of oxygen by cells with aerobic me-
tabolism generates potentially deleterious ROS, including superoxide (O, "), hydrogen peroxide (H,O), and hydroxyl radical
(OH:). Superoxide is converted to H,O, by the enzyme superoxide dismutase (SOD) or by interaction with transition metals.
H,0; is, in turn, reduced to water by glutathione peroxidase (GP) or converted to oxygen and water by catalase. Iron
chelators/radical scavengers can inhibit the Fenton reaction and, alternatively, the induction of HIF-1u can affect glucose
transport and enhance antioxidant enzymes (such as GLUT-1 and Mn-SOD, respectively), resulting in decreased OS.
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partments, linked to a certain redox state and toxic harmful
ROS, that might be crucial in regulating the level and pat-
tern of gene expression of oxygen- and redox-responsive
transcription factors (286). In the brain, such redox-sensitive
transcription factors are suggested to be differentially regu-
lated by oxygen availability, bind specific DNA consensus
sequences, and activate the expression of several genes, par-
ticularly those controlling adaptive cellular homeostasis,
known to compensate for OS (26, 282). Among such factors,
the hypoxia-inducible factor (HIF)-1, whose activation states
are differentially regulated under hypoxia, is particularly
important (26, 282, 327, 352) (Fig. 2). In normoxia, HIF-1u is
constrictively synthesized and immediately degraded by the
ubiquitin-proteasome pathway mediated by specific prolyl
residues that are hydroxylated by an enzyme family of
HIF-prolyl-4-hydroxylases (HIF-PHD), requiring di-oxygen,
2-oxoglutarate and iron (Fe*™) as co-substrates (279, 305).
PHD isoforms are known for regulating transcriptional
regulators involved in hypoxic adaptation, such as HIF-1«
and cAMP response element-binding protein (CREB) (292).
Inhibition of PHDs enzymes under hypoxic or iron-chelating
conditions results in heterodimerization and activation of
nuclear translocation of HIF-lo protein and subsequently
enhanced binding to hypoxia-responsive elements (HREs) of
promoters of specific HIF-1-target genes that encode pro-
teins involved in various adaptive/survival responses (116,
291). These include adrenomedullin (ADM), aldolase (ALD) A
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and C, enolase 1, erythropoietin (EPO), glucose transporter
(GLUT) 1 and 3, hexokinase 1 and 2, p21Waf 1/¢ipl transferrin,
transferrin receptor (TfR), vascular endothelial growth factor
(VEGEF), and many others (282) that are involved in oxygen,
iron, and energy homeostasis, prevention of ROS generation,
and induction of neuronal outgrowth processes, leading to
cell survival (77) (Figs. 1 and 2). Indeed, recent studies de-
scribed small-molecule inhibitors of PHDs as a route to HIF-1
activation and neuroprotection [see review (112)]. It should be
noted that HIF-1 activation may mediate prosurvival or pro-
death responses, depending on the neuronal cell type exam-
ined and types of the insults (5).

Although the most-studied mechanism of HIF-1 induction
is hypoxia, a variety of additional reagents and conditions
result in stabilization of HIF-1 and induction of HIF-1-
regulated genes, such as cobalt chloride (CoCl,), interleukin-
18, tumor necrosis factor-o (TNF-u), transforming growth
factor-f (TGF-f)), insulin, insulin-like growth factor (IGF),
heregulin, vitamin E, and the flavonoid quercetin (240, 287,
342, 356). In addition, an important class of HIF-1 inducers
with direct relevance to neurodegenerative diseases includes
the iron-chelating compounds (159, 168, 292). Thus, HIF-1«
stabilization may be mediated by a decrease in ferrous ion
(Fe2+, located at the catalytic site of PHD), which is required
by the enzyme to hydroxylate HIF-1o and target this tran-
scription factor for ubiquitinylation and proteasomal degra-
dation by the enzyme von Hippel-Lindau (pVHL) (110). It
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FIG. 2.

Regulation of HIF-1a and neuronal survival under hypoxia and iron-chelation conditions. HIF-1a is degraded

rapidly by the ubiquitin-proteasome pathway mediated by specific prolyl residues that are hydroxylated by an enzyme
family of HIF/PHD, which are nonheme, iron (Fe*")-dependent enzymes. Under hypoxic and iron-chelation conditions,
hydroxylation is suppressed, allowing nuclear accumulation of HIF-o. Reduced activity of the PHDs initiates the stabilization
of HIF-1o, heterodimerization and activation of nuclear translocation, and binding to hypoxia-response elements of pro-
moters of specific HIF-1- adaptive target genes, such as glycolytic enzymes (e.g., enolase 1, aldolase A, lactate dehydrogenase
A), vascular endothelial growth factor (VEGF), erythropoietin (EPO), adrenomedullin (ADM), Mn-SOD, tyrosine hydroxylase
(TH), and many others that are involved in the modulation of oxygen, iron, and energy supply, promoting neuronal survival
processes.
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is now likely that complexing the excess of Fe*" ions with
iron-chelating /radical scavenging compounds may favorably
affect neuronal survival by a dual action, targeting ROS
generation and HIF-1o induction (290, 293) (Figs. 1 and 2).

This review focuses on the regulatory effects of iron-
chelating/radical scavenging agents regarding antioxidative
activity and HIF-1x signaling neuroprotective induction,
allied with modulation of HIF-1-target genes, as novel ther-
apeutic strategies for neurodegenerative pathologies. In
particular, we discuss the potential benefits of novel iron-
binding, brain-permeable compounds, possessing multi-
modal activity with a special emphasis on the iron-modulated
HIF-1« signal-transduction pathway.

Il. Brain-lron Homeostasis, Oxidative Stress,
and Neurodegeneration

The etiology of neurodegenerative diseases is not yet well
understood. However, over the last two decades, increasing
evidence has suggested that progressive iron accumulation,
iron-dependent OS, increased monoamine oxidase (MAO)-B
activity (349, 354), as well as reduced antioxidant levels and
activities in the brain, may be major pathogenic factors in
neurodegenerative diseases (99, 104, 354).

In the central nervous system (CNS), iron is essential for
multiple functions, including gene expression, DNA synthe-
sis, neurotransmission, myelination, oxygen transport, stor-
age and activation, mitochondrial electron transport, and
many important metabolic processes (23, 106). Iron incorpo-
ration and transport in the brain is regulated by the interaction
between the endothelial cells and astrocytes: the TfR1 in the
luminal membrane of endothelial cells binds Fe*-loaded
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transferrin and internalizes this complex in the endosomal
compartment, where Fe®* is reduced to Fe?*. The latter is
transported across the endosomal membrane into the cytosol
by the divalent metal transporter-1 (DMT1) and exported into
the extracellular fluid by ferroprotein (265). Alternatively, it
has been proposed that the transferrin-TfR1 receptor complex
may be transported from the luminal to the abluminal surface,
followed by iron release (209). Ceruloplasmin, expressed in
the astrocyte, oxidizes newly released Fe*" to Fe®t, which
binds to transferrin in the brain interstitial fluid (188,209, 265).
Fe®" can also bind to ATP or citrate and be transported as
nontransferrin-bound iron (NTBI), which is the source of iron
for astrocytes and oligodendrocytes, which do not express
TfR1 (209, 265).

Several lines of evidence indicate that iron accumulation
and deposition in the brain can cause a vast range of neuro-
degenerative disorders (18, 24, 132, 297, 354, 355). High con-
centrations of reactive iron can induce OS, because of its
interaction with H,O, in the Fenton reaction, resulting in an
increased formation of hydroxyl free radicals (297). Free
radical-related OS causes molecular damage that can then
lead to a critical failure of biologic functions, protein modifi-
cation, misfolding and aggregation, and ultimately, cell death
(105, 242, 243, 274) (Fig. 3). Additionally, iron accumulation
might increase the neurotoxicity of endogenous or environ-
mental toxins. Recently, iron homeostasis was linked to acti-
vation of the N-methyl-p-aspartic acid (NMDA) receptor; a
signaling cascade that involves nitric oxide synthase (NOS)
and adaptor proteins that interact with ferroprotein (49).

Iron accumulates in the brain as a function of age; this
process involves the accumulation of iron-containing mole-
cules (primarily ferritin) in the microglia, astrocytes, and
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FIG. 3. Schematic illustration of the current hypothesis for labile Fe*"-pool induced OS-neurodegeneration etiology.
The cellular labile iron (Fe*™) pool is a chelatable and redox-active iron that serves as a crossroad of cellular iron homeostasis
and promotes the generation of ROS. The labile Fe*" pool-induced OS has been suggested to cause a cascade of molecular
damage that can lead to a critical failure of biologic functions, such as cell-cycle arrest, mitochondrial dysfunction, protein
degradation, impaired metabolic processes, and inflammation processes, which ultimately result in neuronal death.
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oligodendrocytes, particularly in the selective brain regions
that are targeted in neurodegenerative diseases (e.g., cortex,
hippocampus, and substantia nigra (SN) (4, 18, 253, 348, 349,
354). This could result from alterations in brain vasculariza-
tion that occur during aging and neurodegenerative diseases
(37,78, 302). Furthermore, during aging, brain iron is partially
converted from its stable/soluble form, (ferritin), to a highly
reactive form (hemosiderin) and other oxyhydroxides [see
review (62)].

The following section discusses several neurodegenera-
tive diseases with relevance to iron accumulation and OS and
also addresses the potential of iron-chelating therapeutic
strategies.

A. Parkinson’s disease

PD is a neurodegenerative disease of the elderly, affecting
1% to 2% of those older than 60 years, causing motor dys-
functions, such as bradykinesia, resting tremor, rigidity, and
postural instability, but also affecting autonomic functions
and cognition (186, 226). Although this disease has long been
considered a nongenetic disorder of “sporadic” origin, 5% to
10% of patients are now known to have monogenic forms
(175). PD is characterized primarily by the progressive, se-
lective, and irreversible loss of dopaminergic neurons in the
SN pars compacta (SNpc) (50% to 70%) and subsequent de-
crease of dopamine (DA) concentrations in the striatum (120,
223). The neuropathologic hallmark of PD is the formation of
eosinophilic Lewy bodies in surviving dopaminergic neu-
rons (131). The nigral pathology in PD has been shown to be
associated with OS, mitochondrial dysfunction, NOS toxic
actions, excitotoxicity, inflammation, and defects in the ubi-
quitin-proteasome system (134, 136, 201). In addition, it has
been shown that iron concentrations are significantly elevated
in human parkinsonian SNpc within the melanized DA neu-
rons (94, 98), as well as in the SNpc of 6-hydroxydopamine (6-
OHDA) and N-methyl-4-phenyl-1,2,3,6-tertahydropyridine
(MPTP) animal models of PD (95, 351). It is noteworthy that
iron and ferritin accumulation occur within the neurons and
oligodendrocytes in distinctive regions of the brain with
ubiquitin-positive inclusion bodies (355). Targeted deletion of
the gene encoding iron-regulatory protein 2 (IRP2) caused
misregulation of iron metabolism and progressive neurode-
generation in mice, as evidenced by axonal degeneration in
the CNS (165, 301) and movement disorder characterized by
ataxia, bradykinesia, and tremor (165). Additional studies
demonstrated that iron misregulation associated with the
loss of IRP2 protein in the Ireb2(—/—) mice affected DA
metabolism in the striatum, resulting from the loss of DA and
DA-regulating proteins, thus supporting the view that the
IRP2—/— genotype may enable neurobiologic events associ-
ated with PD and aging (165, 270).

As we have pointed out, iron participates in the Fenton
chemistry, reacting with H,O, to produce the most reactive
ROS, the hydroxyl radical. The formation of the latter, com-
bined with depletion of endogenous antioxidants, particu-
larly tissue glutathione (GSH; the most common pathway of
iron disposition in the brain), leads to OS (31, 109, 163). In the
SN of parkinsonian brains, a drastic depletion occurs of en-
dogenous antioxidants, such as reduced GSH (31, 133, 134,
237, 254). Iron also facilitates the decomposition of lipid per-
oxides to produce highly cytotoxic oxygen-related free radi-
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cals, which can cause damage to DNA, lipids, proteins, and
ultimately, cell death associated with PD (Fig. 3). Previous
evidence suggests that iron, together with H,O,, in the pres-
ence of DA, can induce the formation of the neurotoxic
6-OHDA (130, 182, 214). 6-OHDA may be also formed from
L-dihydroxyphenylalanine (L-DOPA) in the presence of iron
and hydrogen peroxide (190). Iron-dependent OS tends to be
tissue specific, owing to differential neuronal cell suscepti-
bility. This vulnerability is affected by three main parameters:
(a) axonal length and thickness, (b) axonal sprouting, and (c)
thickness of the myelin sheath (35).

Additional contribution to OS stems from elevated MAO-B
levels, leading to increased DA production (135). This results
in increased DA oxidation through both MAO activation and
autooxidation, leading to elevated levels of H,O,, which in
turn, participates in Fenton chemistry, thus creating a vicious
circle (Fig. 4). Postmortem studies reported that MAO-B ac-
tivity in the human brain is increased with age and in neu-
rodegenerative diseases, in particular, PD (56, 81, 82). The
increased activity level of MAO-B in the aged brain is thought
to be associated with OS, which may play a role in the vul-
nerability of the DA system and age-related degeneration (82).
These findings suggest that iron chelators, antioxidants, and
MAO-B inhibitors may have great therapeutic potential for
PD (21, 22, 91, 150, 357) (Fig. 4).

1. Therapeutic strategies in PD. The knowledge that DA
is equally oxidatively deaminated by MAO-A and -B and the
dominance of MAO-B (80%), as compared with MAO-A in the
extrapyramidal regions of the human brain, led to introduc-
tion of the irreversible selective MAO-B inhibitors, initially,
selegiline ([(R)-(-)-N,2-dimethyl-N-2-propynylphenethylamine];
L-deprenyl), and now, rasagiline [N-propargyl-1R(+)-
aminoindan] (Fig. 5) as potential therapeutic drugs for PD (33,
174,231, 232, 267, 304). Both compounds are approved by the
United States Food and Drug Administration. Selegiline was
the first in monotherapy (230) and as adjunct PD therapies in
clinical neurology (33, 289, 306). A recent landmark report of a
phase III delayed-start clinical trial in parkinsonian subjects
(ADAGIO) indicated that rasagiline may be the first “disease-
modifying” drug, with the benefits of slowing the disease
beyond symptoms improvement (224, 225, 275).

Several studies have shown that both rasagiline and sele-
giline possess neuroprotective activities in various cell-culture
and in in vivo preclinical models of PD (51, 73, 189, 334, 347,
362). It was suggested that MAQO inhibition of rasagiline is not
a prerequisite for its neuroprotective activity, as its S-isomer,
TVP1022, which is more than 1,000 times less potent as a
MAO inhibitor, exerted similar protective effects (345). We
previously reported that the mechanisms whereby rasagiline
exerts its multifactorial neuroprotective effects include upre-
gulation of cellular antioxidant activity and antiapoptotic
factors, associated with its propargyl moiety and 1-(R) ami-
noindan (15, 17, 334, 345). Interestingly, both rasagiline and
selegiline exerted an antioxidant effect by enhancing the ac-
tivities of enzymes (SOD and catalase) involved in OS in
the dopaminergic system in the rat (43, 44, 153, 160, 194). In
accordance, rasagiline was demonstrated to increase the ex-
pression levels of SOD and GP in serum- and nerve growth
factor (NGF)- deprived pheochromocytoma (PC12) cells (312).
Moreover, rasagiline was shown to upregulate the expres-
sion of various mitochondrial antiapoptotic members of Bcl-2
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family proteins (such as Bcl-2 and Bcl-xl), to prevent the
mitochondrial permeability transition (PT), and to increase
the levels of glial cell line-derived neurotrophic factor
(GDNF) in human dopaminergic neuroblastoma SH-SY5Y
cells (2, 194). These findings indicate the ability of rasagiline to
adjust the apoptotic threshold and protect degenerating
neurons in PD. More prominently, rasagiline has been found

to possess an in vivo neurorestorative activity in SNpc neu-
rons, when given after MPTP (268) or the proteasome inhib-
itor, lactacystin (362). This property has been suggested to be
associated with activation of the neurotrophic tyrosine kinase
receptor (Trk) pathway, involving stimulation of various cell
signal-transduction pathways, such as protein kinase C (PKC)
and Ras-phosphatidylinositol-3-kinase (PI3K)-Akt (268).

Rasagiline

OH
M30

VK28

FIG. 5. Chemical structure of the
brain-permeable = multifunctional
iron chelator/radical scavenger,
M30 [5-(N-methyl-N-propargylami-
nomethyl)-8-hydroxyquinoline] and

’ its parental compounds. This multi-

modal hybrid drug contains the
propargyl moiety of the anti-
parkinsonian MAO-B inhibitor drug,
rasagiline and the antioxidant-iron
chelating moiety of VK28 {5-[4-(2-
hydroxyethyl)  piperazine-1-ylme-
thyl]-quinoline-8-ol}.
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FIG. 6. Chemical structures
of natural iron-chelating/radical-
scavenger compounds. (A) desfer-
rioxamine (DFO). (B) Flavonoid-
type compounds, quercetin, and
the major polyphenolic compound
of green tea, (-)-epigallocatechin-3-
gallate (EGCG).

Quercetin

(-)-epigallocatechin-3-gallate (EGCG)

Furthermore, in an experimental model of H,O,-induced OS/
neurotoxicity, the major metabolite of rasagiline, 1-(R)-
aminoindan, was found to stimulate significantly the activity
of the antioxidant enzyme, catalase (16). 1-(R)-aminoindan
treatment in H,O,-damaged neuronal cells was demonstrated
to induce mRNA expression levels of various phase II en-
zymes, which are an important cellular defense against oxi-
dative injury: catalase, which acts to neutralize H,O, toxicity;
quinine oxidoreductase 1, a cytosolic protein that reduces and
detoxifies quinines, protecting the cells against redox cycling
and OS and peroxiredoxin 1, which uses the reactivity of the
cysteine residues to reduce H,O, and other peroxides (16).
These results suggest that the increase of endogenous anti-
oxidants might be a possible mechanism involved in the
neuroprotective effects of 1-(R)-aminoindan and thus, may
contribute to the beneficial neuroprotective mechanism of
action of its parental compound, rasagiline (15).

Chelation therapy was previously introduced as a novel
therapy concept and rationale for the development of metal-
binding drugs for PD, as detailed in several recent reviews
that characterized the therapeutic potential of a range of iron
chelators (34, 118, 208, 340). In fact, a number of iron chela-
tors/antioxidants has been shown to possess neuroprotective
activity in animal models of PD; for example, the natural
prototype iron chelator/radical scavenger, desferrioxamine
(DFO) (Fig. 6A) (151), protected against dopaminergic neuro-
degeneration induced by 6-OHDA (19, 20) iron and MPTP
(162, 163). More recently, the antibiotic metal chelator, 5-
chloro-7-iodo-8-hydroxyquinoline (clioquinol) was shown to
prevent MPTP neurotoxicity in mice (150). However, clio-
quinol is highly toxic (41), whereas the hydrophilic nature of
DFO and its large molecular size may limit it from penetrating
the blood-brain barrier (BBB) (252). It was suggested that iron
chelators must be carefully controlled to prevent toxicity and
side effects (117, 354) and, thus, should be designed to en-
hance selectively, affinity, stability, renal clearance, and oral
activity with maintaining low toxicity (113).

The concept of iron chelators for clinical use in neurologic
disorders, which can cross the BBB and possess iron-chelating
ability for the removal of excess of iron in the brain, led our
group to develop nontoxic, lipophilic, brain-permeable multi-
functional drugs for neurodegenerative diseases (357, 358).
Based on a multimodal drug-design paradigm, the neuropro-

tective propargyl moiety of rasagiline (Fig. 5) and selegiline
(350) was incorporated into the antioxidant-iron-chelator
moiety of VK28 (5-[4-(2-hydroxyethyl) piperazine-1-ylmethyl]-
quinoline-8-ol) (Fig. 5) (21, 357, 358). Previously, VK28 was
successfully used in the reversal of 6-OHDA-induced detri-
mental effects in the rat (21) and neural cell models (13).

Novel multifunctional iron-chelating compounds were
designed to prevent the ability of iron to induce OS and re-
active hydroxyl radical generation through the interaction
with H,O,, as well as to inhibit the formation of reactive hy-
droxyl radical from H,O,, generated by MAO and to poten-
tiate the pharmacologic action of accumulated DA, formed
from L-DOPA. In a series of multifunctional iron chelators, the
compound M30 [5-(N-methyl-N-propargylaminomethyl)-8-
hydroxyquinoline] (Fig. 5) was found to be a most-potent iron
chelator, displaying highly effective inhibition of MAO-A and
MAO-B activities and iron-dependent lipid peroxidation
in vitro and in vivo (88, 89, 357-359). M30 possessed solubility
and selective iron-chelation properties (compared with zinc
and copper) (358). Neither VK28 nor M30 was cytotoxic, as
shown by the genotoxicity assay, performed in three different
cell lines, A549, SH-SY5Y, or HepG2; inhibition of cytochrome
p450 isozymes and voltage-dependent potassium channel-
blocking test (Varinel, Inc. West Chester, PA). Additionally,
M30 was found to invoke a wide range of pharmacological
activities, including a neurorescue response; a protective po-
tency against OS insults, H,O,, and SIN-1 (peroxynitrite
generator, 3-morpholino sydnonimine), and a regulatory ac-
tion on neuronal differentiation and neurite outgrowth in
various neuronal cell lines (9-11, 159). In the in vivo studies,
M30 was shown to prevent the loss of mouse TH-positive
neurons, induced by post-intranigral injection of lactacystin
(proteasome inhibitor) and significantly to improve behav-
ioral performances and to attenuate inhibition of ubiquitin-
proteasome activity, iron increase, and microglial activation
in the ipsilateral SN (363). Moreover, we recently demon-
strated that M30 prevented MPTP-induced striatal DA de-
pletion (89), as well as restored nigrostiaral DA neurons in the
post-MPTP mouse model of PD (90).

Another class of agents that possess free radical scavenging
and antioxidant properties, reported to possess neuroprotec-
tive effects, includes phenolic and polyphenolic compounds,
such as vitamin E and natural catechins (e.g., green tea catechins)
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(315, 356). Recently, Perron and co-workers (235, 236) corre-
lated the pK, and ICs, values of phenolic compounds for in-
hibition of Fe*'/H,0, -induced neurotoxicity, and thus,
suggested that the binding of the polyphenols to iron was
essential for their antioxidant activity. Polyphenols also can
exert prooxidant activities under certain experimental condi-
tions (107, 185). It was suggested that mild prooxidant effects
of polyphenols can also be beneficial, because by inducing a
mild degree of OS, the level of antioxidant enzyme defenses
might be increased, leading to overall cytoprotection (76, 107).
A biphasic mode of biologic activity of green tea catechins
indicated a concentration-dependent window of pharmaco-
logic action. At high concentrations, green tea catechins ex-
hibited prooxidant and proapoptotic activity, which might
be responsible for the anti—cancer-cell death effects, whereas
at low doses, they possess neuroprotective effects against
a wide spectrum of neurotoxic insults (14, 337). Neuropro-
tective in vivo studies using MPTP have shown that both
green tea extract and the major component of green tea, (-)-
epigallocatechin-3-gallate (EGCG) (Fig. 6B) exert highly
potent activities in preventing mice striatal DA depletion and
SN dopaminergic neuronal loss (178). In SH-SY5Y and PC12
cells, EGCG was found to attenuate neuronal cell death in-
duced by 6-OHDA (177, 216).

B. Alzheimer’s disease

AD is the most prevalent neurodegenerative disease in
the elderly population, and it has been estimated that ~5% of
adults older than 65 years are affected by this disease (38). Its
predominant clinical manifestation is the progressive mem-
ory deterioration and other changes in brain function, in-
cluding disordered behavior and impairment in language,
comprehension, and visual-spatial skills (319). The neuropa-
thology of AD is characterized by several features, including
extracellular deposition of amyloid f peptide (Af)-containing
plaques in the cerebral cortical regions, accompanied by the
presence of intracellular neurofibrillary tangles and a pro-
gressive loss of basal forebrain cholinergic neurons, leading
to reductions in cholinergic markers, such as acetylcho-
line levels, choline acetyltransferase (ChAT), and muscarinic
and nicotinic acetylcholine-receptor binding (277, 281). Ad-
ditionally, accumulating evidence indicates that many cyto-
toxic signals in the AD brain can initiate apoptotic processes,
including OS, inflammation, and iron accumulation (144, 258,
299). Iron is significantly concentrated around amyloid senile
plaques and neurofibrillary tangles (NFTs), leading to alter-
ations in the pattern of the interaction between IRPs and their
IREs, and disruption in the sequestration and storage of iron
(187, 239). High levels of iron have been reported in the am-
yloid plaques of the Tg2576 transgenic mouse model for AD,
resembling those seen in the brains of AD patients (298).
In addition to iron accumulation in senile plaques, it was
demonstrated that the amount of iron present in the AD
neuropil is twice that found in the neuropil of nondemented
brains (239). Further studies suggested that iron accumulation
could be an important contributor to the OS damage of AD
pathology, and thus, the neurons in AD brains experience a
high oxidative load (45, 122, 210, 297). It was found that NFTs
and senile plaques contain redox-active transition metals and
may exert prooxidant/antioxidant activities, depending on
the balance among neuronal antioxidants and reductants
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(273). Postmortem analyses of AD patients’ brains have re-
vealed activation of two enzymatic indicators of cellular OS:
heme oxygenase (HO-1) (311) and nicotinamide adenine di-
nucleotide phosphate (NADPH) oxidase (288). Also, HO-1
was greatly enhanced in neurons and astrocytes of the hip-
pocampus and cerebral cortex of AD subjects, co-localizing to
senile plaques and NFTs. A previous study reported that
ribosomal RNA provides a binding site for redox-active iron
and serves as a redox center within the cytoplasm of vulner-
able neurons in AD brain, in advance to the appearance of
morphologic change indicating neurodegeneration (122).

A number of studies suggested that iron homeostasis is
disrupted in AD (58, 59, 187, 296). Thus, abnormal localization
of the iron-regulatory protein, IRP2, which was shown in AD,
might be linked to impaired iron homeostasis in AD (300).
However, this is likely to be a secondary effect through an-
other process, such as increased HO-1 activity in response to
cellular OS (276), or a decrease in heme bioavailability re-
sulting from Af-binding heme, increasing free-Fe levels (7).
In addition, the location of transferrin in senile plaques, in-
stead of its regular location in the cytosol of oligodendrocytes,
indicated that transferrin becomes trapped within plaques
while transporting iron between cells (59). Ferritin and the
mediator of iron uptake by cells, melanotransferrin, are al-
tered and expressed within reactive microglial cells, both in
and around the senile plaques (101). Several studies assessing
the frequency and association of mutation in the class I-like
major histocompatibility complex gene, HFE (known to be
related to a disorder of excessive iron uptake, hereditary he-
mochromatosis), with AD, reported on contradictory data
[see review (57)].

At the biochemical level, iron was demonstrated to facili-
tate the aggregation of Af and to induce aggregation of the
major constituent of NFTs, hyperphosphorylated 7 (tau) (39,
46). It was suggested that the toxicity of Af is mediated, at
least in part, through redox-active iron; neuronal toxicity was
significantly attenuated when Af was pretreated with the
iron chelator DFO, whereas conversely, the toxicity was re-
stored to original levels after incubation of holo-Af with ex-
cess free iron (264). In vitro studies demonstrated that Af has
high affinity for iron, and the iron-binding sites are located in
the hydrophilic N-terminal part of the peptide (8). Another
molecular link between iron metabolism and AD pathogen-
esis was provided by Rogers et al. (258, 259), who described
the presence of an IRE in the 5" untranslated region (5"UTR) of
the amyloid precursor protein (APP) transcript. Thus, APP
5’UTR is selectively responsive to intracellular iron levels in a
pattern that reflects iron-dependent regulation of intracellular
APP synthesis. Iron levels were shown to regulate mRNA
translation of APP holoprotein in astrocytes (256, 259, 260)
and neuroblastoma cells by a pathway similar to iron control
in the translation of the ferritin-L and -H mRNAs by IREs in
their 5'UTRs (257). Thus, iron chelation has the potential to
prevent iron-induced ROS, OS, and Af peptide aggregation,
and therefore, chelation therapy may be considered a valuable
therapeutic strategy for AD (Fig. 7).

1. Therapeutic strategies in AD. Recently, several stud-
ies reported a survey of various metal chelators, including
iron homeostasis restoring compounds, that are potentially
useful for the treatment of AD (34, 118, 208, 340, 353). The iron
chelator, DFO, was reported in a single clinical study to slow
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FIG. 7. Proposed schematic model suggesting iron-chelation therapy as a therapeutic strategy for AD. Iron-chelating
compounds target the APP 5'UTR, thus possessing the capacity to reduce APP translation and subsequently Af-generation

levels. A full explanation is discussed in the text.

the progression of AD dementia (61). In vitro, DFO was shown
to prevent the formation of -pleated sheets of Af;_4, and to
dissolve preformed f-pleated sheets of plaque-like amyloid
(123). In addition, the metal ligand clioquinol was reported
to inhibit Af accumulation in an AD transgenic mouse
model through its actions as a metal chelator (52). A second-
generation, 8-hydroxy quinoline derivative of clioquinol
(PBT2) also was found to restore cognition in Alzheimer
transgenic mice, in association with decreased interstitial Af
(1). The mechanism of action of clioquinol was suggested to
be through metal sequestration, resulting in Af dissolution.
However, clioquinol could also act by modulation of cellular
biometal metabolism and APP expression/processing (316).
Alternatively, it was proposed that clioquinol induced neu-
roprotection by enhancing intracellular Cu** and Zn*" up-
take, thereby acting as an ionophore that favors the clearance
of Cu/Zn from the amyloid plaques and synaptic space (339).
Clinical studies demonstrated that both clioquinol and PBT2
can be safely used in AD patients and can attenuate some of
the AD-associated cognitive deficits (40, 53, 164, 255, 353).
However, long-term treatment with clioquinol was reported
to be limited by an adverse side effect (41).

The identification of an IRE in the 5'UTR of the APP tran-
script led to a novel therapeutic approach aimed at reducing
amyloidosis by FDA preapproved drugs targeted to the IRE
in the APP mRNA 5'UTR (211, 233). For example, DFO, tet-
rathiomolybdate (Cu®" chelator) and dimercaptopropanol
(Pb*" and Hg*" chelator) were found to suppress APP holo-
protein expression and to reduce Af peptide secretion (211,
233). In addition, the bifunctional molecule XH-1, which
contains both amyloid-binding and metal-chelating moieties,
was shown to reduce APP expression in SH-SY5Y cells and to
attenuate cerebral Af in presenilin (PS1)/APP transgenic mice
model of AD (69). Additional drug classes also were reported
to suppress the APP 5’'UTR and to limit APP expression, in-
cluding, antibiotics, selective serotonin reuptake inhibitors
(SSRIs), and other selective receptor antagonists and agonists
(233). Similarly, the novel iron chelator, VK28, and the mul-

tifunctional iron chelating drug M30 (358) were found to
suppress translation of a luciferase reporter mRNA through
the APP 5'UTR sequence (9). This effect may account, at
least in part, for the observed downregulation of membrane-
associated holo-APP levels in the mouse hippocampus and
in vitro in SH-SY5Y neuroblastoma cells, presumably by che-
lating intracellular iron pools (9, 11). Furthermore, M30
markedly reduced the levels of the amyloidogenic Af in the
medium of CHO cells, stably transfected with the APP
“Swedish” mutation (CHO/ANL) (9, 11) and protected pri-
mary cultured neurons against Af toxicity (10).
Furthermore, an increase in MAO-B activity within reactive
microglia in AD brain tissues is considered to contribute
to high levels of H,O, formation, as a by-product of amine
turnover (272). The multimodal drug, ladostigil (TV3326) [(N-
propargyl-(3R) aminoindan-5yl)-ethyl methyl carbamate],
which combines in a single molecule the neuroprotective,
antioxidative, and selective MAO-B inhibitory activities of
rasagiline with the cholinesterase (ChE) inhibitory activity
of the anti-AD drug, rivastigmine (338), was recently dem-
onstrated to regulate the APP-processing pathway (346). La-
dostigil dose-dependently increased cell viability, associated
with an increase in catalase activity and a decrease of intra-
cellular ROS production in SH-SY5Y cells exposed to H,O,
(335). These findings indicate that ladostigil possesses pro-
tective effects against OS-induced neuronal apoptosis, which
might be beneficial for treatment of OS in aging and AD.
Naturally occurring polyphenols (e.g., EGCG and curcu-
min) might be used as another novel and promising thera-
peutic approach for treating AD. Both compounds possess
antioxidant/prooxidant and metal-chelating (iron and cop-
per) activities (14, 102, 158) and have been demonstrated to
exert neuroprotective activity against a variety of neurotoxic
insults, as well as to regulate APP processing and Af burden
in cell culture and in vivo (176). EGCG treatment led to a
reduction of both the mature and full-length cellular holo-
APP levels (without altering APP mRNA) in SH-SY5Y cells
and of Af levels in CHO/ANL, transfected with human
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APP695 containing the “Swedish” mutation (APPsw,Lsy670/
Asn, Met671/Leu) (250). The reduction in APP protein after
EGCG treatment was blocked by exogenous iron, thus pro-
viding further support to the implication of metal chelation
(250). Additionally, prolonged administration of EGCG to
mice induced a reduction in holo-APP levels in the hippo-
campus (11). In AD “Swedish” mutant APP-overexpressing
mice (APPsw Tg), EGCG significantly reduced cerebral Af
levels and amyloid plaques and promoted the generation of
the soluble, nonamyloidogenic form of APP (sAPPx) through
activation of a-secretase cleavage (248). In accordance, me-
tallopeptidase 10 (ADAM10) activation was found to be re-
quired for EGCG-induced «-secretase cleavage of APP
(220). Recent studies further demonstrated that EGCG re-
duced Ap-mediated cognitive impairment and modulated
Tau pathology in APPsw Tg mice (247).

C. Amyotrophic lateral sclerosis

ALS, commonly referred to as Lou Gehrig disease, is a
relentlessly progressive, neurologic disorder with an esti-
mated prevalence of four to six cases per 100,000 (63). The
onset of ALS is most common in midlife (usually between
ages 45 and 60), with a typical disease course of 1 to 5 years.
The majority of ALS cases (90%) are of unknown etiology
and are classified as sporadic. The remaining 10% of cases
are familial, and six disease-causative genes from 11 loci
have been identified by linkage analysis and positional
cloning (322). Both sporadic and familial forms of ALS are
clinically and pathologically similar, suggesting a possible
common pathogenesis and final pathway of neurodegen-
eration. The molecular pathogenesis of ALS is poorly un-
derstood, contributing to the lack of effective system-based
therapies to treat this disease. Investigations have implied
that ALS is a multifactorial and multisystemic disease that
arises through a combination of several mechanisms act by
concurring damage inside motor neurons and their neigh-
boring nonmotor cells, including protein misfolding and
aggregation; genetic factors; OS damage and mitochondrial
dysfunction; defective axonal transport; excitotoxicity, and
neuroinflammation (60, 321).

An early indication for a role of iron in the pathogenesis of
ALS was provided by the elevated iron levels in the CNS of
both sporadic and familial forms (127, 147, 219). In addition,
the expression of ferritin was induced at the last stages of the
disease in the SOD1-G93A transgenic mouse (which develops
symptoms and pathology similar to those of ALS patients),
indicating high iron concentrations (60). In line with this, it
was reported that transferrin is localized in Bunina bodies
of spinal cord neurons from ALS patients (68, 207), suggesting
the involvement of transferrin in the formation of these
inclusions. Interestingly, in transgenic mice expressing
the wild-type SOD1 or SODl-active mutant enzyme,
G93A-SOD1, the expression of TfR and IRP1, a positive
transcriptional regulator of TR, were positively modulated in
response to increased SOD1 mutation (68). Jeong and collab-
orators (139) recently described dysregulation of iron-
homeostasis mechanism in the CNS in the G37R-SOD1
transgenic mice model of ALS, suggesting that iron-chelator
therapy might be useful for the treatment of ALS.

A defect in the HFE gene, which was previously associated
with the iron-overload diseases, hemochromatosis and AD, is
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currently associated with ALS (308). The protein normally
made by the HFE gene is thought to limit the uptake of iron by
cells, to protect against OS, and possibly to dampen inflam-
matory reactions. An increased incidence of the HFE mutation
was reported in ALS patients (328). The presence of this mu-
tation was shown to disrupt expression of tubulin and actin
at the protein levels, potentially consistent with the disrup-
tion of axonal transport seen in ALS and also associated with
a decrease in SOD1 expression (328).

1. Chelation therapeutic strategy in ALS. Treatment of
ALS has been fuelled in part by frustration over the short-
comings of the symptomatic drugs available, because these
are incapable of slowing the progression of the disease and
neuronal degeneration. Regrettably, the single drug ap-
proved for use in ALS, riluzole, a membrane-stabilizing
drug, only slightly prolongs survival (204). Currently, >150
different potential therapeutic agents or strategies have been
tested in transgenic ALS mice, according to published trials
(320). This list involves 108 pharmacotherapies, 14 gene or
antisense therapies, nine cell transplantations, three im-
munizations, and seven dietary or lifestyle regimens. The
pharmacotherapy spectrum encompasses antioxidants, an-
tiexcitotoxins, antiaggregation compounds, antiapoptotics,
antiinflammatories, and neurotrophic agents. Unfortu-
nately, therapeutic modifiers of murine ALS have failed to
translate in patients successfully, probably because most of
these trials tested single agents that affect only one mecha-
nism or because of delivery limitations. Given the multi-
plicity of pathologic mechanisms implicated in ALS, new
ALS therapies may consider a simultaneous manipulation of
multiple targets.

Combination treatments or polypharmacy targeting dif-
ferent disease mechanisms have consistently shown superior
efficacy in transgenic ALS mice (64, 157, 326). Based on this
reasoning, our group recently demonstrated that the multi-
functional iron-chelating drugs, M30 and HLA20, possess
neuroprotective pharmacological activities in NSC-34 cells,
a widely used mouse motor neuron hybrid cell line, in-
cluding improvement of neuronal survival, promotion of
neuronal differentiation, and induction of the PKC and
MAPK signaling pathways (159). In addition, this study
showed that treatment with M30 provided clear benefits in
G93A-SOD1- ALS mice, significantly increasing their sur-
vival and delaying the onset of neurologic dysfunction, even
when the treatment was initiated at a relatively advanced
stage of the disease (159). These results may be of significant
relevance for further development of M30 for the treatment
of ALS. Considering the neuritogenic effect of M30, dem-
onstrated in motoneuron NSC-34 cells (159), it is possible
that the in vivo action of M30 is mediated through the re-
generation process of motor nerves, inducing neurodiffer-
entiation and sprouting of axons, leading to reinnervations
of muscle fibers.

lll. Iron, HIF-1 System, and Neuroprotection

Neuroprotection by iron-chelating agents has been widely
attributed to their ability to prevent iron involvement in the
redox cycling and thereby to inhibit hydroxyl radical forma-
tion by the Fenton or Haber-Weiss reaction. The next section
addresses an additional level of neuroprotection by iron
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chelators, which involves inhibition of iron-dependent HIF-
PHD enzymes, resulting in the induction of HIF-1 expression
and transcription of HIF-1-related downstream genes that
may contribute to survival in the CNS. Previous reports
described the diversity of cellular responses to iron chela-
tors, suggesting that these pluripotent neuroprotective com-
pounds may enhance neuronal survival by a mechanism
other than simply diminishing hydroxyl radical formation
and OS by sequestering redox active iron or inhibiting iron-
dependent lipid peroxidation [see reviews (112, 291)].

A. HIF/PHD pathway and HIF-target genes

HIF-1 is a central transcriptional regulator of hypoxia-
inducible genes and a member of the basic helix-loop-helix
Per/Aryl hydrocarbon-receptor translocator (ARNT)/Sim
(PAS) family, consisting of one of the three alternative
oxygen-regulated «-chains (HIF-1o, —20, and —3«) and of the
three stable f-chain family members (HIF-15/ARNT1, HIF-
2/3)/ARNT2, and HIF-33/ARNT3a) (145). HIF-o2 members
exclusively dimerize with - family members, whereas the f
subunits can dimerize with non-HIF transcription factors,
each encoded by different genes (29, 240). HIF-1a was first
identified in vitro, through its property of DNA-binding ac-
tivity of the 3" EPO gene enhancer under hypoxic conditions,
in which its concentration and activity increased exponentially
when oxygen tensions were decreased over physiologically
relevant ranges (285, 327). Both HIF-1o and HIF-2« both con-
tain two constitutive transactivation domains located in their
C-terminal halves, called the N-terminal transactivation
(N-TAD) and C-terminal transactivation (C-TAD), and can
activate transcription when bound to DNA in complex with a
f subunit (145) (Fig. 8). HIF-o subunits are highly unstable and
were initially identified to be degraded in the presence of ox-
ygen through asparaginyl and prolyl hydroxylation (attach-
ment of an OH groups) by one of the three conserved members
of the egg-laying—defective nine (EGLN) family, called HIF-a-
PHDs (EGLN1/PHD2; EGLN2/PHD1; EGLN3/PHD3) (29).
The PHDs belong to a superfamily of iron-dependent dioxy-
genase, whose activity requires molecular oxygen, as a sub-
strate, and 2-oxoglutarate, as a cosubstrate to hydroxylation,
thereby producing carbon dioxide and succinate (29).

The three isozymes of the mammalian PHDs, PHD1, 2, and
3, present in the brain (75), have been identified and reported
to share homology in the C-terminal catalytic domain, but
have significant differences in their N-terminal sequence (290,
291). These PHDs also differ in regulatory expression, tissue
distribution, cellular localization, and their effect on HIF-1a
hydroxylation (290, 291). Although the HIFs are the most
commonly studied substrates for PHDs, other known sub-
strates exist, including CREB, IRP2, the NF-«B partner IKKS,
and the Rbp1 subunit of RNA polymerase II complex (47, 65,
292). It was suggested that each of the PHD isoforms regulates
distinct specific downstream targets/transcription factors
that contribute to the overall neuroprotection. Consequently,
PHDs might mediate neuroprotection in an HIF-independent
fashion (292). For example; PHD3 was demonstrated to be
specifically involved in NGF-withdrawal-induced neuronal
apoptosis (172). A recent report suggests that Rpbl1 is a pos-
sible HIF-independent target for PHD1 and functions as
a crucial modulator of gene expression associated with in-
creased resistance to OS in cell culture (203).
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PHD2 was shown to be the enzyme with the strongest and
most direct impact inhibition on HIF-1o stability and HIF-1-
target genes under normoxic conditions, when sulfficient oxy-
gen is present (30). The catalytic site of these enzymes contains
conserved 2-histidine-1-carboxylated coordination motif for
the ligand Fe?", which in turn binds the oxygen and 2-
oxoglutarate (195, 200). A recent study demonstrated a high
stringency for the iron-binding residues in the PHD active site
(97). In addition, a cofactor ascorbate is required after repeated
hydroxylation reaction cycles to prevent the autooxidation of
the enzymes (29). HIF-1« is enzymatically hydroxylated on
one of two potential prolyl residues (Pro402 and Pro564)
within HIF-TAD, the oxygen-dependent degradation domain
(ODDD), and thus, generates a pVHL-binding site (145). In
addition to prolyl-hydroxylation, lysyl-acetylation was found
to be another mechanism underlying HIF-1§ stability. The
acetylation of a lysine residue (K532) within the ODDD also
enhances the interaction of pVHL and HIF-1f (138). Because
pVHL acts as part of an E3-ubiquitin ligase complex, HIF-18 is
ubiquitinylated and marked for proteasomal degradation.

Under normoxic conditions, the HIF-1a protein subunits
are constitutively expressed, but the ODDD is recognized by
the product of the pVHL tumor-suppressor gene that tags the
subunit with polyubiquitin to promote HIF-1o degradation by
the proteasome (36, 199) (Fig. 8). It was suggested that either
the N-terminal site or the C-terminal within ODDD partici-
pates in the iron-dependent regulation of HIF-1¢, but the C-
terminal site alone participates in the oxygen-dependent
regulation, which requires both the lysyl-acetylation and
prolyl-hydroxylation (170). In addition, during normoxia,
oxygen plus 2-oxoglutarate activates an asparaginyl hydrox-
ylase, which is also called factor-inhibiting HIF (FIH) (245).
Like prolyl hydroxylation, HIF asparaginyl hydroxylation
also is catalyzed by a member of the 2-oxoglutarate—
dependent oxygenase superfamily, and its catalytic domain
harbors Fe** ions, but differs from the PHDs sequence (279).
This enzyme hydroxylates an asparagine residue (Asn803) in
HIF-1« protein and subsequently changes the conformation of
the protein so that it cannot bind p300 coactivator, which in
turn prevents HIF-1u binding to hypoxia-response elements
in the promoters of HIF-1-target genes. Therefore, aspar-
aginyl hydroxylation provides a second oxygen-regulated
mechanism by which HIF-1a molecules that escape the prolyl-
hydroxylation/degradation pathway are prevented from ac-
tivating transcription through the p300 coactivator (Fig. 8).
Thus, normoxia causes HIF-1a degradation and blocks HIF-1
transcriptional activation (245).

Under hypoxia-mimetic conditions, or iron-depletion en-
vironments, pVHL fails to recognize the HIF-1o subunit and,
thus, the a-subunit is stabilized and subsequently translocated
into the nucleus, allowing HIF-1la to accumulate (36, 129).
Once in the nucleus, HIF-1a dimerizes with the -subunit and
interacts with p300 coactivator; this complex binds to the
pentanucleotide HREs, RCGTG within the promoters of HIF-
1-target genes, and initiates the induction of their expression
levels (36, 290) (Fig. 9).

Additionally, a variety of HIF-1 stimuli, such as cytokines,
growth factors, nitric oxide, iron chelators, and divalent cat-
ions, function independent of oxygen concentration by in-
hibition of PHDs and HIF-1o degradation (12, 29, 290). For
example, nickel and CoCl, can potentially replace iron at the
catalytic site of PHD enzymes and thus inhibit these enzymes,
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FIG. 8. Schematic diagram illus-
trating the regulation of HIF-1a
under normoxia conditions. HIF-1
is a heterodimeric o,f-transcrip-
tional complex that mediates the
cellular response to oxygen avail-
ability in multicellular organisms.
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graded by the proteasome in
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(anoxia) in a process involving the
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two conserved prolyl residues in
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hydroxylated HIF-o to a ubiquitin
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ubiquitinylation and degradation of
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produce hypoxia-like response, and enhance the expression of
HIF-1-dependent genes (197, 269). The molecular mecha-
nisms through which these PHDs inhibitors may promote
tolerance to ischemic insults have been reviewed by Harten
and co-workers (112). Moreover, chemically mimetic stimuli,
which are distinct from the hypoxic stimulus, can regulate
HIF-1 translation on the already expressed o-subunit (e.g.,
cytokines and IGFs were shown to induce activation of HIF-1o
through MAPK regulation) (114, 283), which participates in
phosphorylation of PI3K/Akt signaling pathways (124, 360)
(Fig. 10). PKC was demonstrated to increase the rate of HIF-1«
transcription and functions in conjunction with the PI3K/Akt
signaling pathways by phosphorylating the S6 ribosomal
protein, which specifically recognizes and enhances the
mRNA transcripts of HIF-1u (364) (Fig. 10). Additionally, the
bacterial lipopolysaccharide was shown to induce HIF-1«
mRNA expression through activation of NF-«xB site in the
promoter of the HIF-1a gene in monocytes (84). In general,
HIF-1a protein expression can be regulated at both tran-
scriptional and posttranscriptional levels that determine the
rate of HIF-1o mRNA synthesis, stability, degradation, and
binding ability (266).

The overall beneficial molecular and biochemical stimula-
tion can mediate upregulation of HIF-1o¢ and then activate
transcription of a large number of target genes. These HIF-1—

target genes would affect, for example, glucose and lactate
delivery; increase blood flow, promote glycolysis, as well as
many other neuroprotective processes (79, 148). More than
100 genes are known to have hypoxia-response elements in
their promoters and to be activated by hypoxia and HIF-1
(77). These include genes that are involved in hematopoiesis
(e.g., EPO), iron metabolism (e.g., transferrin, TfR), angio-
genesis and vascularization [e.g., VEGF, Flt-1 (VEGF recep-
tor 1), endoglin, plasminogen activator inhibitor-1, ADM,
endothelin-1, HO-1, NOS-2], energy metabolism (e.g., GLUT-
1, enolase 1, ALDA, hexokinase 1, 2, and 3), antioxidant en-
zymes (e.g., Mn-SOD), cell proliferation and differentiation
[e.g., IGF binding proteins 1 and 3, transforming growth factor
(TGF)-B, cyclin G2, opioid growth factor (OGF)-2, caspase 9],
pH regulation (e.g., carbonic anhydrase), neurotransmitter
synthesis (e.g., TH), and matrix metabolism (e.g., collagen
prolyl-4-hydroxylase-21) (26, 167, 198, 282, 293, 327, 352).
A major support for this target-gene regulation was the find-
ing that cells lacking pVHL produced high levels of HIF-1-
responsive mRNAs, such as the VEGF and GLUT-1, under
both normoxic and hypoxic conditions (126). Recently, it
was suggested that low-molecular-weight inhibitors of HIF-
PHDs, which activate HIF-1a, and subsequently HIF-1-target
genes could mimic, in part, the protective effects of exposure
to hypoxia (6, 112, 246, 293, 352). Specifically, Siddiq et al.,
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(292) suggested that the HIF-PHD inhibitors, dimethyl-oxalyl-
glycine (DMOG) and 3,4-ethyl 3,4-dimethylbenzoate (DHB),
can stabilize three transcriptional activators (HIF-1, 2, and
CREB), that can bind to cognate hypoxia-response sequences
to transactivate adaptive genes. Yet, it was demonstrated that
global HIF-PHD inhibitors could protect neurons even when
HIF-1a and CREB were suppressed (292).

It should be noted that, depending on the specific context,
HIF induction may also have detrimental effects. Thus, it was
found that the stable expression of HIF-1la potentiated cell
death induced by glutamate toxicity, but protected cells from
endoplasmic reticulum stress-induced and DNA damage-
induced death (5).

B. Hypoxic preconditioning

Reduced oxygen supply (hypoxia) or reduced blood flow
(ischemia) to the brain is a major cause of morbidity and
mortality in both perinatal and adult periods, often resulting
in cognitive impairment, seizures, and other neurologic dis-
abilities (313). Perinatal hypoxia—ischemia (HI) from a variety
of causes is responsible for significant morbidity and mor-
tality in term infants. The immature brain is more susceptible
to HI, secondary to immaturity of vascular regulation and
maturational differences in both metabolic function and free
radical generation and scavenging in selectively vulnerable
areas that depend on age at insult (108, 325). The neonatal
brain is particularly vulnerable to OS because of its high
concentration of lipids, high rate of oxygen consumption, al-
tered balance of antioxidants, and increased availability of

non—protein-bound free iron (227, 263). Indeed, it was shown
that iron content of murine hippocampus is fourfold higher
than that in the cortex, potentially explaining the selective
vulnerability of this region in neonatal mice (271).

The neuroprotective concept of preconditioning is based
on the observation that a brief noninjurious episode of is-
chemia is able to protect the brain from a subsequent longer
ischemic insult (72). Several distinct preconditioning stimuli
can induce tolerance to ischemic brain injury; among them are
noninjurious ischemia, cortical spreading depression, brief
episode of seizure, exposure to anesthetic inhalants and a low
dose of endotoxin, hyperthermia, or heat shock (154). In vitro,
ischemic tolerance also was described in neuronal cultures
by mimicking the ischemic insult with sublethal oxygen and
glucose deprivation (183).

As hypoxic preconditioning is noninvasive and reproduc-
ible, it has been widely used to study the mechanisms pro-
tecting the brain against global HI, particularly in newborn
rats and against focal transient and permanent cerebral is-
chemia in adult mice (25). However, although HI animal
models have increased our understanding of the processes
leading to cell death; there are still no pharmacological treat-
ments available to reduce cell death in the ischemic brain (28).
Previous studies suggested that hypoxic stress, elicited by
ischemia, could constitute one of the initial stimuli inducing
adaptive mechanisms that promote endogenous recovery
after stroke (287). Thus, it was demonstrated that hypoxia
preconditioning—induced tolerance to cerebral ischemia is in
association with an increased expression of HIF-1¢— and HIF-
1-target genes, such as EPO and VEGF (27, 96).
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FIG. 10. Schematic diagram illustrating the regulation of
HIF-1a by growth factors and cytokines. Alternative acti-
vation of HIF-la is through the phosphatidylinositol-3-
kinase (PI3K) and the mitogen-activated protein kinase
(MAPK) signaling pathway by mimetic stimuli, such as in-
sulin-like growth factors (IGFs) and cytokines. The protein
kinase C (PKC) increases the rate of HIF-1o transcription and
functions in conjunction with these signaling pathways.

The adaptation to hypoxia is suggested to be mediated by a
cellular system associated with HIF-1, which is a master
regulator of oxygen homeostasis (83). The cerebral cortex and
hippocampus in newborn rats were demonstrated to be a
major site of HIF-l« mRNA and protein expression together
with its target genes [e.g., EPO, VEGF, and inducible NOS
(INOS) (26, 295)]. Additionally, several studies demonstrated
that HIF-1o— and HIF-1-target genes were induced in the
brain after focal ischemia (26), and thus, it was suggested that
HIF-1 activation might contribute to the neuroprotective brain
preconditioning, which could be used in high-risk deliveries
and other clinical situations (25, 27, 234).

In vivo studies with both neonatal and adult rats have
shown that preconditioning with the iron chelator, DFO, or
the competitive inhibitor of iron, CoCl,, is protective in the
preclinical model of ischemia (142, 180, 241). The develop-
ment of novel small-molecule inhibitors of PHDs, which can
induce HIF-1¢, has been proposed as a potentially therapeutic
strategy for the treatment of ischemic diseases, including
stroke. For example, it was demonstrated that the PHD in-
hibitor compound A (Fibrogen), which prevents iron from
acting as a cofactor, induced HIF-1 in a rat model of ischemic
stroke (293). In addition, the 2-oxoglutarate analogue, DHB
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(192), has been shown to induce HIF-1o and to reduce infarct
volume in murine brain in a model of focal ischemia (112).
These studies and others suggested that PHD inhibition
and HIF stabilization may reduce glucose oxidation, thereby
reducing OS and hence promoting survival in brain pre-
conditioning (83, 152).

C. HIF-1 pathway and neurodegenerative diseases

In addition to its essential role during embryogenesis, HIF-
1-mediated signaling pathways have been suggested to be
involved in several brain pathologies (287), although many
more studies are still needed to fully clarify the impact of
HIF pathway on neurodegenerative pathogenesis. Indeed, the
complexity of the contribution of HIF signaling cascade to
the progression of neurodegenerative disorders was recently
discussed (221), suggesting that it may greatly depend on
whether HIF is the cause or the consequence of the disease
progression.

During aging, HIF-1o. accumulation and signaling-pathway
activation in the brain, in response to hypoxia and ischemia,
are attenuated (48). Thus, this impairment of HIF-1 signaling
in the aged brain may render this brain more susceptible to
neurodegenerative processes. In addition, in the AD brain, it
was demonstrated that HIF-1 levels were further reduced,
compared with age-matched controls (184), and the glucose
transporters, GLUT-1 and GLUT-3 were decreased, most
probably as the result of reduced HIF-1 levels (184). In the
pathogenesis of PD, PHD has been identified as one of the
genes that are regulated in the brains of sporadic PD patients
(100). Recently, it was demonstrated that PHD inhibition en-
hanced DA release in the rat brain in vivo, suggesting HIF-1o
induction (343). Additionally, HIF-1a activation was impli-
cated as a general neuroprotective mechanism against OS and
Ap peptide neurotoxicity (303). It was shown that neuronal
cell lines and primary cortical neurons, which were resistant
to Af-toxicity, revealed an enhanced flux of glucose through
the glycolytic and pentose-phosphate pathway, due to in-
duction of HIF-1u protein levels and activity (303). Moreover,
deletion of the HRE in the promoter region of the HIF-1-target
gene, VEGF, can cause motor degeneration in mice (161).
However, VEGF levels were reported to be normal in the
ALS spinal cord, but were shown to be low in the blood of
ALS patients (218). In AD brain, VEGF expression has been
observed in reactive astrocytes and perivascular deposits,
implicating the presence of regulatory mechanisms compen-
sating for insufficient vascularity and reduced cerebral per-
fusion (70). Additionally, the accumulation of VEGF within
amyloid plaques in the brains of AD patients has been sug-
gested to result in sequestration and local deficiency of
available VEGF (70). Altogether, the regulation of the redox
state, as well as the levels of proteins, enzymes, and target
genes of the HIF-1 system, has been suggested as a novel
subdiscipline in molecular pharmacology, which has prom-
ising therapeutic implications in neurodegenerative diseases.

IV. Iron-Chelating Compounds;
Neuroprotection Through HIF-1 Activation

Iron plays an essential role in the brain, where it is re-
quired as a cofactor for various enzymatic processes, but its
excess is a key component in the control of damaging effects,
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including hypoxia and oxidative metabolism. Given the
links between oxygen transport and iron metabolism, asso-
ciations between the physiology of hypoxic response and the
control of iron availability are important. Several HIF-1-
target genes (e.g., transferrin, TfR, and HO-1) are involved in
iron homeostasis, reflecting the molecular links between
oxygen homeostasis and iron metabolism. In support, a
previous report established an association between oxygen
and iron regulation by showing that hypoxia results in
higher iron absorption (202).

In addition, the PHD and FIH enzymes, which contain a
non-heme-bound Fe?* in their catalytic center (29), represent
important enzyme families that require iron as an essential
cofactor. Intracellular chelatable iron, which belongs to the
labile iron pool, can act as a cofactor for their enzyme activity.
Thus, it can be predicted that shortage of intracellular iron
will result in low PHD activity and upregulation of HIF-1
activity. Iron chelators can inhibit PHD and FIH by prevent-
ing the oxidation of Fe>* to Fe’* (Fenton reaction) in their
catalytic center, and thus, build up HIF-1a. The activation
of HIF-1-related genes is a supplementary important phys-
iologic neuroprotective mechanism, which includes the
induction of angiogenesis and activation of the glycolytic
metabolism, results in increased delivery of oxygen and nu-
trition that are crucial for neuronal survival (152). Previous
findings provided strong evidence confirming the connection
of HIF-1a and iron, demonstrating that pVHL-mediated reg-
ulation of HIF-1u stability is iron dependent (199). In addition,
it was suggested that a pathway for iron-mediated degrada-
tion of IRP2 is required for the activity of PHDs (111). The
PHD inhibitor, DMOG, which upregulates HIF-1, was shown
to inhibit iron-dependent degradation of IRP2 efficiently only
in cells pretreated with DFO (111). Iron chelators were shown
to exert their neuroprotective effects, in part, by activating a
signal-transduction pathway leading to increased expression
of genes known to compensate for hypoxia or OS (293, 352).
These findings indicate that iron is a necessary cofactor in the
posttranslational modification of HIF.

More recently, iron starvation of C57BL mice resulted in a
strong decrease in mRNA of a key regulator of iron absorption
and homeostasis, hepcidin, accompanied by a clear increase
in HIF-1a levels (238). This study, demonstrating the influ-
ence of dietary iron depletion on HIF-1a expression and the
control of iron metabolism and homeostasis regulators by
the pVHL/HIF pathway, provided essential molecular evi-
dence for the coordination between the process of iron uptake
and hypoxic response (238).

Table 1 summarizes the regulation of the HIF-1 system
by neuroprotective compounds possessing iron-regulating
properties in various neuronal cells and in vivo in animal
brains; DFO was demonstrated to confer neuroprotection in
association with HIF-la induction in various models of
hypoxic-ischemic brain injury in rats and mice (25, 212, 228,
271) and cultured neurons exposed to various insults, such
as oxygen and glucose deprivation and H,O, (Table 1) (3,
108). Blocking of HIF-1« by transfection of anti-HIF-1a, re-
duced DFO neuroprotective effects in hippocampal neurons
from E16 CD1 mice, suggesting that the mechanism of action
of DFO may involve iron chelation-related HIF-1o protein
induction (108). Previous studies demonstrated that DFO
treatment led to deficiency in iron-reducing capacity, re-
sulting in inhibition of PHD activity, induction of HIF-1«
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stabilization and downstream HIF-1-target genes associated
with iron homeostasis and metabolism, such as HO-1, TfR,
and transferrin (171, 262), and accompanied by a decrease in
mitochondrial ROS production in primary neurons (Table 1)
(82, 121, 293, 352). Further support for this interesting ther-
apeutic approach came from a study demonstrating that
prolonged DFO treatment significantly decreased the size of
rat-brain damage after ischemia and improved behavioral
recovery (85). In neuronal stem cells, DFO increased HIF-1a
protein expression (~ 100-fold) and subsequently the HIF-1-
target gene, VEGF, as well as the brain-derived neurotrophic
factor (BDNF) and stromal-derived factor (CXCR) (55). In
addition, the involvement of DFO in activating downstream
HIF-1-target genes was correlated with its ability to enhance
DNA binding of HIF-1a and activating transcription factor 1
(ATF-1)/cAMP response element in cortical cultures and in
the H19-7 hippocampal neuronal cell line (293, 352). It was
demonstrated that mRNA, protein, and/or activity of genes,
whose expression is known to be regulated by HIF-1 (e.g.,
glycolytic enzymes, p21¥* /<P ! TH, and EPO) were in-
creased in cultured cortical neurons in culture in response to
DFO (293). Regarding the effect of DFO on the rate-limiting
enzyme in catecholamine biosynthesis, TH (Fig. 4), which is
also an HIF-1-target gene (217, 278), it was recently reported
that DFO produced a delayed increase in the hypoxic venti-
latory response, suggesting a gene effect of this iron chelator
(215). Moreover, previous studies showed the neuropro-
tective effect of DFO in animal and cell-culture models of
cerebral ischemic stress, associated with EPO upregulation
through stabilization of HIF-1o (108, 180, 241, 246).

The liposoluble iron chelator 2,2’-dipyridyl has been shown
to reduce neuronal damage induced by permanent focal is-
chemia in rats, associated with regulation of HIF-1a protein
and its target gene, HO-1 (71). Recently, a novel iron chela-
tor/PHD inhibitor compound, TM6008 (Table 1) was shown to
induce angiogenesis and to protect the brain against ischemia
in vivo (213). The competitive PHD inhibitor DHB also was
found to stabilize HIF-1a through its ability to bind iron (329)
(Table 1). However, previous observation argued against this
ability of DHB to bind iron in embryonic rat cortical neurons,
while still demonstrating its capability of stabilizing HIF-1a
and activating HIF-1-dependent genes (293). A recent report
described that DHB and clioquinol protected dopaminergic
neurons against MPTP-induced cell death and upregulated
HIF-1a in C57Bl mice (168). DHB also elevated and maintained
the levels of mRNAs and proteins of HIF-1a—dependent genes,
HO-1 and Mn-SOD, in the presence of MPTP (168). Ad-
ditionally, it was demonstrated that DHB and the iron-chelator
SIH protected rat N27 SN DA-derived cells, cultured at oxy-
gen-tension conditions, against MPP" toxicity (the oxidative
product of MPTP) (168). These findings (Table 1) support the
HIF-PHD inhibition and stabilization of HIF-1o as a novel
relevant target for neuroprotective activity of iron chelators
against oxidative and neurologic insults.

A. Multifunctional, iron-chelating
neuroprotective drugs

Novel compounds comprising aromatic heterocyclic re-
lated to pyridine derivatives, such as 8-hydroxyquinolines,
were previously developed as selective PHDs inhibitors (115,
330). The generation of 8-hydroxyquinolines is based on a
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TABLE 1. SuMMARY OF HIF-1 SYSTEM REGULATION BY NEUROPROTECTIVE COMPOUNDS POSSESSING IRON-REGULATING
PROPERTIES IN VARIOUS NEURONAL CELLS AND ANIMAL BRAINS

Compound HIF system targets

Treatment protocol References

Desferrioxamine (DFO)

Inhibition of HIF-PHD and induction

Rat primary cerebral cortical (3, 6,21, 25,

of HIF-1« and hippocampal neurons; 93, 108,
H19-7 hippocampal neuronal 170, 212,
cells; neonatal mice; transient 228, 241,
ischemia-reperfusion in neonatal 271, 292)
rats, focal cerebral ischemic
rat brain
HIF-1-target genes [e.g., EPO; Rat primary cerebral cortical cells; (5, 66, 90,
glycolytic enzymes ALDA, hippocampal neurons from E16 148, 164,
phosphoglycerate kinase 1 (PGK1), CD1 mice; H19-7 hippocampal 292, 352)
6-phosphofructo-2-kinase/fructose-2,  neuronal cells; human neural
6-bisphosphatase (PFKFB-1-4) and stem cells; rat brainstem; focal
pyruvate kinase M; iNOS; TfR; cerebral ischemic rat brain
p21"afl/<pl, TH; VEGF, HO-1]
Liposoluble 2,2’-dipyridyl Regulation of HIF-1o protein and its ~ Focal cerebral ischemic rat brain (71)
target gene HO-1
Regulation of its target gene HO-1 Focal cerebral ischemic rat brain (71)
T™M 6008 Blocking active site of PHD and FIH  Transient global ischemia of (213)
Mongolian gerbils, hypoxia-
sensing transgenic rat strain
Ethyl 3,4 dimethylbenzoate Blocking active site of PHD, PC12 cells; rat primary cerebral (168, 292,
(DHB) inhibition of HIF-PHD, and cortical cells, rat N27 SN 329)

stabilization of HIF-1a protein DA-derived cells, focal cerebral

ischemic rat brain, MPTP-

mouse model

Induction of HIF-1-target genes PC12 cells; rat primary cerebral (168, 292,

(e.g., GLUT-1; VEGF; ALDA and cortical cells, rat N27 SN 329)
p21*2/€Pl HO-1; Mn-SOD) DA-derived cells,

MPTP mouse model

Clioquinol Induction of HIF-1« MPTP mouse model (168)

M30 [5-(N-methyl-N- Induction of HIF-1a Rat primary cortical neurons, (10, 159)
propargylaminomethyl)- motor neuron-like NSC-34 cells,
8-hydroxyquinoline]; HLA20 adult mouse brain
[5-(4-propargylpiperazin-1-yl- HIF-1-target genes (e.g., EPO; Rat primary cortical neurons, (10, 159)
methyl)-8-hydroxyquinol 1] enolase 1; VEGF; p21; TH) motor neuron-like NSC-34 cells,

adult mouse brain
Quercetin Induced accumulation of HIF-1a Murine brain endothelial cells (342)
HIF-1-target genes (e.g., VEGF) Murine brain endothelial cells (342)

EGCG and related polyphenolic Induction of HIF-1« SH-SY5Y cells (103)

compounds (e.g., ECG) HIF-1-target genes ge. g., GLUT-1; SH-SY5Y cells; Rat nodose (310,
VEGEF; p21waﬂ/ “PL, iINOS; TfR) ganglion; ischemic rat brain 331-333)

recently described isoquinoline derivative that specifically
inhibits PHDs. Co-crystallization with PHD2 revealed key
interactions between this compound and the active site of the
enzyme (200, 330), thereby serving as a basis for the design of
neuroprotective compounds.

The neuroprotective multifunctional iron chelators 8-
hydroxyquinolines derivatives, M30 and HLA20, were re-
cently shown to regulate the HIF-PHD system (Table 1); M30
and HLA20 upregulated HIF-1o and significantly increased
the levels of HIF-1-dependent neuroprotective genes, enolase-
1, VEGF, and BDNF in motor neuron-like NSC-34 cells (159).
In addition, these drugs upregulated HIF-1o and its depen-
dent protective genes (e.g., TfR, VEGF, BDNF, the glycolytic
enzyme enolase 1, p21, and EPO) in rat primary embryonic
cortical neurons (10). These gene products, which are regu-
lated by HIF-1o, may mediate M30-induced neuroprotective
effects (10, 159), because, for example, EPO was previously
demonstrated to prevent neuronal cell death in a spectrum

of different animal models (92, 93, 244), whereas the cyclin-
dependent kinase inhibitor, p21, was shown to be involved
in cell differentiation and cell-cycle arrest (206). In addition,
prior studies suggested that VEGF confers neurogenesis and
neuroprotective effects against cell death induced by vari-
ous insults, such as OS, hypoxia, and glutamate excitoxicity
(42, 166). This is consistent with our previous results (9, 11),
showing that M30 induced neuronal differentiation, as
manifested by cell-body elongation and stimulation of neurite
outgrowth. In addition, recent data provided evidence that
M30 induced mRNA expression levels of another important
HIF-1-target gene, TH, used as a marker for neuronal recov-
ery (10). Hypoxia was shown to induce TH gene transcription
and stabilize TH mRNA in PC12 cells (66). Hypoxia induction
of TH-gene transcription was reported to involve interaction
of the c-Fos and Jun-B transcription factor with the AP1 site
within the TH promoter (205, 217). Also, TH is regulated by
pVHL and phosphorylated CREB (278).
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It was reported that the PI3K-Akt signaling pathway acti-
vates a variety of signaling cascades with diverse outcomes,
including neuronal survival and death (294, 365). PI3K-Akt
activity also is intimately linked to HIF-1a regulation, not only
by inducing HIF-1« translation in response to growth factors,
but also through the regulation of HIF-1« protein degradation
(140, 169, 284). Overexpression of a direct substrate of Akt,
the glycogen synthase kinase (GSK)-3f, results in prolyl-
hydroxylation and pVHL-independent HIF-1o. ubiquitiny-
lation and proteasomal degradation (80). Recent studies
demonstrated that M30 significantly enhanced Akt and GSK-
3 phosphorylation in embryonic cortical neurons and motor
neuron-like NSC-34 cells (10, 159). Taken together, the neu-
roprotective and neurorestorative effects of the multifunc-
tional iron-chelating drugs, demonstrated in several in vitro
and in vivo neurodegenerative models, may correlate, at least
in part, with their ability to activate the transcriptional acti-
vator, HIF-14, and to upregulate the HIF-1 system.

B. Flavonoids

Flavonoids in nature, such as quercetin, galangin, and
green-tea flavonoids, may constitute an additional promising
therapeutic approach for treating various neurologic insults
by the regulation of HIF-1 system. These compounds have
been well characterized to posses antiinflammatory and an-
tioxidant/prooxidant and divalent metal (iron and copper)
chelating activities (102, 107, 158, 229) and have been shown
to exert neuroprotection against a variety of neurotoxic insults
(67, 74, 143, 191, 193, 336). The main pharmacological and
iron-chelating properties of flavonoids have been accumula-
tively and comprehensively summarized (119, 235, 251). Ex-
tensive studies aimed at elucidating the molecular
mechanisms and cell-signaling pathways participating in the
neuroprotective action of flavonoids have revealed the regu-
lation of a number of molecular targets, including the
HIF/PHD pathway, by chelating cellular iron ions and/or
through their radical-scavenging activities (137, 314, 361). Si-
milar to hypoxia, natural flavonoids were demonstrated to
induce intracellular accumulation of HIF-1« and subsquently
the increase of VEGF secretion by inhibiting HIF-PHD in
various cell lines and endothelial cells (229, 342). PI3K/Akt
and MAPK/ERK signal-transduction pathways were found
to be involved in the effect of flavonoids on HIF-1o (229). In
support, the main constituent of the standardized dietary
flavone, Ginkgo biloba (Ginkgoaceae) extract, EGb 761, was
demonstrated to upregulate HIF-la protein expression
through the activation of the p42/p44 MAPK pathway, as
well as significantly to protect hypoxic PC12 cells (181).

Recent studies in HeLa cells demonstrated that the flavo-
noids, baicalein, luteolin, fisetin, and quercetin, induced HIF-
la levels under normal oxygen pressure and revealed that
their lipophilicity capability to bind intracellular iron effi-
ciently was essential for HIF-1a induction (137, 317, 318).
These reports suggest that the iron-chelating moieties in fla-
vonoids (e.g., quercetin; Fig. 6B; Table 1), the OH at position 3’
of the C ring and/or OH at positions 3’ and 4’ of the B ring,
enabled PHD inhibition and consequently prevented HIF-1a
ubiquitinylation and degradation.

Particular attention has been paid to studying the neuro-
protective activity of flavonoid-type compounds, EGCG (128,
176, 178, 323). Several studies of short- and long-term EGCG
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administration, in different cellular and animal models of
neurodegeneration, demonstrated various novel molecular
targets, including, the MAPK/PKC and the PI-3K/Akt sig-
naling pathways, survival genes and proteins associated with
mitochondrial function, such as Bcl-2 family members (e.g.,
Bcl-2, Bcl-W, and Bel-xL), the binding protein 14-3-3, and heat-
shock proteins (50, 54, 146, 155, 156, 177, 179, 216, 248-250,
332, 337). In addition, previous studies showed a potential
neuroprotective effect of EGCG on the ganglionic neurons of
the nodose ganglion (NG) in acute hypoxic rats (331) and
against neuronal damage in various experimental models of
hypoxia and cerebral ischemia (173, 182, 183, 309, 310, 331).
These studies demonstrated that the favorable effects of
EGCG are, in part, due to the modulation of NOS isoforms
and to the preservation of mitochondrial-complex activity
and integrity (331).

A recent proteomic study demonstrated the effect of EGCG
on various proteins involved in the regulation of metabolic
energy balance and neurite outgrowth, including ATP syn-
thase H" transporting mitochondrial F1 complex B (333).
These results suggest that the stimulation of cell energy by
EGCG may be associated with its effect on mitochondrial
function.

Moreover, EGCG and another member of the green-tea
catechins, epicatechin-3-gallate (ECG) were previously shown
to induce HIF-1o protein and mRNA expression levels of the
HIF-1-target genes, GLUT-1, VEGF, and p21"*/<P! (361).
This effect was blocked by iron and ascorbate, indicating that
these catechins may activate HIF-1o through iron chelation
(314, 361). In accordance, a recent report described that ECG
increased HIF-1a protein levels in cortical neurons subjected
to ischemia induced by glucose deprivation (103). In support,
in a progressive cell-death model of SH-SY5Y culture, EGCG
was demonstrated to confer neurorescue effects and signifi-
cantly to upregulate the expression of HIF-1« levels, as well as
its target gene, associated with iron homeostasis, TfR (Table 1)
(250, 333). Additionally, applying the same neurorescue par-
adigm, EGCG decreased mRNA transcript and protein levels
of the f-subunit of PHD and the protein levels of the molec-
ular chaperone member of the heat-shock protein (HSP)70
family, the immunoglobulin-heavy-chain-binding protein
BiP, which is associated with HIF-1o regulation/degradation
(250, 324, 332). Bip can replace the f-subunit of PHD in the
enzyme tetramer structure (141); thus, the effect of EGCG on
HIF-1a may be an outcome of downregulating the f-subunit
of PHD and BiP. Moreover, EGCG decreased the expression
level of HSP90-§ in serum-deprived SH-SY5Y cells (332).
Previous findings suggested that HSP90 inhibitors induced
concentration-dependent regulation of the HIF-1 system, in-
cluding VEGF expression-mediated HIF-1o stabilization (125,
149). Consequently, the regulatory effect of EGCG on the HIF-
1 pathway under OS/hypoxic conditions may be associated
with its iron-chelating activities, as well as with a suppressive
effect on PHDs and neuronal regulation of HIF-1-target genes
(333).

V. Conclusions and Future Perspectives

Although misregulation of the HIF/PHD pathway is only
one component of a spectrum of reactions occurring in neu-
rodegeneration, HIF-1 is a “master switch,” being an im-
portant physiologic response mechanism, likely resulting in
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FIG. 11.

Neuroprotective multifactorial effects of designed and natural iron chelators (e.g., M30, HLA20, and flavonoids)

associated with the HIF-1 system. A full explanation is discussed in the text.

several reproducible neuroprotective effects (29). Given the
wide range and diversity of cellular functions regulated by
the whole spectrum of HIF-1-target genes, it is suggested that
this compensatory pathway mediated neuroprotection and is
crucially involved in many physiologic processes within the
brain (Fig. 11). Previous studies implicated reduced HIF-1«
expression levels as a novel component in aging (a known risk
for neurodegeneration) (261) and upregulation of EGLN1/
PHD?2 in human SN as a major biomarker in PD pathogenesis
(100). Impaired activation of the HIF-1 system can alterna-
tively occur by cellular disturbances of the proteasomal
function, reported in many neurodegenerative diseases, such
as PD and AD.

Iron-chelating stabilizers may exert their multifunctional
neuroprotective and prosurvival effects by inducing the HIF-
la cell-signaling pathway and HIF-1-target genes, such as
EPO and VEGF. Recent studies demonstrated that VEGF
overexpression protected against nigral cell death induced
in the MPTP model of PD (168). Thus, the novel notion and
challenge underline the design of neuroprotective com-
pounds, such as our brain-permeable multifunctional iron-
chelating drug, M30, which would regulate the cellular redox
state and activate HIF-1a signaling.

In addition, the analogous subunit of HIF-1e, HIF-20, was
suggested to play a crucial role in maintaining iron balance in
the organism by directly regulating the transcription of the
gene encoding the divalent metal transporter 1 (DMT1) (196).
Specific deletion of HIF-2« led to a decrease in serum and liver
iron levels and a marked decrease in liver hepcidin expression,
indicating the involvement of an induced systemic response to
counteract iron deficiency (196). HIF-2« expression, not like
that of HIF-1o,, which is constitutively expressed, appears to be
restricted to certain brain areas, including the cortex, as well as

the hippocampus and cerebellum (341). Additionally, recent
study suggested that a target for iron chelator-mediated
neuroprotection is PHD1-upregulated HIF-2, which is an iron,
oxygen, and 2-oxoglutarate-dependent dioxygenase (292).
This suggests that monitoring HIF-2« levels in the brain could
benefit patients with iron-related neurodegenerative disor-
ders, considering that its activation may allow iron mobiliza-
tion, whereas its reduction, by iron-chelator drugs, favors
decreased iron absorption.

However, the more-precise impact regarding the specific
mechanisms by which iron chelators regulate HIF-1/2 sys-
tems must be further investigated. Future transgenic animal—
model studies, selectively modulating HIF-1/2 expression
and function in the brain, will clarify the importance of this
pathway in the neuroprotective effect of iron-chelating drugs,
broaden the current therapeutic approaches for the treatment
of neurologic disorders, and overall, will open a new window
for future drug development. Because iron chelation has been
suggested to be a therapeutic treatment for disorders such as
PD, AD, and ALS, understanding the exact mechanisms by
which iron acts to cause neurodegeneration and how the brain
would be affected by iron chelation could potentially give us
novel insights into new therapies directed toward preventing
or slowing neuronal death.

Acknowledgments

The authors gratefully acknowledge the support of the
Alzheimer’s Drug Discovery Foundation (ADDF), the Alz-
heimer’s Association (Chicago, USA), the Israeli ALS Re-
search Association (Haifa, Israel), and the Rappaport Family
Research Institute, Technion-Israel Institute of Technology
(Haifa, Israel).


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2009.2929&iName=master.img-010.jpg&w=384&h=264

NEUROPROTECTIVE IRON CHELATORS AND HYPOXIA-INDUCIBLE FACTOR

References

1.

10.

11.

12.

Adlard PA, Cherny RA, Finkelstein DI, Gautier E, Robb E,
Cortes M, Volitakis I, Liu X, Smith JP, Perez K, Laughton
K, Li QX, Charman SA, Nicolazzo JA, Wilkins S, Deleva
K, Lynch T, Kok G, Ritchie CW, Tanzi RE, Cappai R,
Masters CL, Barnham KJ, and Bush Al. Rapid restoration of
cognition in Alzheimer’s transgenic mice with 8-hydroxy
quinoline analogs is associated with decreased interstitial
Abeta. Neuron 59: 43-55, 2008.

. Akao Y, Maruyama W, Shimizu S, Yi H, Nakagawa Y,

Shamoto-Nagai M, Youdim MBH, Tsujimoto Y, and Naoi
M. Mitochondrial permeability transition mediates apo-
ptosis induced by N-methyl(R)salsolinol, an endogenous
neurotoxin, and is inhibited by Bcl-2 and rasagiline, N-
propargyl-1(R)-aminoindan. [_Neurochem 82: 913-923,
2002.

. Almli LM, Hamrick SE, Koshy AA, Tauber MG, and

Ferriero DM. Multiple pathways of neuroprotection against
oxidative stress and excitotoxic injury in immature primary

hippocampal neurons. BugiRes Rer Brain Reg 132: 121-129,
2001.

. Altamura S and Muckenthaler MU. Iron toxicity in dis-

eases of aging: Alzheimer’s disease, Parkinson’s disease and
atherosclerosis. [Alzheimers Dis 16: 879-895, 2009.

. Aminova LR, Chavez JC, Lee ], Ryu H, Kung A, Lamanna

JC, and Ratan RR. Prosurvival and prodeath effects of
hypoxia-inducible factor-lalpha stabilization in a murine
hippocampeal cell line. [ Biol Chern 280: 3996-4003, 2005.

. Aminova LR, Siddiq A, and Ratan RR. Antioxidants, HIF

prolyl hydroxylase inhibitors or short interfering RNAs to
BNIP3 or PUMA, can prevent prodeath effects of the
transcriptional activator, HIF-lalpha, in a mouse hippo-

campal neuronal line. Agfigxid Redox Sigugl 10: 1989-1998,
2008.

. Atamna H and Frey WH 2nd. A role for heme in Alzhei-

mer’s disease: heme binds amyloid beta and has altered

metabolism. RugeeNatl dcad SeinllSnd 101: 11153-11158,
2004.

. Atwood CS, Scarpa RC, Huang X, Moir RD, Jones WD,

Fairlie DP, Tanzi RE, and Bush AI. Characterization of
copper interactions with Alzheimer amyloid beta peptides:
identification of an attomolar-affinity copper binding site
on amyloid betal-42. [ Neurochem 75: 1219-1233., 2000.

. Avramovich-Tirosh Y, Amit T, Bar-Am O, Zheng H,

Fridkin M, and Youdim MB. Therapeutic targets and
potential of the novel brain-permeable multifunctional
iron chelator-monoamine oxidase inhibitor drug, M-30,
for the treatment of Alzheimer’s disease. [ Neurochen 100:
490-502, 2006.

Avramovich-Tirosh Y, Bar-Am O, Amit T, Youdim MBH,
and Weinreb O. Up-regulation of hypoxia-inducible factor
(HIF)-1 alpha and HIF-regulated genes in cortical neurons
by the novel anti-Alzheimer multifunctional iron chelator
drugs. Curr Alzheimer Res, 2009 Dec 31. [Epub ahead of print]
Avramovich-Tirosh Y, Reznichenko L, Mit T, Zheng H,
Fridkin M, Weinreb O, Mandel S, and Youdim MB. Neu-
rorescue activity, APP regulation and amyloid-beta peptide
reduction by novel multi-functional brain permeable iron-
chelating- antioxidants, M-30 and green tea polyphenol,
el e A heier R 4: 403-411, 2007.

Baby SM, Roy A, Mokashi AM, and Lahiri S.
Effects of hypoxia and intracellular iron chelation on
hypoxia-inducible factor-lalpha and -lbeta in the rat

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

937

carotid body and glomus cells. Histocken Cell Biol 120: 343—
352, 2003.

Bandyopadhyay S, Huang X, Cho H, Greig NH, Youdim
MB, and Rogers JT. Metal specificity of an iron-responsive
element in Alzheimer’'s APP mRNA 5untranslated re-
gion, tolerance of SH-SY5Y and H4 neural cells to desfer-
rioxamine, clioquinol, VK-28, and a piperazine chelator.
LNeyral Trausmission Suppl 71: 237-247, 2006.

Banerjee A, Kunwar A, Mishra B, and Priyadarsini KI.
Concentration dependent antioxidant/pro-oxidant activity
of curcumin studies from AAPH induced hemolysis of
RBCs. Chom Biol Intergct 174: 134-139, 2008.

Bar-Am O, Amit T, and Youdim MB. Aminoindan and
hydroxyaminoindan, metabolites of rasagiline and lados-
tigil, respectively, exert neuroprotective properties in vitro.
[ Neurochenm 103: 500-508, 2007.

Bar-Am O, Weinreb O, Amit A, and Youdim MBH. The
neuroprotective mechanism of 1-(R)-aminoindan, the major
metabolite of the anti-parkinsonian drug rasagiline. | Neu-
rochem 112: 1131-1137, 2010.

Bar-Am O, Weinreb O, Amit T, and Youdim MB. Regula-
tion of Bcl-2 family proteins, neurotrophic factors, and APP
processing in the neurorescue activity of propargylamine.
EASEB ] 19: 1899-1901, 2005.

Bartzokis G, Sultzer D, Cummings J, Holt LE, Hance DB,
Henderson VW, and Mintz J. In vivo evaluation of brain
iron in Alzheimer disease using magnetic resonance im-
aging. Azch Gen Peychigtry 57: 47-53, 2000.

Ben-Shachar D, Eshel G, Finberg JP, and Youdim MB.
The iron chelator desferrioxamine (Desferal) retards 6-
hydroxydopamine-induced degeneration of nigrostriatal
dopamine neurons. [ Neurochem 56: 1441-1444, 1991.
Ben-Shachar D, Eshel G, Riederer P, and Youdim MBH.
Role of iron and iron chelation in dopaminergic-induced
neurodegeneration: implication for Parkinson’s disease.
Ann Neurol 32 (suppl): S105-5110, 1992.

Ben-Shachar D, Kahana N, Kampel V, Warshawsky A, and
Youdim MBH. Neuroprotection by a novel brain perme-
able iron chelator, VK-28, against 6-hydroxydopamine le-
sion in rats. Neyrophgrmgcolooy 46: 254-263, 2004.
Ben-Shachar D and Youdim MB. Intranigral iron injection
induces behavioral and biochemical “parkinsonism” in rats.
L Neurochem 57: 2133-2135, 1991.

Benarroch EE. Brain iron homeostasis and neurodegener-
ative disease. Neurology 72: 1436-1440, 2009.

Berg D, Gerlach M, Youdim MB, Double KL, Zecca L,
Riederer P, and Becker G. Brain iron pathways and their
relevance to Parkinson’s disease. [ Neurochem 79: 225-236,
2001.

Bergeron M, Gidday JM, Yu AY, Semenza GL, Ferriero DM,
and Sharp FR. Role of hypoxia-inducible factor-1 in hyp-
oxia-induced ischemic tolerance in neonatal rat brain. Ann
Neurol 48: 285-296, 2000.

Bergeron M, Yu AY, Solway KE, Semenza GL, and Sharp
FR. Induction of hypoxia-inducible factor-1 (HIF-1) and its
target genes following focal ischaemia in rat brain. Eur |
Neurosci 11: 4159-4170, 1999.

Bernaudin M, Nedelec AS, Divoux D, MacKenzie ET, Petit
E, and Schumann-Bard P. Normobaric hypoxia induces
tolerance to focal permanent cerebral ischemia in associa-
tion with an increased expression of hypoxia-inducible
factor-1 and its target genes, erythropoietin and VEGF, in

the adult mouse brain. LCgzeb Blagd Elozu Metgh 22: 393-403,
2002.



938

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bernaudin M and Sharp FR. Methods to detect hypoxia-
induced ischemic tolerance in the brain. Mgthods Euzymol
381: 399-416, 2004.

Bernhardt WM, Warnecke C, Willam C, Tanaka T, Wies-
ener MS, and Eckardt KU. Organ protection by hypoxia
and hypoxia-inducible factors. Methods Enzumol 435: 221—
245, 2007.

Berra E, Benizri E, Ginouves A, Volmat V, Roux D, and
Pouyssegur J. HIF prolyl-hydroxylase 2 is the key oxygen
sensor setting low steady-state levels of HIF-lalpha in
normoxia. EMBO [ 22: 4082-4090, 2003.

Bharath S, Hsu M, Kaur D, Rajagopalan S, and Andersen
JK. Glutathione, iron and Parkinson’s disease. Biochem
Pharmacol 64: 1037-1048, 2002.

Bianchi L, Tacchini L, and Cairo G. HIF-1-mediated acti-
vation of transferrin receptor gene transcription by iron
chelation. Nugleic Agids Res 27: 4223-4227, 1999.
Birkmayer W, Riederer P, Ambrozi L, and Youdim MBH.
Implications of combined treatment with “Madopar” and
L-deprenil in Parkinson’s disease: a long-term study. Lancet
1: 439-443, 1977.

Bolognin S, Drago D, Messori L, and Zatta P. Chelation
therapy for neurodegenerative diseases. Med Res Rev 29:
547-570, 2009.

Braak H and Del Tredici K. Poor and protracted myelina-
tion as a contributory factor to neurodegenerative disor-
ders. Neurobiol Aging 25: 19-23, 2004.

Bruick RK. Oxygen sensing in the hypoxic response path-
way: regulation of the hypoxia-inducible transcription fac-
tor. Genes Dev 17: 2614-2623, 2003.

Brun A and Englund E. A white matter disorder in
dementia of the Alzheimer type: a pathoanatomical study.
Ann Neurol 19: 253-262, 1986.

Bullock R. Future directions in the treatment of Alzheimer’s
disease. SxideitQuiglunestDeygs 13: 303-314, 2004.

Bush AL The metallobiology of Alzheimer’s disease. Trends
Neurosci 26: 207-214, 2003.

Bush Al Drug development based on the metals hypoth-
esis of Alzheimer’s disease. [Alzheimers Dis 15: 223-240,
2008.

Cahoon L. The curious case of clioquinol. Nat Med 15: 356—
359, 2009.

Carmeliet P and Storkebaum E. Vascular and neuronal ef-
fects of VEGF in the nervous system: implications for
neurological disorders. Sgmiz Cell Dep Bigl 13: 39-53, 2002.
Carrillo MC, Kitani K, Kanai S, Sato Y, Miyasaka K, and
Ivy GO. (-)Deprenyl increases activities of superoxide dis-
mutase and catalase in certain brain regions in old male
mice. Life Sci 54: 975-981, 1994.

Carrillo MC, Minami C, Kitani K, Maruyama W, Ohashi K,
Yamamoto T, Naoi M, Kanai S, and Youdim MBH. En-
hancing effect of rasagiline on superoxide dismutase and
catalase activities in the dopaminergic system in the rat. Life
Sci 67: 577-585, 2000.

Castellani R], Honda K, Zhu X, Cash AD, Nunomura A,
Perry G, and Smith MA. Contribution of redox-active iron
and copper to oxidative damage in Alzheimer disease.
Ageing Res Rey 3: 319-326, 2004.

Castellani R], Moreira PI, Liu G, Dobson J, Perry G, Smith
MA, and Zhu X. Iron: the redox-active center of oxidative
stress in Alzheimer disease. Neurochem Res 32: 1640-1645,
2007.

Chan DA, Kawahara TL, Sutphin PD, Chang HY, Chi JT,
and Giaccia AJ. Tumor vasculature is regulated by PHD2-

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

WEINREB ET AL.

mediated angiogenesis and bone marrow-derived cell re-
cruitment. Cancer Cell 15: 527-538, 2009.

Chavez JC and LaManna JC. Hypoxia-inducible factor-
lalpha accumulation in the rat brain in response to hypoxia
and ischemia is attenuated during aging. Adp Exp Med Bigl
510: 337-341, 2003.

Cheah JH, Kim SF, Hester LD, Clancy KW, Patterson SE
3rd, Papadopoulos V, and Snyder SH. NMDA receptor-
nitric oxide transmission mediates neuronal iron homeo-
stasis via the GTPase Dexrasl. Neuron 51: 431-440, 2006.
Chen C, Yu R, Owuor ED, and Kong AN. Activation of
antioxidant-response element (ARE), mitogen-activated
protein kinases (MAPKSs) and caspases by major green tea
polyphenol components during cell survival and death.
Arch Pharm Res 23: 605-612, 2000.

Chen JJ and Ly AV. Rasagiline: a second-generation
monoamine oxidase type-B inhibitor for the treatment of
Parkinson’s disease. dilimimilodibmotistablgiyy 63: 915-928,
2006.

Cherny RA, Atwood CS, Xilinas ME, Gray DN, Jones WD,
McLean CA, Barnham K], Volitakis I, Fraser FW, Kim Y,
Huang X, Goldstein LE, Moir RD, Lim JT, Beyreuther K,
Zheng H, Tanzi RE, Masters CL, and Bush Al Treatment
with a copper-zinc chelator markedly and rapidly inhibits
beta-amyloid accumulation in Alzheimer’s disease trans-
genic mice. Neuron 30: 665-676, 2001.

Cherny RA, Legg JT, McLean CA, Fairlie DP, Huang X,
Atwood CS, Beyreuther K, Tanzi RE, Masters CL, and Bush
Al Aqueous dissolution of Alzheimer’s disease Abeta
amyloid deposits by biometal depletion. | Biol Chem 274:
23223-23228, 1999.

Choi YT, Jung CH, Lee SR, Bae JH, Baek WK, Suh MH,
Park J, Park CW, and Suh SI. The green tea polyphenol (-)-
epigallocatechin gallate attenuates beta-amyloid-induced
neurotoxicity in cultured hippocampal neurons. Life Sci 70:
603-614, 2001.

Chu K, Jung KH, Kim SJ, Lee ST, Kim J, Park HK, Song EC,
Kim SU, Kim M, Lee SK, and Roh JK. Transplantation of
human neural stem cells protect against ischemia in a
preventive mode via hypoxia-inducible factor-lalpha sta-
bilization in the host brain. Brain Res 1207: 182-192, 2008.
Cohen G. Oxidative stress, mitochondrial respiration, and
Parkinson’s disease. A N Y Acad Sci 899: 112-120, 2000.
Connor JR and Lee SY. HFE mutations and Alzheimer’s
disease. [ Alzheimers Dis 10: 267-276, 2006.

Connor JR and Menzies SL. Cellular management of iron in
the brain. | Neurol Sci 134(suppl): 3344, 1995.

Connor JR, Menzies SL, St Martin SM, and Mufson EJ.
A histochemical study of iron, transferrin, and ferritin
in Alzheimer’s diseased brains. [ Neurosci Res 31: 75-83,
1992.

Cozzolino M, Ferri A, and Carri MT. Amyotrophic lat-
eral sclerosis: from current developments in the laboratory
to clinical implications. Autioxd Redox Siongl 10: 405-443,
2008.

Crapper McLachlan DR, Dalton AJ, Kruck TP, Bell MY,
Smith WL, Kalow W, and Andrews DF. Intramuscular
desferrioxamine in patients with Alzheimer’s disease.
Lancet 337: 1304-1328, 1991.

Crichton RR and Pierre JL. Old iron, young copper: from
Mars to Venus. Biometals 14: 99-112, 2001.

Cronin S, Berger S, Ding J, Schymick JC, Washecka N,
Hernandez DG, Greenway M], Bradley DG, Traynor B]J,
and Hardiman O. A genome-wide association study of



NEUROPROTECTIVE IRON CHELATORS AND HYPOXIA-INDUCIBLE FACTOR

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

sporadic ALS in a homogenous Irish population. Hum Mol
Genet 17: 768-774, 2008.

Crow JP, Calingasan NY, Chen ], Hill JL, and Beal MF.
Manganese porphyrin given at symptom onset markedly
extends survival of ALS mice. Ann Neurol 58: 258-265, 2005.
Cummins EP, Berra E, Comerford KM, Ginouves A, Fitz-
gerald KT, Seeballuck F, Godson C, Nielsen JE, Moynagh P,
Pouyssegur J, and Taylor CT. Prolyl hydroxylase-1 nega-
tively regulates IkappaB kinase-beta, giving insight into
hypoxia-induced NFkappaB activity. Rroc Natl Acad Sci
USA 103: 18154-18159, 2006.

Czyzyk-Krzeska MF, Furnari BA, Lawson EE, and Millhorn
DE. Hypoxia increases rate of transcription and stability of
tyrosine hydroxylase mRNA in pheochromocytoma (PC12)
cells. [ Biol Chem 269: 760-764, 1994.

Dai Q, Borenstein AR, Wu Y, Jackson JC, and Larson EB.
Fruit and vegetable juices and Alzheimer’s disease: the
Kame Project. Am | Med 119: 751-759, 2006.

Danzeisen R, Achsel T, Bederke U, Cozzolino M, Crosio C,
Ferri A, Frenzel M, Gralla EB, Huber L, Ludolph A, Nencini
M, Rotilio G, Valentine JS, and Carri MT. Superoxide dis-
mutase 1 modulates expression of transferrin receptor. | Biol
Inorg Chem 11: 489-498, 2006.

Dedeoglu A, Cormier K, Payton S, Tseitlin KA, Kremsky
JN, Lai L, Li X, Moir RD, Tanzi RE, Bush Al, Kowall NW,
Rogers JT, and Huang X. Preliminary studies of a novel
bifunctional metal chelator targeting Alzheimer’s amyloi-
dogenesis. Exp Gerontol 39: 1641-1649, 2004.

Del Bo R, Ghezzi S, Scarpini E, Bresolin N, and Comi GP.
VEGEF genetic variability is associated with increased risk of
developing Alzheimer’s disease. [ Neurol Sci 283: 66-68, 2009.
Demougeot C, Van Hoecke M, Bertrand N, Prigent-Tessier
A, Mossiat C, Beley A, and Marie C. Cytoprotective effi-
cacy and mechanisms of the liposoluble iron chelator 2,2’-
dipyridyl in the rat photothrombotic ischemic stroke
model. [Rhgrmacal Exp Ther 311: 1080-1087, 2004.

Dirnagl U, Simon RP, and Hallenbeck JM. Ischemic toler-
ance and endogenous neuroprotection. Irends Neyrosci 26:
248-254, 2003.

Ebadi M, Sharma S, Shavali S, and El Refaey H. Neuro-
protective actions of selegiline. [ Neurosci Res 67: 285-289,
2002.

Ehrnhoefer DE, Duennwald M, Markovic P, Wacker JL,
Engemann S, Roark M, Legleiter J, Marsh JL, Thompson
LM, Lindquist S, Muchowski PJ, and Wanker EE. Green tea
(-)-epigallocatechin-gallate modulates early events in hun-
tingtin misfolding and reduces toxicity in Huntington’s
disease models. Hym Mol Genet 15: 2743-2751, 2006.
Epstein AC, Gleadle JM, McNeill LA, Hewitson KS,
O'Rourke J, Mole DR, Mukherji M, Metzen E, Wilson MI,
Dhanda A, Tian YM, Masson N, Hamilton DL, Jaakkola P,
Barstead R, Hodgkin J, Maxwell PH, Pugh CW, Schofield
C]J, and Ratcliffe PJ. C. elegans EGL-9 and mammalian ho-
mologs define a family of dioxygenases that regulate HIF
by prolyl hydroxylation. Cell 107: 43-54, 2001.

Fahey JW and Kensler TW. Role of dietary supplements/
nutraceuticals in chemoprevention through induction of
cytoprotective enzymes. Chient Res Toxjcol 20: 572-576, 2007.
Fandrey ]. Oxygen-dependent and tissue-specific regula-
tion of erythropoietin gene expression. Ay L Physiol Reoul

Lutegr Comp Physiol 286: R977-R988, 2004.
Faucheux BA, Bonnet AM, Agid Y, and Hirsch EC. Blood

vessels change in the mesencephalon of patients with Par-
kinson’s disease. Lancet 353: 981-982, 1999.

79

80

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

939

Ferriero DM. Protecting neurons. Epilepsia 46(suppl 7): 45—
51, 2005.

Flugel D, Gorlach A, Michiels C, and Kietzmann T. Gly-
cogen synthase kinase 3 phosphorylates hypoxia-inducible
factor lalpha and mediates its destabilization in a VHL-
independent manner. Mol Cell Biol 27: 3253-3265, 2007.
Fowler CJ, Wiberg A, Oreland L, Marcusson J, and Win-
blad B. The effect of age on the activity and molecular
properties of human brain monoamine oxidase. | Neural
Transmission 49: 1-20, 1980.

Fowler JS, Logan J, Wang GJ, Volkow ND, Zhu W, Fran-
ceschi D, Pappas N, Ferrieri R, Shea C, Garza V, Xu Y,
MacGregor RR, Schlyer D, Gatley SJ, Ding YS, and Alexoff
D. PET imaging of monoamine oxidase B in peripheral
organs in humans. [ Nucl Med 43: 1331-1338, 2002.

Fraisl P, Aragones ], and Carmeliet P. Inhibition of oxy-
gen sensors as a therapeutic strategy for ischaemic and
inflammatory disease. NgluRoleldidigaldiscay 8: 139-152,
2009.

Frede S, Stockmann C, Freitag P, and Fandrey J. Bacterial
lipopolysaccharide induces HIF-1 activation in human
monocytes via p44/42 MAPK and NF-kappaB. Biochen |
396: 517-527, 2006.

Freret T, Valable S, Chazalviel L, Saulnier R, Mackenzie ET,
Petit E, Bernaudin M, Boulouard M, and Schumann-Bard P.
Delayed administration of deferoxamine reduces brain
damage and promotes functional recovery after transient
focal cerebral ischemia in the rat. Euz [ Neurosci 23: 1757-
1765, 2006.

Fridovich 1. Superoxide dismutases. Aguu Rey Biocken 44:
147-159, 1975.

Fukui H and Moraes CT. The mitochondrial impairment,
oxidative stress and neurodegeneration connection: reality
or just an attractive hypothesis? Irends Neyrosci 31: 251-
256, 2008.

Gal S, Fridkin M, Amit T, Zheng H, and Youdim MB. M30,
a novel multifunctional neuroprotective drug with potent
iron chelating and brain selective monoamine oxidase-ab
inhibitory activity for Parkinson’s disease. [ Neyrgl Transu
Suppl: 447-456, 2006.

Gal S, Zheng H, Fridkin M, and Youdim MB. Novel mul-
tifunctional neuroprotective iron chelator-monoamine oxi-
dase inhibitor drugs for neurodegenerative diseases: in vivo
selective brain monoamine oxidase inhibition and preven-
tion of MPTP-induced striatal dopamine depletion. | Neuro-
chem 95: 79-88, 2005.

Gal S, Zheng H, Fridkin M, and Youdim MB. Restoration of
nigrostriatal dopamine neurons in post-MPTP treatment by
the novel multifunctional brain-permeable iron chelator-
monoamine oxidase inhibitor drug, M30. Neurotox Res 2009
(DOI 10.1007/512640-009-9070-9079).

Gassen M and Youdim MB. The potential role of iron
chelators in the treatment of Parkinson’s disease and re-
lated neurological disorders. Phgrugcol Toxjcol 80: 159-166,
1997.

Genc S, Koroglu TF, and Genc K. Erythropoietin and the
nervous system. Brain Res 1000: 19-31, 2004.

Genc S, Koroglu TF, and Genc K. Erythropoietin as a
novel neuroprotectant. RestarNeyzal Newzosel 22: 105-119,
2004.

Gerlach M, Double KL, Youdim MB, and Riederer P.
Potential sources of increased iron in the substantia nigra of
parkinsonian patients. | Neural Transmission suppl: 133-142,
2006.



940

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Gerlach M, Double KL, Youdim MBH, and Riederer P.
Strategies for the protection of dopaminergic neurons
against neurotoxicity. Neuyrofoxicol Res suppl 2: 99-114, 2000.
Gidday JM, Fitzgibbons JC, Shah AR, and Park TS. Neu-
roprotection from ischemic brain injury by hypoxic pre-
conditioning in the neonatal rat. Neurosci Lett 168: 221-224,
1994.

Gorres KL, Pua KH, and Raines RT. Stringency of the
2-His-1-Asp active-site motif in prolyl 4-hydroxylase. PLoS
One 4: €7635, 2009.

Gotz ME, Double K, Gerlach M, Youdim MB, and Riederer
P. The relevance of iron in the pathogenesis of Parkinson’s
disease. Ag N Y Acad Sci 1012: 193-208, 2004.

Gotz ME, Kunig G, Riederer P, and Youdim MB. Oxidative
stress: free radical production in neural degeneration.
DPharmgcol Ther 63: 37-122, 1994.

Grunblatt E, Mandel S, Jacob-Hirsch ], Zeligson S, Amar-
iglo N, Rechavi G, Li ], Ravid R, Roggendorf W, Riederer P,
and Youdim MB. Gene expression profiling of parkinso-
nian substantia nigra pars compacta; alterations in
ubiquitin-proteasome, heat shock protein, iron and oxida-
tive stress regulated proteins, cell adhesion/cellular matrix
and vesicle trafficking genes. [ Newrgl Trausy 111: 1543—
1573, 2004.

Grundke-Igbal I, Fleming J, Tung YC, Lassmann H, Igbal
K, and Joshi JG. Ferritin is a component of the neuritic
(senile) plaque in Alzheimer dementia. Actg Neuropathol 81:
105-110, 1990.

Guo Q, Zhao B, Li M, Shen S, and Xin W. Studies on
protective mechanisms of four components of green tea
polyphenols against lipid peroxidation in synaptosomes.
Biachizm Bigphys Actg 1304: 210-222, 1996.

Guo S, Bragina O, Xu Y, Cao Z, Chen H, Zhou B, Morgan
M, Lin Y, Jiang BH, Liu KJ, and Shi H. Glucose up-regulates
HIF-1 alpha expression in primary cortical neurons in
response to hypoxia through maintaining cellular redox
status. [ Neurochem 105: 1849-1860, 2008.

Halliwell B. Reactive oxygen species and the central ner-
vous system. [ Neurochem 59: 1609-1623, 1992.

Halliwell B. Role of free radicals in the neurodegenerative
diseases: therapeutic implications for antioxidant treat-
ment. Drugs Aging 18: 685-716, 2001.

Halliwell B. Oxidative stress and neurodegeneration: where
are we now? [ Neurochem 97: 1634-1658, 2006.

Halliwell B. Are polyphenols antioxidants or pro-oxidants?
What do we learn from cell culture and in vivo studies?
Axch Biochen Bignhys 476: 107-112, 2008.

Hamrick SE, McQuillen PS, Jiang X, Mu D, Madan A, and
Ferriero DM. A role for hypoxia-inducible factor-lalpha in
desferoxamine neuroprotection. Neurosci Lett 379: 96-100,
2005.

Han ], Cheng FC, Yang Z, and Dryhurst G. Inhibitors of
mitochondrial respiration, iron (II), and hydroxyl radical
evoke release and extracellular hydrolysis of glutathione in
rat striatum and substantia nigra: potential implications to
Parkinson’s disease. [ Neurochem 73: 1683-1695, 1999.
Hanauske-Abel HM. Prolyl 4-hydroxylase, a target enzyme
for drug development: design of suppressive agents and
the in vitro effects of inhibitors and proinhibitors. | Hepatol
13(suppl 3): S8-515; discussion 516, 1991.

Hanson ES, Rawlins ML, and Leibold EA. Oxygen and iron
regulation of iron regulatory protein 2. [ Biol Chem 278:
40337-40342, 2003.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

WEINREB ET AL.

Harten SK, Ashcroft M, and Maxwell PH. Prolyl hydrox-
ylase domain inhibitors: a route to HIF activation and
neuroprotection. Autioxid Redox Sigugl 12: 459-480, 2010.
Hegde ML, Bharathi P, Suram A, Venugopal C, Jagan-
nathan R, Poddar P, Srinivas P, Sambamurti K, Rao KJ,
Scancar ], Messori L, Zecca L, and Zatta P. Challenges as-
sociated with metal chelation therapy in Alzheimer’s dis-
ease. LAlzheimers Dis 17: 457-468, 2009.

Hellwig-Burgel T, Stiehl DP, Wagner AE, Metzen E, and
Jelkmann W. Review: hypoxia-inducible factor-1 (HIF-1): a
novel transcription factor in immune reactions. [ Interferon
Cytokine Res 25: 297-310, 2005.

Hewitson KS, McNeill LA, and Schofield CJ. Modulating
the hypoxia-inducible factor signaling pathway: applica-
tions from cardiovascular disease to cancer.

10: 821-33, 2004.

Hewitson KS and Schofield CJ. The HIF pathway as a
therapeutic target. Rrug Disc Todgy 9: 704-711, 2004.
Hidalgo C, Carrasco MA, Munoz P, and Nunez MT. A
role for reactive oxygen/nitrogen species and iron on
neuronal synaptic plasticity. dutioxid Redar Sigugl 9: 245-
255, 2007.

Hider RC, Ma Y, Molina-Holgado F, Gaeta A, and Roy S.
Iron chelation as a potential therapy for neurodegenerative
disease. Biochem Soc Traus 36: 1304-1308, 2008.

Higdon JV and Frei B. Tea catechins and polyphenols:
health effects, metabolism, and antioxidant functions. Crit
Rep Food Sci Nufr 43: 89-143, 2003.

Hirsch EC. Biochemistry of Parkinson’s disease with special
reference to the dopaminergic systems. Mol Neurobiol 9:
135-142, 1994.

Hirsila M, Koivunen P, Xu L, Seeley T, Kivirikko KI, and
Myllyharju J. Effect of desferrioxamine and metals on the
hydroxylases in the oxygen sensing pathway. FASEB | 19:
1308-1310, 2005.

Honda K, Smith MA, Zhu X, Baus D, Merrick WC, Tar-
takoff AM, Hattier T, Harris PL, Siedlak SL, Fujioka H, Liu
Q, Moreira PI, Miller FP, Nunomura A, Shimohama S, and
Perry G. Ribosomal RNA in Alzheimer disease is oxidized
by bound redox-active iron. [ Biol Chem 280: 20978-20986,
2005.

House E, Collingwood J, Khan A, Korchazkina O, Berthon
G, and Exley C. Aluminium, iron, zinc and copper influ-
ence the in vitro formation of amyloid fibrils of Abeta42 in
a manner which may have consequences for metal chela-
tion therapy in Alzheimer’s disease. LALZheimers Dis 6: 291—
301, 2004.

Hur E, Chang KY, Lee E, Lee SK, and Park H. Mitogen-
activated protein kinase kinase inhibitor PD98059 blocks
the trans-activation but not the stabilization or DNA bind-
ing ability of hypoxia-inducible factor-lalpha. Mol Phar-
macol 59: 1216-1224, 2001.

Ibrahim NO, Hahn T, Franke C, Stiehl DP, Wirthner R,
Wenger RH, and Katschinski DM. Induction of the
hypoxia-inducible factor system by low levels of heat shock
protein 90 inhibitors. Cancer Res 65: 11094-11100, 2005.
Iliopoulos O, Levy AP, Jiang C, Kaelin WG Jr, and Gold-
berg MA. Negative regulation of hypoxia-inducible genes
by the von Hippel-Lindau protein. DugeNatldcad Scillod
93: 10595-10599, 1996.

Imon Y, Yamaguchi S, Yamamura Y, Tsuji S, Kajima T, Ito
K, and Nakamura S. Low intensity areas observed on T2-
weighted magnetic resonance imaging of the cerebral cor-



NEUROPROTECTIVE IRON CHELATORS AND HYPOXIA-INDUCIBLE FACTOR

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

tex in various neurological diseases. | Neurol Sci 134(suppl):
27-32, 1995.

Ishige K, Schubert D, and Sagara Y. Flavonoids protect
neuronal cells from oxidative stress by three distinct
mechanisms. Ezgg Radic Biol Med 30: 433-446, 2001.
Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert ],
Gaskell S], Kriegsheim A, Hebestreit HF, Mukherji M,
Schofield CJ, Maxwell PH, Pugh CW, and Ratcliffe PJ.
Targeting of HIF-alpha to the von Hippel-Lindau ubiqui-
tylation complex by Os-regulated prolyl hydroxylation.
Science 292: 468-472, 2001.

Jellinger K, Linert L, Kienzl E, Herlinger E, and Youdim
MBH. Chemical evidence for 6-hydroxydopamine to be an
endogenous toxic factor in the pathogenesis of Parkinson’s
disease. | Neural Transmission Suppl 46: 297-314, 1995.
Jellinger KA. Post mortem studies in Parkinson’s disease:
is it possible to detect brain areas for specific symptoms?
J Neural Transmission Suppl: 1-29, 1991.

Jellinger KA. The role of iron in neurodegeneration: pros-
pects for pharmacotherapy of Parkinson’s disease. Drugs

144.

145.

146.

147.

148.

941

Joseph JA, Shukitt-Hale B, Casadesus G, and Fisher D.
Oxidative stress and inflammation in brain aging: nutri-
tional considerations. Neurochem Res 30: 927-935, 2005.
Kaelin WG. Proline hydroxylation and gene expression.
Ay Rep Biochens 74: 115-128, 2005.

Kalfon L, Youdim MB, and Mandel SA. Green tea poly-
phenol (-)-epigallocatechin-3-gallate promotes the rapid
protein kinase C- and proteasome-mediated degradation of
Bad: implications for neuroprotection. [ _Neurochem 100:
992-1002, 2007.

Kasarskis EJ, Tandon L, Lovell MA, and Ehmann WD.
Aluminum, calcium, and iron in the spinal cord of patients
with sporadic amyotrophic lateral sclerosis using laser mi-
croprobe mass spectroscopy: a preliminary study. | Neurol
Sci 130: 203-208, 1995.

Kato H, Amersi F, Buelow R, Melinek ], Coito AJ, Ke B,
Busuttil RW, and Kupiec-Weglinski JW. Heme oxygenase-1
overexpression protects rat livers from ischemia/
reperfusion injury with extended cold preservation. Am |
Transplant 1: 121-128, 2001.

Aging 14: 115-140, 1999.

Jenner P. Oxidative stress as a cause of Parkinson’s disease.
Actg Newral Scaud Suppl 136: 6-15, 1991.

Jenner P. Oxidative mechanisms in nigral cell death in
Parkinson’s disease. Mov Disord 13: 24-34, 1998.

Jenner P and Olanow CW. Oxidative stress and the path-
ogenesis of Parkinson’s disease. Neurology 47: S161-S170,
1996.

Jenner P and Olanow CW. Understanding cell death in
Parkinson’s disease. Ann Neurol 44: S72-S84, 1998.

Jeon H, Kim H, Choi D, Kim D, Park SY, Kim Y], Kim YM,
and Jung Y. Quercetin activates an angiogenic path-
way, hypoxia inducible factor (HIF)-1-vascular endothe-
lial growth factor, by inhibiting HIF-prolyl hydroxylase:
a structural analysis of quercetin for inhibiting HIF-prolyl
hydroxylase. Mol Pharmacol 71: 1676-1684, 2007.

Jeong JW, Bae MK, Ahn MY, Kim SH, Sohn TK, Bae MH,
Yoo MA, Song EJ, Lee KJ, and Kim KW. Regulation and
destabilization of HIF-lalpha by ARD1-mediated acetyla-
tion. Cell 111: 709-720, 2002.

Jeong SY, Rathore KI, Schulz K, Ponka P, Arosio P, and
David S. Dysregulation of iron homeostasis in the CNS
contributes to disease progression in a mouse model of
amyotrophic lateral sclerosis. [ Neurosci 29: 610-619, 2009.
Jiang BH, Jiang G, Zheng JZ, Lu Z, Hunter T, and Vogt PK.
Phosphatidylinositol 3-kinase signaling controls levels of
hypoxia-inducible factor 1. Cell Growth Differ 12: 3633-3639,
2001.

John DC and Bulleid NJ. Intracellular dissociation and
reassembly of prolyl 4-hydroxylase: the alpha-subunits
associated with the immunoglobulin-heavy-chain binding
protein (BiP) allowing reassembly with the beta-subunit.
Biochen | 317: 659-665, 1996.

Jones NM, Kardashyan L, Callaway JK, Lee EM, and Beart
PM. Long-term functional and protective actions of pre-
conditioning with hypoxia, cobalt chloride, and desfer-
rioxamine against hypoxic-ischemic injury in neonatal rats.
Pediatr Res 63: 620-624, 2008.

Joseph JA, Shukitt-Hale B, and Casadesus G.
Reversing the deleterious effects of aging on neuronal
communication and behavior: beneficial properties of fruit

polyphenolic compounds. Az L Clin Nufr 81: 3135-316S,
2005.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Katschinski DM, Le L, Schindler SG, Thomas T, Voss AK,
and Wenger RH. Interaction of the PAS B domain with
HSP90 accelerates hypoxia-inducible factor-lalpha stabili-
zation. Cell Physiol Biochew 14: 351-360, 2004.

Kaur D, Yantiri F, Rajagopalan S, Kumar ], Mo JQ, Boon-
plueang R, Viswanath V, Jacobs R, Yang L, Beal MF, Di-
Monte D, Volitaskis I, Ellerby L, Cherny RA, Bush AI, and
Andersen JK. Genetic or pharmacological iron chelation
prevents MPTP-induced neurotoxicity in vivo: a novel
therapy for Parkinson’s disease. Neuron 37: 899-909., 2003.
Keberle H. The biochemistry of desferrioxamine and its
relation to iron metabolism. A N Y Acgd Sci 119: 758-768,
1964.

Kim JW, Tchernyshyov I, Semenza GL, and Dang CV. HIEF-
1-mediated expression of pyruvate dehydrogenase kinase: a
metabolic switch required for cellular adaptation to hyp-
oxia. Cell Metab 3: 177-185, 2006.

Kitani K, Kanai S, Ivy GO, and Carrillo MC. Pharmacolo-
gical modifications of endogenous antioxidant enzymes
with special reference to the effects of deprenyl: a possible
antioxidant strategy. Mech Ageing Dep 111: 211-221, 1999.
Kobayashi S, Harris VA, and Welsh FA. Spreading de-
pression induces tolerance of cortical neurons to ischemia
in rat brain. LCezeb Rlaad Flogg Metah 15: 721-727, 1995.
Koh SH, Kim SH, Kwon H, Kim JG, Kim JH, Yang KH, Kim
J, Kim SU, Yu HJ, Do BR, Kim KS, and Jung HK. Phos-
phatidylinositol-3 kinase/Akt and GSK-3 mediated cyto-
protective effect of epigallocatechin gallate on oxidative
stress-injured neuronal-differentiated N18D3 cells. Neuro-
toxicology 25: 793-802, 2004.

Koh SH, Lee SM, Kim HY, Lee KY, Lee YJ, Kim HT, Kim J,
Kim MH, Hwang MS, Song C, Yang KW, Lee KW, Kim SH,
and Kim OH. The effect of epigallocatechin gallate on sup-
pressing disease progression of ALS model mice. Neurosci
Lett 395: 103-107, 2006.

Kriz J, Nguyen MD, and Julien JP. Minocycline slows dis-
ease progression in a mouse model of amyotrophic lateral
sclerosis. Neurobiol Dis 10: 268-278, 2002.

Kumamoto M, Sonda T, Nagayama K, and Tabata M. Ef-
fects of pH and metal ions on antioxidative activities of
catechins. BigseiRigtechual Bigchew 65: 126-132, 2001.
Kupershmidt L, Weinreb O, Amit T, Mandel S, Carri MT, and
Youdim MB. Neuroprotective and neuritogenic activities of



942

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

novel multimodal iron-chelating drugs in motor-neuron-like
NSC-34 cells and transgenic mouse model of amyotrophic
lateral sclerosis. FASEB | 23: 3766-3779, 2009.

Lai CT, Zuo DM, and Yu PH. Is brain superoxide
dismutase activity increased following chronic treatment
with 1-deprenyl? | Neural Transmission Suppl 41: 221-229,
1994.

Lambrechts D, Storkebaum E, Morimoto M, Del-Favero J,
Desmet F, Marklund SL, Wyns S, Thijs V, Andersson J, van
Marion I, Al-Chalabi A, Bornes S, Musson R, Hansen V,
Beckman L, Adolfsson R, Pall HS, Prats H, Vermeire S,
Rutgeerts P, Katayama S, Awata T, Leigh N, Lang-
Lazdunski L, Dewerchin M, Shaw C, Moons L, Vlietinck R,
Morrison KE, Robberecht W, Van Broeckhoven C, Collen
D, Andersen PM, and Carmeliet P. VEGF is a modifier of
amyotrophic lateral sclerosis in mice and humans and
protects motoneurons against ischemic death. Nat Genet 34:
383-394, 2003.

Lan J and Jiang DH. Desferrioxamine and vitamin E protect
against iron and MPTP-induced neurodegeneration in
mice. phghkehbitksisesicuniicanast) 104: 469481, 1997.
Lan J and Jiang DH. Excessive iron accumulation in the
brain: a possible potential risk of neurodegeneration in
Parkinson’s disease. Ladeukal Trgucuyccion 104: 649-660,
1997.

Lannfelt L, Blennow K, Zetterberg H, Batsman S, Ames D,
Harrison J, Masters CL, Targum S, Bush AI, Murdoch R,
Wilson J, and Ritchie CW. Safety, efficacy, and biomarker
findings of PBT2 in targeting Abeta as a modifying therapy
for Alzheimer’s disease: a phase IIa, double-blind, rando-

mised, placebo-controlled trial. Lancet Neurol 7: 779-786,
2008.
LaVaute T, Smith S, Cooperman S, Iwai K, Land W,

Meyron-Holtz E, Drake SK, Miller G, Abu-Asab M, Tsokos
M, Switzer R, 3rd, Grinberg A, Love P, Tresser N, and
Rouault TA. Targeted deletion of the gene encoding iron
regulatory protein-2 causes misregulation of iron metabo-
lism and neurodegenerative disease in mice. Nature Genet
27: 209-214, 2001.

Lazarovici P, Gazit A, Staniszewska I, Marcinkiewicz C,
and Lelkes PI. Nerve growth factor (NGF) promotes an-
giogenesis in the quail chorioallantoic membrane. Endo-
thelium 13: 51-59, 2006.

Lee DW and Andersen JK. Role of HIF-1 in iron regulation:
potential therapeutic strategy for neurodegenerative dis-
orders. Curr Mol Med 6: 883-893, 2006.

Lee DW, Rajagopalan S, Siddiq A, Gwiazda R, Yang L, Beal
MF, Ratan RR, and Andersen JK. Inhibition of prolyl
hydroxylase protects against MPTP-induced neurotoxic-
ity: model for the potential involvement of the hypoxia-
inducible factor pathway in Parkinson’s disease. | Biol Chem
284: 29065-29076, 2009.

Lee KA, Roth RA, and LaPres JJ. Hypoxia, drug therapy
and toxicity. Phapmacol Ther 113: 229-246, 2007.

Lee KH, Choi E, Chun YS, Kim MS, and Park JW. Dif-
ferential responses of two degradation domains of
HIF-1alpha to hypoxia and iron deficiency. Biochimic 88:
163-169, 2006.

Lee PJ, Jiang BH, Chin BY, Iyer NV, Alam ], Semenza GL,
and Choi AM. Hypoxia-inducible factor-1 mediates tran-
scriptional activation of the heme oxygenase-1 gene in re-
sponse to hypoxia. [ Biol Chem 272: 5375-5381, 1997.

Lee S, Nakamura E, Yang H, Wei W, Linggi MS, Sajan
MP, Farese RV, Freeman RS, Carter BD, Kaelin WG Jr,

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

WEINREB ET AL.

and Schlisio S. Neuronal apoptosis linked to EgIN3 prolyl
hydroxylase and familial pheochromocytoma genes: de-
velopmental culling and cancer. Cancer Cell 8: 155-167,
2005.

Lee S, Suh S, and Kim S. Protective effects of the green tea
polyphenol (-)-epigallocatechin gallate against hippocam-
pal neuronal damage after transient global ischemia in
gerbils. Neurosci Lett 287: 191-194, 2000.

Lees AJ, Shaw KM, Kohout LJ, Stern GM, Elsworth JD,
Sandler M, and Youdim MBH. Deprenyl in Parkinson’s
disease. Lancet 2: 791-795, 1977.

Lesage S and Brice A. Parkinson’s disease: from monogenic
forms to genetic susceptibility factors. Hum Mol Genet 18:
R48-R59, 2009.

Levites Y, Amit T, Mandel S, and Youdim MBH. Neuro-
protection and neurorescue against Abeta toxicity and
PKC-dependent release of nonamyloidogenic soluble pre-
cursor protein by green tea polyphenol (-)-epigallocatechin-
3-gallate. FASEB | 17: 952-954, 2003.

Levites Y, Amit T, Youdim MB, and Mandel S. Involvement
of protein kinase C activation and cell survival/cell cycle
genes in green tea polyphenol (-)-epigallocatechin 3-gallate
neuroprotective action. [_Biol Chem 277: 30574-30580,
2002.

Levites Y, Weinreb O, Maor G, Youdim MBH, and Mandel
S. Green tea polyphenol (-)- epigallocatechin-3-gallate
prevents  N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-
induced dopaminergic neurodegeneration. [ Neurochem 78:
1073-1082, 2001.

Li R, Peng N, Du F, Li XP, and Le WD. Epigallocatechin
gallate protects dopaminergic neurons against 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine-induced neurotoxicity
by inhibiting microglial cell activation. Nan Fang Yi Ke Da
Xue Xue Bao 26: 376380, 2006.

Li YX, Ding SJ, Xiao L, Guo W, and Zhan Q. Desferox-
amine preconditioning protects against cerebral ische-
mia in rats by inducing expressions of hypoxia inducible
factor 1 alpha and erythropoietin. Neurosci Bull 24: 89-95,
2008.

Li Z, Ya K, Xiao-Mei W, Lei Y, Yang L, and Ming QZ.
Ginkgolides protect PC12 cells against hypoxia-induced
injury by p42/p44 MAPK pathway-dependent upregula-
tion of HIF-lalpha expression and HIF-1DNA-binding ac-
tivity. [ Cell Biochem 103: 564-575, 2008.

Linert W, Herlinger E, Jameson RF, Kienzl E, Jellinger K,
and Youdim MBH. Dopamine, 6-hydroxydopamine, iron,
and dioxygen: their mutual interactions and possible im-
plication in the development of Parkinson’s disease. Bio-
el Biophys Actg 1316: 160-168, 1996.

Liu J, Ginis I, Spatz M, and Hallenbeck JM. Hypoxic pre-
conditioning protects cultured neurons against hypoxic
stress via TNF-alpha and ceramide. duglRhysial Cell Phusiol
278: C144-C153, 2000.

Liu Y, Liu F, Igbal K, Grundke-Igbal I, and Gong CX. De-
creased glucose transporters correlate to abnormal hyper-
phosphorylation of tau in Alzheimer disease. FEBS Lett 582:
359-364, 2008.

Long LH, Clement MV, and Halliwell B. Artifacts in cell
culture: rapid generation of hydrogen peroxide on addition
of (-)-epigallocatechin, (-)-epigallocatechin gallate, (+)-
catechin, and quercetin to commonly used cell culture
media. RigekeieRioalieeR ot 273: 50-53, 2000.
Lorincz MT. Clinical implications of Parkinson’s disease
genetics. Semin Neurol 26: 492-498, 2006.




NEUROPROTECTIVE IRON CHELATORS AND HYPOXIA-INDUCIBLE FACTOR

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Lovell MA, Robertson JD, Teesdale W], Campbell JL, and
Markesbery WR. Copper, iron and zinc in Alzheimer’s
disease senile plaques. [ Neurol Sci 158: 47-52, 1998.

Madsen E and Gitlin JD. Copper and iron disorders of the

brain. Aguy Rep Neyrosgi 30: 317-337, 2007.
Magyar K, Palfi M, Jenei V, and Szoko E. Deprenyl: from

chemical synthesis to neuroprotection. [ Newzgl Trausuiss
sion Suppl 71: 143-156, 2006.

Maharaj H, Sukhdev Maharaj D, Scheepers M, Mokokong
R, and Daya S. -DOPA administration enhances 6-hydro-
xydopamine generation. Brain Res 1063: 180-186, 2005.
Maher P, Akaishi T, and Abe K. Flavonoid fisetin pro-
motes ERK-dependent long-term potentiation and enhances
memory. ReaeNatl dead Scilloed 103: 16568-16573, 2006.
Majamaa K, Gunzler V, Hanauske-Abel HM, Myllyla R,
and Kivirikko KI. Partial identity of the 2-oxoglutarate and
ascorbate binding sites of prolyl 4-hydroxylase. [ Biol Chem
261: 7819-7823, 1986.

Mandel SA, Avramovich-Tirosh Y, Reznichenko L, Zheng
H, Weinreb O, Amit T, and Youdim MB. Multifunctional
activities of green tea catechins in neuroprotection: modu-
lation of cell survival genes, iron-dependent oxidative
stress and PKC signaling pathway. Neurosignals 14: 46-60,
2005.

Maruyama W, Akao Y, Carrillo MC, Kitani K, Youdium
MB, and Naoi M. Neuroprotection by propargylamines in
Parkinson’s disease: suppression of apoptosis and induc-
tion of prosurvival genes. Newrotoxicol Teratol 24: 675-682,
2002.

Masson N, Willam C, Maxwell PH, Pugh CW, and Ratcliffe
PJ. Independent function of two destruction domains in
hypoxia-inducible factor-alpha chains activated by prolyl
hydroxylation. EMBQO [ 20: 5197-5206, 2001.
Mastrogiannaki M, Matak P, Keith B, Simon MC, Vaulont
S, and Peyssonnaux C. HIF-2alpha, but not HIF-lalpha,
promotes iron absorption in mice. [ Clin Invest 119: 1159-
1166, 2009.

Maxwell P and Salnikow K. HIF-1: an oxygen and metal
responsive transcription factor. Cgucer Biol Ther 3: 29-35,
2004.

Maxwell PH. Hypoxia-inducible factor as a physiological
regulator. Exp Physiol 90: 791-797, 2005.

Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux
EC, Cockman ME, Wykoff CC, Pugh CW, Maher ER, and
Ratcliffe PJ. The tumour suppressor protein VHL targets
hypoxia-inducible factors for oxygen-dependent prote-
olysis. Nature 399: 271-275, 1999.

McDonough MA, Li V, Flashman E, Chowdhury R, Mohr
C, Lienard BM, Zondlo ], Oldham NJ, Clifton IJ, Lewis J,
McNeill LA, Kurzeja R], Hewitson KS, Yang E, Jordan S,
Syed RS, and Schofield CJ. Cellular oxygen sensing: crystal
structure of hypoxia-inducible factor prolyl hydroxylase
(PHD?). RageNatldesdeseinllged 103: 9814-9819, 2006.
McNaught KS and Jenner P. Proteasomal function is im-
paired in substantia nigra in Parkinson’s disease. Neurosci
Lett 297: 191-194, 2001.

Mendel GA. Studies on iron absorption, I: the relationships
between the rate of erythropoiesis, hypoxia and iron ab-
sorption. Blood 18: 727-736, 1961.

Mikhaylova O, Ignacak ML, Barankiewicz TJ, Harbaugh
SV, Yi Y, Maxwell PH, Schneider M, Van Geyte K, Car-
meliet P, Revelo MP, Wyder M, Greis KD, Meller ], and
Czyzyk-Krzeska MF. The von Hippel-Lindau tumor sup-
pressor protein and Egl-9-type proline hydroxylases regu-

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

943

late the large subunit of RNA polymerase II in response to
oxidative stress. Mol Cell Biol 28: 2701-2717, 2008.

Miller RG, Mitchell JD, Lyon M, and Moore DH. Riluzole
for amyotrophic lateral sclerosis (ALS)/motor neuron dis-
ease (MND). Cochrane Database Syst Rev CD001447, 2007.
Mishra RR, Adhikary G, Simonson MS, Cherniack NS, and
Prabhakar NR. Role of c-fos in hypoxia-induced AP-1 cis-
element activity and tyrosine hydroxylase gene expression.
BuaieRes ol RiginRas 59: 74-83, 1998,

Missero C, Calautti E, Eckner R, Chin J, Tsai LH, Livingston
DM, and Dotto GP. Involvement of the cell-cycle inhibitor
Cipl/WAF1 and the ElA-associated p300 protein in ter-
minal differentiation. Ruge.NatldcadeSeinllaSud 92: 5451
5455, 1995.

Mizuno Y, Amari M, Takatama M, Aizawa H, Mihara B,
and Okamoto K. Transferrin localizes in Bunina bodies in
amyotrophic lateral sclerosis. Agtg Neuropathol 112: 597-
603, 2006.

Molina-Holgado F, Hider RC, Gaeta A, Williams R, and
Francis P. Metals ions and neurodegeneration. Biometals 20:
639-654, 2007.

Moos T, Rosengren Nielsen T, Skjorringe T, and Morgan
EH. Iron trafficking inside the brain. [ Neurocherm 103: 1730-
1740, 2007.

Moreira PI, Honda K, Liu Q, Santos MS, Oliveira CR, Aliev
G, Nunomura A, Zhu X, Smith MA, and Perry G. Oxidative
stress: the old enemy in Alzheimer’s disease pathophysi-
ology. Qurr Alzheimer Res 2: 403-408, 2005.

Morse L], Payton SM, Cuny GD, and Rogers JT. FDA-
preapproved drugs targeted to the translational regulation
and processing of the amyloid precursor protein. | Mol
Neurosci 24: 129-136, 2004.

Mu D, Chang YS, Vexler ZS, and Ferriero DM. Hypoxia-
inducible factor lalpha and erythropoietin upregulation
with deferoxamine salvage after neonatal stroke. Exp Neu-
rol 195: 407-415, 2005.

Nangaku M, Izuhara Y, Takizawa S, Yamashita T, Fujii-
Kuriyama Y, Ohneda O, Yamamoto M, van Ypersele de
Strihou C, Hirayama N, and Miyata T. A novel class of
prolyl hydroxylase inhibitors induces angiogenesis and
exerts organ protection against ischemia. Arterioscler
Thromb Vasc Biol 27: 2548-2554, 2007.

Napolitano M, Centonze D, Calce A, Picconi B, Spiezia S,
Gulino A, Bernardi G, and Calabresi P. Experimental par-
kinsonism modulates multiple genes involved in the trans-
duction of dopaminergic signals in the striatum. Neurobiol
Dis 10: 387-395, 2002.

Nguyen MV, Pouvreau S, El Hajjaji FZ, Denavit-Saubie M,
and Pequignot JM. Desferrioxamine enhances hypoxic
ventilatory response and induces tyrosine hydroxylase
gene expression in the rat brainstem in vivo. [ Neurosci Res
85: 1119-1125, 2007.

Nie G, Jin C, Cao Y, Shen S, and Zhao B. Distinct effects of
tea catechins on 6-hydroxydopamine-induced apoptosis in
PC12 cells. AuxchBiockeu Biguhys 397: 84-90, 2002.

Norris ML and Millhorn DE. Hypoxia-induced protein
binding to O,-responsive sequences on the tyrosine hy-
droxylase gene. [ Biol Chem 270: 23774-23779, 1995.
Nygren I, Larsson A, Johansson A, and Askmark H. VEGF
is increased in serum but not in spinal cord from patients
with amyotrophic lateral sclerosis. Neuroreport 13: 2199-
2201, 2002.

Oba H, Araki T, Ohtomo K, Monzawa S, Uchiyama G,
Koizumi K, Nogata Y, Kachi K, Shiozawa Z, and Kobayashi



944

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

M. Amyotrophic lateral sclerosis: T2 shortening in motor
cortex at MR imaging. Radiology 189: 843-846, 1993.
Obregon DF, Rezai-Zadeh K, Bai Y, Sun N, Hou H, Ehrhart
J, Zeng ], Mori T, Arendash GW, Shytle D, Town T, and
Tan J. ADAMIO activation is required for green tea (-)-
epigallocatechin-3-gallate-induced alpha-secretase cleavage
of amyloid precursor protein. [ Biol Chen 281: 16419-16427,
2006.

Ogunshola OO and Antoniou X. Contribution of hypoxia
to Alzheimer’s disease: is HIF-lalpha a mediator of
neurodegeneration? Cell Mol Life Sci 66: 3555-3563, 2009.
Olanow CW. Oxidation reactions in Parkinson’s disease.
Neurology 40(suppl): 32-37; discussion 37-39, 1990.
Olanow CW. Early therapy for Parkinson’s disease. Eur
Neurol 32: 30-35, 1992.

Olanow CW, Hauser RA, Jankovic ], Langston W, Lang A,
Poewe W, Tolosa E, Stocchi F, Melamed E, Eyal E, and
Rascol O. A randomized, double-blind, placebo-controlled,
delayed start study to assess rasagiline as a disease modi-
fying therapy in Parkinson’s disease (the ADAGIO study):
rationale, design, and baseline characteristics. Mov Disord
23: 2194-2201, 2008.

Olanow CW, Rascol O, Hauser R, Feigin PD, Jankovic J,
Lang A, Langston W, Melamed E, Poewe W, Stocchi F, and
Tolosa E. A double-blind, delayed-start trial of rasagiline in
Parkinson’s disease. N _Engl [ Med 361: 1268-1278, 2009.
Olanow CW, Stern MB, and Sethi K. The scientific and
clinical basis for the treatment of Parkinson disease. Neu-
rology 72: S1-5136, 2009.

Palmer C, Menzies SL, Roberts RL, Pavlick G, and Connor JR.
Changes in iron histochemistry after hypoxic-ischemic brain
injury in the neonatal rat. [ Neurosci Res 56: 60-71, 1999.
Palmer C, Roberts RL, and Bero C. Deferoxamine post-
treatment reduces ischemic brain injury in neonatal rats.
Stroke 25: 1039-1045, 1994.

Park SS, Bae I, and Lee Y]. Flavonoids-induced accumula-
tion of hypoxia-inducible factor (HIF)-lalpha/2alpha is
mediated through chelation of iron. [_Cell Biochen 103:
1989-1998, 2008.

Parkinson Study Group. Effect of deprenyl on the pro-
gression of disability in early Parkinson’s disease. N Engl |
Med. 321: 176-183, 1989.

Parkinson Study Group. A controlled trial of rasagiline in
early Parkinson’s disease. Arch Neurol 59: 1937-1993, 2002.
Parkinson Study Group. A controlled, randomized,
delayed-start study of rasagiline in early Parkinson dis-
ease. Arch Neurol 61: 561-566, 2004.

Payton S, Cahill CM, Randall JD, Gullans SR, and Rogers
JT. Drug discovery targeted to the Alzheimer’s APP mRNA
5-untranslated region: the action of paroxetine and di-
mercaptopropanol. [ Mol Neurosci 20: 267275, 2003.

Peng Z, Ren P, Kang Z, Du ], Lian Q, Liu Y, Zhang JH, and
Sun X. Up-regulated HIF-1alpha is involved in the hypoxic
tolerance induced by hyperbaric oxygen preconditioning.
Brain Res 1212: 71-78, 2008.

Perron NR and Brumaghim JL. A review of the antioxidant
mechanisms of polyphenol compounds related to iron
binding. Cell Bigchew Bigphys 53: 75-100, 2009.

Perron NR, Hodges JN, Jenkins M, and Brumaghim ]JL.
Predicting how polyphenol antioxidants prevent DNA
damage by binding to iron. [norg Chem 47: 6153-6161, 2008.
Perry TL, Godin DV, and Hansen S. Parkinson’s disease: a
disorder due to nigral glutathione deficiency? Neurosci Lett
33: 305-310, 1982.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

WEINREB ET AL.

Peyssonnaux C, Zinkernagel AS, Schuepbach RA, Rankin
E, Vaulont S, Haase VH, Nizet V, and Johnson RS. Reg-
ulation of iron homeostasis by the hypoxia-inducible tran-
scription factors (HIFs). [ Clin Invest 117: 1926-1932, 2007.
Pinero DJ, Hu J, and Connor JR. Alterations in the inter-
action between iron regulatory proteins and their iron re-
sponsive element in normal and Alzheimer’s diseased
brains. Cell Mol Biol (Noisy-Le-Grand) 46: 761-776, 2000.
Piret JP, Lecocq C, Toffoli S, Ninane N, Raes M, and Mi-
chiels C. Hypoxia and CoCl, protect HepG2 cells against
serum deprivation- and t-BHP-induced apoptosis: a possi-
ble anti-apoptotic role for HIF-1. Exp Cell Res 295: 340-349,
2004.

Prass K, Ruscher K, Karsch M, Isaev N, Megow D, Priller ],
Scharff A, Dirnagl U, and Meisel A. Desferrioxamine in-
duces delayed tolerance against cerebral ischemia in vivo
and in vitro. LGezeb Rlaad Flagg Metah 22: 520-525, 2002.
Pratico D and Delanty N. Oxidative injury in diseases of the
central nervous system: focus on Alzheimer’s disease. Am |
Med 109: 577-585, 2000.

Przedborski S. Programmed cell death in amyotrophic
lateral sclerosis: a mechanism of pathogenic and thera-
peutic importance. Neurologist 10: 1-7, 2004.

Rabie T, Marti HH. Brain protection by erythropoietin: a
manifold task. Physiology (Bethesda) 23: 263-274, 2008.

Ran R, Xu H, Lu A, Bernaudin M, and Sharp FR. Hypoxia
preconditioning in the brain. Dey Neurosci 27: 87-92, 2005.
Ratan RR, Siddiq A, Aminova L, Langley B, McConoughey
S, Karpisheva K, Lee HH, Carmichael T, Kornblum H,
Coppola G, Geschwind DH, Hoke A, Smirnova N, Rink C,
Roy S, Sen C, Beattie MS, Hart RP, Grumet M, Sun D,
Freeman RS, Semenza GL, and Gazaryan I. Small molecule
activation of adaptive gene expression: tilorone or its ana-
logs are novel potent activators of hypoxia inducible factor-
1 that provide prophylaxis against stroke and spinal cord
injury. Aug N Y_Acad Sci 1147: 383-394, 2008.
Rezai-Zadeh K, Arendash GW, Hou H, Fernandez F,
Jensen M, Runfeldt M, Shytle RD, and Tan J. Green tea
epigallocatechin-3-gallate (EGCG) reduces beta-amyloid
mediated cognitive impairment and modulates tau pa-
thology in Alzheimer transgenic mice. Brain Res 1214: 177—
187, 2008.

Rezai-Zadeh K, Shytle D, Sun N, Mori T, Hou H, Jeanniton
D, Ehrhart ], Townsend K, Zeng ], Morgan D, Hardy ],
Town T, and Tan J. Green tea epigallocatechin-3-gallate
(EGCG) modulates amyloid precursor protein cleavage and
reduces cerebral amyloidosis in Alzheimer transgenic mice.
[ Neurosci 25: 8807-8814, 2005.

Reznichenko L, Amit T, Youdim MB, and Mandel S. Green
tea polyphenol (-)-epigallocatechin-3-gallate induces neu-
rorescue of long-term serum-deprived PC12 cells and pro-
motes neurite outgrowth. [ Neurochem 93: 1157-1167, 2005.
Reznichenko L, Amit T, Zheng H, Avramovich-Tirosh Y,
Youdim MB, Weinreb O, and Mandel S. Reduction of iron-
regulated amyloid precursor protein and beta-amyloid
peptide by (-)-epigallocatechin-3-gallate in cell cultures:
implications for iron chelation in Alzheimer’s disease.
[ Neurochem 97: 527-536, 2006.

Rice-Evans C. Flavonoid antioxidants. Cyrr Med Chen 8:
797-807, 2001.

Richardson DR. Novel chelators for central nervous sys-
tem disorders that involve alterations in the metabolism of
iron and other metal ions. Agg N Y Acad S¢i 1012: 326-341,
2004.



NEUROPROTECTIVE IRON CHELATORS AND HYPOXIA-INDUCIBLE FACTOR

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

Riederer P, Dirr A, Goetz M, Sofic E, Jellinger K, and
Youdim MBH. Distribution of iron in different brain re-
gions and subcellular compartments in Parkinson’s disease.
Ann Neurol 32(suppl): S101-S104, 1992.

Riederer P, Sofic E, Rausch WD, Schmidt B, Reynolds GP,
Jellinger K, and Youdim MBH. Transition metals, ferritin,
glutathione, and ascorbic acid in parkinsonian brains.
[ Neurochem 52: 515-520, 1989.

Ritchie CW, Bush Al, Mackinnon A, Macfarlane S, Mast-
wyk M, MacGregor L, Kiers L, Cherny R, Li QX, Tammer
A, Carrington D, Mavros C, Volitakis I, Xilinas M, Ames D,
Davis S, Beyreuther K, Tanzi RE, and Masters CL. Metal-
protein attenuation with iodochlorhydroxyquin (clioqui-
nol) targeting Abeta amyloid deposition and toxicity in
Alzheimer disease: a pilot phase 2 clinical trial. Arch Neurol
60: 1685-1691, 2003.

Rogers J, Cooper NR, Webster S, Schultz J, McGeer PL,
Styren SD, Civin WH, Brachova L, Bradt B, and Ward P.
Complement activation by beta-amyloid in Alzheimer
disease. RigeNatldegdeseillged 89: 10016-10020, 1992.
Rogers JT, Bush Al, Cho HH, Smith DH, Thomson AM,
Friedlich AL, Lahiri DK, Leedman PJ, Huang X, and Cahill
CM. Iron and the translation of the amyloid precursor
protein (APP) and ferritin mRNAs: riboregulation against
neural oxidative damage in Alzheimer’s disease. Biochem
Soc Trans 36: 1282-1287, 2008.

Rogers JT and Lahiri DK. Metal and inflammatory targets
for Alzheimer’s disease. Qupr Dryg Taroefs 5: 535-551, 2004.
Rogers JT, Randall JD, Cahill CM, Eder PS, Huang
X, Gunshin H, Leiter L, McPhee J, Sarang SS, Utsuki T, Greig
NH, Lahiri DK, Tanzi RE, Bush Al, Giordano T, and Gullans
SR. Aniron-responsive element type Il in the 5’-untranslated
region of the Alzheimer’s amyloid precursor protein tran-
script. [ Biol Chem 277: 45518-45528, 2002.

Rogers JT, Randall JD, Eder PS, Huang X, Bush Al, Tanzi
RE, Venti A, Payton SM, Giordano T, Nagano S, Cahill CM,
Moir R, Lahiri DK, Greig N, Sarang SS, and Gullans SR.
Alzheimer’s disease drug discovery targeted to the APP
mRNA 5’untranslated region. [ Mol Neyrosci 19: 77-82,
2002.

Rohrbach S, Simm A, Pregla R, Franke C, and Katschinski
DM. Age-dependent increase of prolyl-4-hydroxylase do-
main (PHD) 3 expression in human and mouse heart. Bio-
gerontology 6: 165-171, 2005.

Rolfs A, Kvietikova I, Gassmann M, and Wenger RH.
Oxygen-regulated transferrin expression is mediated by
hypoxia-inducible factor-1. [ Biol Chem 272: 20055-20062,
1997.

Roskams AJ and Connor JR. Iron, transferrin, and ferritin in
the rat brain during development and aging. [ Neurochem
63: 709-716, 1994.

Rottkamp CA, Raina AK, Zhu X, Gaier E, Bush AI, Atwood
CS, Chevion M, Perry G, and Smith MA. Redox-active iron
mediates amyloid-beta toxicity. Fzgg Radic Bigl Med 30: 447—
450, 2001.

Rouault TA and Cooperman S. Brain iron metabolism.
SeuupDedigte Neyzal 13: 142-148, 2006.

Roy A, Volgin DV, Baby SM, Mokashi A, Kubin L, and
Lahiri S. Activation of HIF-lalpha mRNA by hypoxia and
iron chelator in isolated rat carotid body. Neurosci Lett 363:
229-232, 2004.

Sabbagh A and Youdim MBH. Selective inhibition of
monoamine oxidase type B by propargyl-containing drugs.
Israel | Med Sci 14: 1097, 1978.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

945

Sagi Y, Mandel S, Amit T, and Youdim MB. Activation
of tyrosine kinase receptor signaling pathway by rasagi-
line facilitates neurorescue and restoration of nigrostriatal
dopamine neurons in post-MPTP-induced parkinsonism.
Neurobiol Dis 25: 35-44, 2007.

Salnikow K, Su W, Blagosklonny MV, and Costa M.
Carcinogenic metals induce hypoxia-inducible factor-
stimulated transcription by reactive oxygen species-
independent mechanism. Cancer Res 60: 3375-3378, 2000.
Salvatore MF, Fisher B, Surgener SP, Gerhardt GA, and
Rouault T. Neurochemical investigations of dopamine neu-
ronal systems in iron-regulatory protein 2 (IRP-2) knockout
mice. BigieResddal Brgi Res 139: 341-347, 2005.

Sarco DP, Becker J, Palmer C, Sheldon RA, and Ferriero
DM. The neuroprotective effect of deferoxamine in the
hypoxic-ischemic immature mouse brain. Neurosci Lett 282:
113-116, 2000.

Saura J, Luque JM, Cesura AM, Da Prada M, Chan-Palay V,
Huber G, Loffler J, and Richards JG. Increased monoamine
oxidase B activity in plaque-associated astrocytes of Alz-
heimer brains revealed by quantitative enzyme radioau-
tography. Neuroscience 62: 15-30, 1994.

Sayre LM, Perry G, Harris PL, Liu Y, Schubert KA, and
Smith MA. In situ oxidative catalysis by neurofibrillary
tangles and senile plaques in Alzheimer’s disease: a central
role for bound transition metals. [ Neurochem 74: 270-279,
2000.

Sayre LM, Smith MA, and Perry G. Chemistry and bio-
chemistry of oxidative stress in neurodegenerative disease.
Curr Med Chem 8: 721-738, 2001.

Schapira AH and Olanow CW. Drug selection and timing
of initiation of treatment in early Parkinson’s disease. Ann
Neurol 64(suppl 2): S47-S55, 2008.

Schipper HM. Heme oxygenase expression in human cen-
tral nervous system disorders. Ezge Radic Biol Med 37: 1995
2011, 2004.

Schliebs R. Basal forebrain cholinergic dysfunction in Alz-
heimer’s disease: interrelationship with beta-amyloid, in-
flammation and neurotrophin signaling. Neurochem Res 30:
895-908, 2005.

Schnell PO, Ignacak ML, Bauer AL, Striet ]B, Paulding WR,
and Czyzyk-Krzeska MF. Regulation of tyrosine hydroxy-
lase promoter activity by the von Hippel-Lindau tumor
suppressor protein and hypoxia-inducible transcription
factors. [ Neurochem 85: 483-491, 2003.

Schofield CJ and Ratcliffe PJ. Oxygen sensing by HIF hy-
droxylases. NatRep Mal Cell Bigl 5: 343-354, 2004.

Schulz JB, Lindenau ], Seyfried ], and Dichgans ]. Glu-
tathione, oxidative stress and neurodegeneration. Eur ]
Biochem 267: 49044911, 2000.

Selkoe DJ and Schenk D. Alzheimer’s disease: molecular
understanding predicts amyloid-based therapeutics. Annu

RewLhgygcalloxcg] 43: 545-584, 2003.

Semenza GL. Hypoxia-inducible factor 1: oxygen homeo-
stasis and disease pathophysiology. Lreuds Mol Med 7: 345—
350, 2001.

Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev
Cancer 3: 721-732, 2003.

Semenza GL, Roth PH, Fang HM, and Wang GL. Tran-
scriptional regulation of genes encoding glycolytic en-
zymes by hypoxia-inducible factor 1. [ _Biol Chem 269:
23757-23763, 1994.

Semenza GL and Wang GL. A nuclear factor induced
by hypoxia via de novo protein synthesis binds to the



946

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

human erythropoietin gene enhancer at a site required for
transcriptional activation. Mol Cell Biol 12: 5447-5454,
1992.

Sen CK and Packer L. Antioxidant and redox regulation of
gene transcription. FASEB [ 10: 709-720, 1996.

Sharp FR, Bergeron M, and Bernaudin M. Hypoxia-
inducible factor in brain. Adg Exp Med Biol 502: 273-591, 2001.
Shimohama S, Tanino H, Kawakami N, Okamura N,
Kodama H, Yamaguchi T, Hayakawa T, Nunomura A,
Chiba S, Perry G, Smith MA, and Fujimoto S. Activation
of NADPH oxidase in Alzheimer’s disease brains. Biochem
Bionhys Res Conynyy 273: 5-9, 2000.

Shoulson 1. An interim report of the effect of selegiline
(L-deprenyl) on the progression of disability in early Par-
kinson’s disease: the Parkinson Study Group. Eur Neurol
32(suppl 1): 46-53, 1992.

Siddiq A, Aminova LR, and Ratan RR. Hypoxia inducible
factor prolyl 4-hydroxylase enzymes: center stage in the
battle against hypoxia, metabolic compromise and oxida-
tive stress. Neurochem Res 32: 931-946, 2007.

Siddiq A, Aminova LR, and Ratan RR. Prolyl 4-hydroxy-
lase activity-responsive transcription factors: from hydrox-
ylation to gene expression and neuroprotection. Eront Biosci
13: 2875-2887, 2008.

Siddiq A, Aminova LR, Troy CM, Suh K, Messer Z,
Semenza GL, and Ratan RR. Selective inhibition of hyp-
oxia-inducible factor (HIF) prolyl-hydroxylase 1 mediates
neuroprotection against normoxic oxidative death via HIF-
and CREB-independent pathways. [ Neurosci 29: 8828-8838,
2009.

Siddiq A, Ayoub IA, Chavez JC, Aminova L, Shah S, La-
Manna JC, Patton SM, Connor JR, Cherny RA, Volitakis I,
Bush Al, Langsetmo I, Seeley T, Gunzler V, and Ratan RR.
Hypoxia-inducible factor prolyl 4-hydroxylase inhibition:
a target for neuroprotection in the central nervous system.
[ Biol Chem 280: 41732-41743, 2005.

Singh VP, Saluja AK, Bhagat L, van Acker GJ, Song AM,
Soltoff SP, Cantley LC, and Steer ML. Phosphatidylinositol
3-kinase-dependent activation of trypsinogen modulates
the severity of acute pancreatitis. [ Clin Invest 108: 1387—
1395, 2001.

Sivakumar V, Lu J, Ling EA, and Kaur C. Vascular endo-
thelial growth factor and nitric oxide production in re-
sponse to hypoxia in the choroid plexus in neonatal brain.
Brain_Pathol 18: 71-85, 2008.

Smith DG, Cappai R, and Barnham K]J. The redox chemis-
try of the Alzheimer’s disease amyloid beta peptide. Bio-
chim Biophys Actg 1768: 1976-1990, 2007.

Smith MA, Harris PL, Sayre LM, and Perry G. Iron
accumulation in Alzheimer disease is a source of redox-
generated free radicals. RegeNatldcadSeilloed 94: 9866—
9868, 1997.

Smith MA, Hirai K, Hsiao K, Pappolla MA, Harris PL,
Siedlak SL, Tabaton M, and Perry G. Amyloid-beta depo-
sition in Alzheimer transgenic mice is associated with oxi-
dative stress. [ Neurochem 70: 2212-2215, 1998.

Smith MA, Rottkamp CA, Nunomura A, Raina AK, and
Perry G. Oxidative stress in Alzheimer’s disease. Biochim
Biophys Acta 1502: 139-144, 2000.

Smith MA, Wehr K, Harris PL, Siedlak SL,, Connor JR, and
Perry G. Abnormal localization of iron regulatory protein
in Alzheimer’s disease. Brain Res 788: 232-326, 1998.
Smith SR, Cooperman S, Lavaute T, Tresser N, Ghosh M,
Meyron-Holtz E, Land W, Ollivierre H, Jortner B, Switzer R

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

WEINREB ET AL.

3rd, Messing A, and Rouault TA. Severity of neurodegen-
eration correlates with compromise of iron metabolism in
mice with iron regulatory protein deficiencies. Ann N Y
Acad Sci 1012: 65-83, 2004.

Snowdon DA. Healthy aging and dementia: findings from
the Nun Study. Aun utery Med 139: 450-454, 2003.
Soucek T, Cumming R, Dargusch R, Maher P, and Schubert
D. The regulation of glucose metabolism by HIF-1 mediates
a neuroprotective response to amyloid beta peptide. Neuron
39: 43-56, 2003.

Sterling J, Veinberg A, Lerner D, Goldenberg W, Levy
R, Youdim M, and Finberg J. (R)(+)-N-propargyl-1-
aminoindan (rasagiline) and derivatives: highly selective
and potent inhibitors of monoamine oxidase B. | Neural
Transmission Suppl 52: 301-305, 1998.

Stockmann C and Fandrey J. Hypoxia-induced erythropoi-
etin production: a paradigm for oxygen-regulated gene ex-
pression. (b Dharugeal Dhugial 33: 968-979, 2006.
Streifler M and Rabey MJ. Long-term effects of L-deprenyl
in chronic levodopa treated parkinsonian patients. | Neural
Transmission Suppl 19: 265-272, 1983.

Sun AY and Chen YM. Oxidative stress and neurodegen-
erative disorders. [ Biomed Sci 5: 401-414, 1998.

Sutedja NA, Sinke R]J, Van Vught PW, Van der Linden
MW, Wokke JH, Van Duijn CM, Njajou OT, Van der
Schouw YT, Veldink JH, and Van den Berg LH. The asso-
ciation between H63D mutations in HFE and amyotrophic
lateral sclerosis in a Dutch population. Arch Neurol 64: 63—
67, 2007.

Sutherland BA, Rahman RM, and Appleton I. Mechanisms
of action of green tea catechins, with a focus on ischemia-
induced neurodegeneration. [ Nufr Biochem 17: 291-306,
2006.

Sutherland BA, Shaw OM, Clarkson AN, Jackson DN,
Sammut IA, and Appleton I. Neuroprotective effects of
(-)-epigallocatechin gallate following hypoxia-ischemia-
induced brain damage: novel mechanisms of action. FASEB
] 19: 258-260, 2005.

Takeda A, Perry G, Abraham NG, Dwyer BE, Kutty RK,
Laitinen JT, Petersen RB, and Smith MA. Overexpression of
heme oxygenase in neuronal cells, the possible interaction
with Tau. [ Biol Chem 275: 5395-5399, 2000.

Tatton WG, Chalmers-Redman RM, Ju W], Mammen M,
Carlile GW, Pong AW, and Tatton NA. Propargylamines
induce antiapoptotic new protein synthesis in serum- and
nerve growth factor (NGF)-withdrawn, NGF-differentiated

PC-12 cells. LRhgrugcol Exp Ther 301: 753-764, 2002.
Taylor CT and Pouyssegur J. Oxygen, hypoxia, and stress.

Auu N Y Acad Sci 1113: 87-94, 2007.

Thomas R and Kim MH. Epigallocatechin gallate inhibits
HIF-lalpha degradation in prostate cancer cells. Biochem
Biophys Res Comyuy, 334: 543-548, 2005.

Tian B, Sun Z, Xu Z, and Hua Y. Chemiluminescence
analysis of the prooxidant and antioxidant effects of epi-
gallocatechin-3-gallate. AgigPac Gl Nutz 16(suppl 1):
153-157, 2007.

Treiber C, Simons A, Strauss M, Hafner M, Cappai R, Bayer
TA, and Multhaup G. Clioquinol mediates copper uptake
and counteracts copper efflux activities of the amyloid pre-
cursor protein of Alzheimer’s disease. [ Biol Chem 279:
51958-51964, 2004.

Triantafyllou A, Liakos P, Tsakalof A, Chachami G,
Paraskeva E, Molyvdas PA, Georgatsou E, Simos G, and
Bonanou S. The flavonoid quercetin induces hypoxia-



NEUROPROTECTIVE IRON CHELATORS AND HYPOXIA-INDUCIBLE FACTOR

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

inducible factor-lalpha (HIF-lalpha) and inhibits cell pro-
liferation by depleting intracellular iron. Free Radic Res 41:
342-356, 2007.

Triantafyllou A, Mylonis I, Simos G, Bonanou S, and
Tsakalof A. Flavonoids induce HIF-lalpha but impair its
nuclear accumulation and activity. Ezge Radic Biol Med 44:
657-670, 2008.

Tsolaki M, Kokarida K, Iakovidou V, Stilopoulos E,
Meimaris J, and Kazis A. Extrapyramidal symptoms and
signs in Alzheimer’s disease: prevalence and correlation
with the first symptom. iiebhdiiiiieiilionidcinildiic
16: 268-278, 2001.

Turner B] and Talbot K. Transgenics, toxicity and thera-
peutics in rodent models of mutant SOD1-mediated fa-
milial ALS. Prog Neurobiol 85: 94-134, 2008.

Urushitani M, Ezzi SA, and Julien JP. Therapeutic effects of
immunization with mutant superoxide dismutase in mice
models of amyotrophic lateral sclerosis. Rroc Natl Acad Sci
U S A 104: 2495-2500, 2007.

Valdmanis PN, Daoud H, Dion PA, and Rouleau GA. Re-
cent advances in the genetics of amyotrophic lateral scle-
T0SiS. (il eikalNoiasaiiReg 9: 198-205, 2009.

van Acker SA, van den Berg DJ, Tromp MN, Griffioen DH,
van Bennekom WP, van der Vijgh W], and Bast A. Struc-
tural aspects of antioxidant activity of flavonoids. Eree Radic
Biol Med 20: 331-342, 1996.

Veijola J, Pihlajaniemi T, and Kivirikko KI. Co-expression
of the alpha subunit of human prolyl 4-hydroxylase with
BiP polypeptide in insect cells leads to the formation of
soluble and insoluble complexes: soluble alpha-subunit-BiP
complexes have no prolyl 4-hydroxylase activity. Biochem |
315: 613-618, 1996.

Vexler ZS and Ferriero DM. Molecular and biochemical
mechanisms of perinatal brain injury. Sexzin Neonatol 6: 99—
108, 2001.

Waibel S, Reuter A, Malessa S, Blaugrund E, and Ludolph
AC. Rasagiline alone and in combination with riluzole
prolongs survival in an ALS mouse model. | Neurol 251:
1080-1084, 2004.

Wang GL and Semenza GL. Purification and characteriza-
tion of hypoxia-inducible factor 1. [ Biol Chem 270: 1230-
1237, 1995.

Wang XS, Lee S, Simmons Z, Boyer P, Scott K, Liu W, and
Connor J. Increased incidence of the Hfe mutation in
amyotrophic lateral sclerosis and related cellular conse-
quences. [ Neurol Sci 227: 27-33, 2004.

Warnecke C, Griethe W, Weidemann A, Jurgensen ]S,
Willam C, Bachmann S, Ivashchenko Y, Wagner I, Frei U,
Wiesener M, and Eckardt KU. Activation of the hypoxia-
inducible factor-pathway and stimulation of angiogenesis
by application of prolyl hydroxylase inhibitors. EFASEB [ 17:
1186-1188, 2003.

Warshakoon NC, Wu S, Boyer A, Kawamoto R, Sheville
J, Renock S, Xu K, Pokross M, Zhou S, Winter C, Walter
R, Mekel M, and Evdokimov AG. Structure-based de-
sign, synthesis, and SAR evaluation of a new series of
8-hydroxyquinolines as HIF-lalpha prolyl hydroxylase in-
hibitors. Biggrg Med Chem Lot 16: 5517-5522, 2006.

Wei IH, Wu YC, Wen CY, and Shieh JY. Green tea poly-
phenol (-)-epigallocatechin gallate attenuates the neuronal
NADPH-d/nNOS expression in the nodose ganglion of
acute hypoxic rats. Brain Res 999: 73-80, 2004.

Weinreb O, Amit T, and Youdim MB. A novel approach of
proteomics and transcriptomics to study the mechanism of

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

947

action of the antioxidant-iron chelator green tea polyphenol
(-)-epigallocatechin-3-gallate. Fzgg Radic Biol Med 43: 546—
556, 2007.

Weinreb O, Amit T, and Youdim MB. The application of
proteomics for studying the neurorescue activity of the
polyphenol (-)-epigallocatechin-3-gallate. Arch __Biochein
Biophys 476: 152-160, 2008.

Weinreb O, Bar-Am O, Amit T, Chillag-Talmor O, and
Youdim MBH. Neuroprotection via pro-survival protein
kinase C isoforms associated with Bcl-2 family members.
EASEB ] 18: 1471-1473, 2004.

Weinreb O, Bar-Am O, Amit T, Drigues N, Sagi Y,
and Youdim MB. The neuroprotective effect of ladostigil
against hydrogen peroxide-mediated cytotoxicity. Chem
Biol Interact 175: 318-326, 2008.

Weinreb O, Mandel S, Amit T, and Youdim MBH. Neu-
rological mechanisms of green tea polyphenols in Alzhei-
mer’s and Parkinson'’s diseases. [Nytri Biochen 15: 506-516,
2004.

Weinreb O, Mandel S, and Youdim MBH. ¢cDNA gene
expression profile homology of antioxidants and their an-
tiapoptotic and proapoptotic activities in human neuro-
blastoma cells. FASEB | 17: 935-937, 2003.

Weinstock M, Kirschbaum-Slager N, Lazarovici P, Bejar C,
Shoami E, and MBH Y. Cell culture and in vivo neuro-
protective effects of novel cholinesterase-MAO inhibitors
derived from rasagiline as potential anti-Alzheimer drugs.
Auu N Y Acad Sci 939: 148-161, 2000.

White AR, Du T, Laughton KM, Volitakis I, Sharples RA,
Xilinas ME, Hoke DE, Holsinger RM, Evin G, Cherny
RA, Hill AF, Barnham KJ, Li QX, Bush Al, and Masters
CL. Degradation of the Alzheimer disease amyloid beta-
peptide by metal-dependent up-regulation of metallopro-
tease activity. [ Biol Chem 281: 17670-17680, 2006.
Whitnall M and Richardson DR. Iron: a new target for
pharmacological intervention in neurodegenerative dis-
eases. Sgyup Dedighr Newzal 13: 186197, 2006.

Wiesener MS, Jurgensen ]S, Rosenberger C, Scholze CK,
Horstrup JH, Warnecke C, Mandriota S, Bechmann I, Frei
UA, Pugh CW, Ratcliffe PJ, Bachmann S, Maxwell PH, and
Eckardt KU. Widespread hypoxia-inducible expression of
HIF-2alpha in distinct cell populations of different organs.
FASEB [ 17: 271-273, 2003.

Wilson WJ and Poellinger L. The dietary flavonoid quer-
cetin modulates HIF-1 alpha activity in endothelial cells.
BldeliilieRiaillinlibnlaiiiiiis 293 446450, 2002.

Witten L, Sager T, Thirstrup K, Johansen JL, Larsen DB,
Montezinho LP, and Mork A. HIF prolyl hydroxylase in-
hibition augments dopamine release in the rat brain in vivo.
LNeurosci Res 87: 1686-1694, 2009.

Xiao XQ, Lee NT, Carlier PR, Pang Y, and Han YF. Bis(7)-
tacrine, a promising anti-Alzheimer’s agent, reduces hy-
drogen peroxide-induced injury in rat pheochromocytoma
cells: comparison with tacrine. Neurosci Lett 290: 197-200,
2000.

Yogev-Falach M, Amit T, Bar-AM O, and Youdim MBH.
The importance of propargylamine moiety in the anti-
Parkinson drug rasagiline and its derivatives for MAPK-
dependent amyloid precursor protein processing. FASEB ]
17: 2325-2327, 2003.

Yogev-Falach M, Bar-Am O, Amit T, Weinreb O, and
Youdim MB. A multifunctional, neuroprotective drug, la-
dostigil (TV3326), regulates holo-APP translation and pro-
cessing. EASEB ] 20: 2177-2179, 2006.



948

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

Youdim MB. The path from anti Parkinson drug selegiline
and rasagiline to multifunctional neuroprotective anti-
Alzheimer drugs ladostigil and m30. Qur Alzhieimer Res 3:
541-550, 2006.

Youdim MB. Brain iron deficiency and excess; cogni-
tive impairment and neurodegeneration with involve-
ment of striatum and hippocampus. Neurofox Res 14:
45-56, 2008.

Youdim MB and Buccafusco JJ. Multi-functional drugs for
various CNS targets in the treatment of neurodegenerative
disorders. Lxeuds Pharmacal Sci 26: 27-35, 2005.

Youdim MB, Fridkin M, and Zheng H. Novel bifunctional
drugs targeting monoamine oxidase inhibition and iron
chelation as an approach to neuroprotection in Parkin-
son’s disease and other neurodegenerative diseases. [ Neural
Transmission 111: 1455-1471, 2004.

Youdim MB, Stephenson G, and Ben Shachar D. Iron-
ing iron out in Parkinson’s disease and other neurode-
generative diseases with iron chelators: a lesson from
6-hydroxydopamine and iron chelators, desferal and VK-28.
Auu N Y Acad Sci 1012: 306-325, 2004.

Zaman K, Ryu H, Hall D, O’'Donovan K, Lin KI, Miller MP,
Marquis JC, Baraban JM, Semenza GL, and Ratan RR.
Protection from oxidative stress-induced apoptosis in cor-
tical neuronal cultures by iron chelators is associated with
enhanced DNA binding of hypoxia-inducible factor-1 and
ATF-1/CREB and increased expression of glycolytic en-
zymes, p21(wafl/cipl), and erythropoietin. | Neurosci 19:
9821-9830, 1999.

Zatta P, Drago D, Bolognin S, and Sensi SL. Alzheimer’s
disease, metal ions and metal homeostatic therapy. Trends
Pharmacol Sci 30: 346-355, 2009.

Zecca L, M.B.H. Y, Riederer P, Connor JR, and Crichton RR.
Iron, brain ageing and neurodegenerative disorders. Nat
Rev Neurosci 5: 863873, 2004.

Zecca L, Stroppolo A, Gatti A, Tampellini D, Toscani M,
Gallorini M, Giaveri G, Arosio P, Santambrogio P, Fariello
RG, Karatekin E, Kleinman MH, Turro N, Hornykiewicz O,
and Zucca FA. The role of iron and copper molecules in the
neuronal vulnerability of locus coeruleus and substantia
nigra during aging. RigeeNatldegdeScinlleomd 101: 9843—
9838, 2004.

Zhang B, Tanaka J, Yang L, Yang L, Sakanaka M, Hata R,
Maeda N, and Mitsuda N. Protective effect of vitamin E
against focal brain ischemia and neuronal death through
induction of target genes of hypoxia-inducible factor-1.
Neuroscience 126: 433-440, 2004.

Zheng H, Gal S, Weiner LM, Bar-Am O, Warshawsky A,
Fridkin M, and Youdim MB. Novel multifunctional neu-
roprotective iron chelator-monoamine oxidase inhibitor
drugs for neurodegenerative diseases: in vitro studies on
antioxidant activity, prevention of lipid peroxide formation
and monoamine oxidase inhibition. [ Neurochem 95: 68-78,
2005.

358.

359.

360.

361.

362.

363.

364.

365.

WEINREB ET AL.

Zheng H, Weiner LM, Bar-Am O, Epsztejn S, Cabantchik ZI,
Warshawsky A, Youdim MB, and Fridkin M. Design, syn-
thesis, and evaluation of novel bifunctional iron-chelators
as potential agents for neuroprotection in Alzheimer’s,
Parkinson’s, and other neurodegenerative diseases. Bioorg
Med Chem 13: 773-783, 2005.

Zheng H, Youdim MB, Weiner LM, and Fridkin M. Novel
potential neuroprotective agents with both iron chelating
and amino acid-based derivatives targeting central ner-
vous system neurons. Biochens Pharugcol 70: 1642-1652,2005.
Zhong H, Chiles K, Feldser D, Laughner E, Hanrahan C,
Georgescu MM, Simons JW, and Semenza GL. Modula-
tion of hypoxia-inducible factor lalpha expression by the
epidermal growth factor/phosphatidylinositol 3-kinase/
PTEN/AKT/FRAP pathway in human prostate cancer
cells: implications for tumor angiogenesis and therapeutics.
Cancer Res 60: 1541-1545, 2000.

Zhou YD, Kim YP, Li XC, Baerson SR, Agarwal AK,
Hodges TW, Ferreira D, and Nagle DG. Hypoxia-inducible
factor-1 activation by (-)-epicatechin gallate: potential ad-
verse effects of cancer chemoprevention with high-dose
green tea extracts. [ Nat Prod 67: 2063-2069, 2004.

Zhu W, Xie W, Pan T, Jankovic J, Li J, Youdim MB, and Le
W. Comparison of neuroprotective and neurorestorative
capabilities of rasagiline and selegiline against lactacystin-
induced nigrostriatal dopaminergic degeneration. | Neu-
rochem 105: 1970-1978, 2008.

Zhu W, Xie W, Pan T, Xu P, Fridkin M, Zheng H, Jankovic
J, Youdim MB, and Le W. Prevention and restoration of
lactacystin-induced nigrostriatal dopamine neuron degen-
eration by novel brain-permeable iron chelators. EASEB |
21: 3835-3844, 2007.

Ziello JE, Jovin IS, and Huang Y. Hypoxia-inducible factor
(HIF)-1 regulatory pathway and its potential for thera-
peutic intervention in malignancy and ischemia. Yale [ Biol
Med 80: 51-60, 2007.

Znamensky V, Akama KT, McEwen BS, and Milner TA.
Estrogen levels regulate the subcellular distribution of
phosphorylated Akt in hippocampal CA1l dendrites.
[ Neurosci 23: 2340-2347, 2003.

Address correspondence to:
Dr. Orly Weinreb
Department of Pharmacology
Technion Faculty of Medicine
P.O.B. 9649

Haifa 31096

Israel

E-mail: worly@tx.technion.ac.il

Date of first submission to ARS Central, Sepember 30, 2009;
date of final revised submission, January 17, 2010; date of
acceptance, January 22, 2010.



NEUROPROTECTIVE IRON CHELATORS AND HYPOXIA-INDUCIBLE FACTOR

949

Abbreviations Used

5'UTR =5"-untranslated region
6-OHDA = 6-hydroxydopamine
Ap = p-amyloid peptide
AD = Alzheimer’s disease
ADAM10 = metallopeptidase 10
ADM = adrenomedullin
ALD =aldolase
ALS = amyotrophic lateral sclerosis
ARNT = aryl hydrocarbon receptor translocator
BBB =blood-brain barrier
BDNF = brain-derived neurotrophic factor
ChAT = choline acetyltransferase
ChE = cholinesterase
CoCl, = cobalt chloride
CREB = cAMP response elements-binding protein
C-TAD = C-terminal transactivation
CXCR = stromal-derived factor
DA = dopamine
DFO = desferrioxamine
DMOG = dimethyl-oxalyl-glycine
EGCG = green tea (-)-epigallocatechin-3-gallate
EGLN = egg-laying—defective nine
EPO = erythropoietin
(Fe**) =iron
G6PD = glucose 6-phosphate dehydrogenase
GAP-3 = growth-associated protein 43
GDNF =glial cell line-derived neurotrophic factor
GLUT-1 = glucose transporter 1
GP = glutathione peroxidase
GSH = glutathione
GSK = glycogen synthase kinase
HFE =hemochromatosis
HI = hypoxia—ischemia
HIF-1a = hypoxia-inducible factor-1u
HO-1 =heme oxygenase
H,0O, =hydrogen peroxide
HREs =hypoxia-response elements

HSP = heat-shock protein
IGF-1 = insulin-like growth factor 1
iNOS = nitric oxide synthase
IRPs = iron-regulatory proteins
L-DOPA = r-dihydroxyphenylalanine
MAPK = mitogen-activated protein kinase
MPTP = N-methyl-4-phenyl-1,2,3,6-tertahydropyr-
idine
MT = metallothioneines
NADPH = nicotinamide adenine dinucleotide phos-
phate
NG = nodose ganglion
NGF = nerve growth factor
NMDA = N-methyl-p-aspartic acid
NOS = nitric oxide synthase
ODDD = oxygen-dependent degradation domain
OGF = opioid growth factor
OS = oxidative stress
PD = Parkinson’s disease
PFKFB-1-4 = 6-phosphofructo-2-kinase/fructose-2,
6-bisphosphatase
PGK1 = phosphoglycerate kinase 1
PHD = prolyl-4-hydroxylase
PIBK = phosphatidylinositol-3-kinase
PKC = protein kinase C
PT = permeability transition
pVHL = von Hippel-Lindau
ROS = reactive oxygen species
SIN-1 = 3-morpholino sydnonimine
SNpc = substantia nigra pars compacta
SOD = superoxide dismutase
SSRIs = selective serotonin-reuptake inhibitors
TfR = transferrin receptor
TGE-f = transforming growth factor-f
TH = tyrosine hydroxylase
TNF-o = tumor necrosis factor-o
Trk = tyrosine kinase receptor
VEGF = vascular endothelial growth factor
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