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Abstract

Antioxidants and iron chelating molecules are known as neuroprotective agents in animal models of neurodegenerative disorders such
as Alzheimer’s disease (AD) and Parkinson’s disease (PD). In this study, we designed and synthesized a novel bifunctional molecule
(M10) with radical scavenging and iron chelating ability on an amino acid carrier likely to be a substrate for system L, thus targeting the
compound to the central nervous system (CNS). M10 had a moderate iron affinity in HEPES buffer (pH 7.4) with log K3 = 12.25 £ 0.55
but exhibited highly inhibitory action against iron-induced lipid peroxidation, with an ICs, value (12 wM) comparable to that of desferal
(DFO). EPR studies indicated that M10 was a highly potent *OH scavenger with an ICs of about 0.3 molar ratio of M10 to H,O,. In PC12
cell culture, M10 was at least as potent as the anti-Parkinson drug rasagiline in protecting against cell death induced by serum-deprivation
and by 6-hydroxydopamine (6-OHDA). These results suggest that M10 deserves further investigation as a potential agent for the treatment

of neurodegenerative disorders such as AD and PD.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Neurodegeneration in Alzheimer’s disease (AD), Par-
kinson’s disease (PD), amyotrophic lateral sclerosis (ALS)
and Huntington disease (HD) is associated with a cascade
of events. The major pathogenic events include iron-
induced oxidative stress, increased levels of iron, inflam-
matory processes and depletion of antioxidants in the brain
[1-4]. In the past decade, a large number of antioxidants
such as Vitamin E, ebselen, carotenoids, favonoids, lipoic
acid and lazaroid have been investigated as potential
therapeutic agents to control oxidative stress in neurode-
generative disorders [5—7]. Although such compounds
have shown neuroprotection when used in animal models
or in small clinical studies, their use is still relatively
limited mainly because of poor bioavailability and/or
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inadequate antioxidant property under physiological con-
ditions [7]. Because of toxicity concerns, less effort has
been devoted to decreasing oxidative stress by using metal
chelators to control the levels of iron, which at high levels,
has been implicated in converting the less reactive hydro-
gen peroxide into the highly toxic hydroxyl radical.

Iron levels are clearly elevated at the site where neurons
degenerate in neurodegenerative diseases such as PD, AD
and HD [8]. For example, in PD there is selective increase
of iron in substantia nigra pars compacta (SNPC) [9] and
within the melanized dopamine neurons [4,10]. Iron in
SNPC also accumulates in the proliferated reactive micro-
glia, astrocytes and oligodendrocytes [13]. In AD, iron
accumulation occurs in microglia and oligodendrocytes
within plaques and tangle-bearing neurons [14]. In other
neurodegenerative diseases, such as HD, ALS and multiple
sclerosis, iron also accumulates at the site of the lesion and
is thought to participate in the neurodegenerative process
[14]. The increased level of iron in the brain could induce
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and exacerbate oxidative stress [15,16], promote deposi-
tion of amyloid-3 (AB) [17] and also be closely linked to
the proliferation of the reactive microglia and the inflam-
matory responses, as observed in neurotoxin-induced neu-
rodegeneration and neurodegenerative diseases [18]. In
view of these, iron is thought to play a pivotal role in
the pathogenesis of PD and other neurodegenerative dis-
eases. Because of the iron-mediated toxicity and its parti-
cipation in the Fenton reaction to continually produce free
radicals, the efficacy of an antioxidant in reducing oxida-
tive stress could be undermined. This may explain, at least
in part, why many antioxidants fail to provide neuropro-
tection in the clinic although they all show neuroprotective
activity in animal models.

Recent studies have shown that iron chelators can offer
neuroprotection both in vitro and in vivo. For example,
intracereventricularly (ICV) injected desferal (DFO), an
iron chelator drug used for treating iron overload, protects
against the dopaminergic neurodegeneration induced by 6-
hydroxydopamine (6-OHDA) [19], and prevents iron and
1-methyl-4-phenyl-1,2,5,6-tetrahydropyridinium (MPTP)-
induced neurotoxicity in mice [20]. An antibiotic iron
chelator, 5-chloro-7-iodo-8-hydroxyquinoline (clioqui-
nol), provides neuroprotection against MPTP-induced neu-
rotoxicity in vivo [21]. Oral administration of clioquinol
inhibits (-amyloid accumulation in an AD transgenic
mouse model via its metal chelating property [22]. Unfor-
tunately, clioquinol was withdrawn from the market
because of its high toxicity [23], and desferal has no oral
activity coupled with cytotoxicity [24].

Iron chelators for clinical use in neurological disorders
should cross the blood-brain barrier (BBB) and possess
strong iron chelating ability for removal of excess iron in
the brain. Increasing the lipophilicity of a chelator may
improve its penetration through the BBB, but its uptake
into other non-related tissues (cells) may likewise increase.
Entrance of strong lipophilic iron chelators into cells is
expected to interact with essential iron containing enzymes
such as ribonucleotide reductase and tyrosine hydroxylase
and thus promote undesirable side effects, especially when

administered for prolonged periods of time [25,26]. There-
fore, it is of interest to develop new chelators that selec-
tively target the brain to help circumvent some limitations
of currently available iron chelators.

We have recently developed a number of novel iron
chelators [27,28]. VK28 and M30 (Fig. 1), two represen-
tatives of this novel class of iron chelators, have been
shown to have neuroprotective activity in vivo against 6-
OHDA and in vivo against MPTP neurotoxicity
[29,30,39,40]. VK28 and M30, like clioquinol, are non-
selective iron chelators with good permeability into both
the brain and normal cells [29,30]. We therefore designed
and synthesized a novel antioxidant-iron chelator, desig-
nated M10 (Fig. 1), derived from VK28, M30 and clio-
quinol but with potential selective targeting to the brain.
M10 has two important attributes: first, it is a water-soluble
molecule with high hydrophilicity that would help prevent
it from penetrating into cells to interfere with the normal
iron metabolism and thus possibly reduce the drug toxicity;
second, M10 possesses a neutral amino acid carrier group
that is a substrate for the uptake system L thus targeting it
to the brain. A number of hydrophilic drugs are known to
be transported into the brain via system L, including L-
DOPA, a-methyl-DOPA, melphalan, 6-diazo-5-oxo-L-nor-
leucine, acivicin and SDZ EAB 515 (Fig. 1) [31-34].

MI10 or r-3-(8-hydroxyquinolin-5-yl)alanine is an
oxine-derived amino acid. Some oxine-derived amino acid
analogs have been developed for use as potential fluores-
cent chemosensors of divalent zinc [11,12]. In this paper,
we report for the first time the synthesis and preliminary
characterization of the novel antioxidant chelator L-3-(8-
hydroxyquinolin-5-yl)alanine (M10).

2. Materials and methods

2.1. Chemicals and routine equipment

Unless otherwise stated, all chemicals were obtained
from commercial suppliers (Sigma—Aldrich, Merck, or
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Fig. 1. Structures of VK28, M30, M10 and some known drugs with a neutral amino acid carrier.
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Fluka). Proton NMR spectra were measured on a Bruker
DPX-250 spectrometer (Bruker, Karlsruhe, Germany).
Rasagiline was kindly donated by Teva Pharmaceuticals
Ltd. (Petach-Tikva, Israel). Flash column chromatogra-
phy separations were performed on silica gel Merck 60
(230-400 mesh ASTM, Merck KGaA, Darmstadt, Ger-
many). UV-vis spectra were measured on a Beckman
DU 7500 spectrophotometer (Beckman Coulter, Inc.,
Fullerton, CA, USA). TLC was performed on Merck
Kieselgel 60 Fys4 plates (Merck KGaA). Mass spectra
(DI, EI-MS) were measured on a VG-platform-II elec-
trospray single quadropole mass spectrometry (Micro
Mass, UK). p- and L-isomers were separated by pre-
parative HPLC, performed on a Waters system composed
of two model 510 pumps, model 680 automated gradient
controller and model 441 absorbance detector (Waters,
Milford, MA). The column effluents were monitored by
UV absorbance at 254 nm. HPLC pre-packed columns
were Vydac RP-18 columns (250 mm x 22 mm; 10 pm
bead size, Merck, Darmstadt, Germany) for preparative
purifications and Lichrospher100 RP-18 (250 mm x
4 mm; 5 pm bead size, Merck) for analytical purposes.
HPLC purification was achieved by using 0.1% TFA in
water as A and 0.1% TFA in 75% acetonitrile in water
(v/v) as B.

2.2. Synthesis of L-3-(8-hydroxyquinolin-5-yl)alanine
L- (M10) and p (M9)-isomers

The novel antioxidant chelators L-3-(8-hydroxyquino-
lin-5-yl)alanine (M10) and its p-isomer (M9) were pre-
pared as detailed below and as summarized in Scheme 1.

2.2.1. 5-Chloromethyl-8-quinolinol hydrochloride (2)

A mixture of 14.6 g (0.1 mole) of 8-quinolinol, 16 ml of
32% hydrochloric acid and 16 ml (0.1 ml) of 37% for-
maldehyde at 0 °C was treated with hydrogen chloride gas
(100% HCI) for 6 h. The solution was allowed to stand at
room temperature (RT) for 2 h without stirring. The yellow
solid was collected on a filter and dried to give 16 g crude
5-chloro-methyl-8-quinolinol hydrochloride 2. H' NMR
(250 MHz, CDCl3): 5.32 (s, 2H), 7.53 (m, 1H), 7.85 (m,
H), 8.12 (m, 1H), 9.12 (m, 1H), 9.28 (m, 1H).

2.2.2. 8-(5-Chloromethyl)quinolyl acetate (3)

To a stirred solution of crude 5-chloromethyl-8-quino-
linol hydrochloride 2 (230 mg, 1 mmole) in dry DMF
(5ml) at 0°C were added slowly and simultaneously
pyridine (0.3 ml, 2.5 mmole) and acetyl chloride
(0.6 ml, 8 mmole) under N, protection. The reaction
mixture was stirred at 0 °C for 1 h at RT for 1 h. After
cooling to 0°C, 10 ml of water was added, and the
resulting mixture was stirred at 0 °C for 20 min. The
mixture was extracted with chloroform (3x 20 ml). The
combined organic layer was washed with saturated
NaHCO; (2x 20 ml) and brine solution (2x 20 ml) and
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Scheme 1. Reagents and conditions: (a) HCI (32%), HCHO (37%),
0 — RT, 8 h, 70%. (b) CH;COCI, pyridine, DMF, 0 °C — RT, 2 h, 75%.
(c) Na, ethanol, acetamidomalonate, reflux 5 h, 59%. (d) 6N HCl reflux 8 h.
(e) EtOH, SOCI, reflux 6 h. (f) a-Chymotrypsin pH 6.0-6.5,2 h RT; 35% L-
acid and 88% (recovery) p-ester. (g) 0.2 M NaOH RT, 6 h.

dried over Na,SO,. Evaporation afforded the title com-
pound 3 (crude) (180 mg, 75%) as a light brown solid.
mp = 119-120 °C, '"H NMR (250 MHz, CDCl5): 2.25 (s,
3H), 4.98 (s, 2H), 7.40 (d, J = 7.7 Hz, 1H), 7.55 (m, 2H),
8.47 (dd, J=8.6, 1.6 Hz, 1H), 8.96 (dd, J=4.2, 1.5 Hz,
1H).

2.2.3. Diethyl (8-hydroxyquinolin-5-yl-methyl)-
acetamidomalonate (4)

A solution of acetamidomalonate (183 mg,
0.842 mmole) and metallic sodium (34 mg, 0.842 mmole)
in ethanol was added to a solution of 8-(5-chloromethyl)-
quinolyl acetate 3 (180 mg, 0.765 mmole). The resultant
mixture was stirred for 5h under reflux, cooled and
evaporated in vacuum. To the residue was added water
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(20 ml) and the mixture was extracted with CHCls/
EtOAc (3x 20 ml, 1:1). The organic layer was washed
with brine (2x 20) and dried over Na,SO,4. Evaporation
afforded the title compound 4 (170 mg, 59%) as a light
brown solid (crude) mp=153-154°C, Ry 0.25
(CHCl3;:MeOH:NH;, 9:1:0.25), 'H NMR (250 MHz,
CDCls): 1.30 (dd, J=7.1, 7.1 Hz, 6H), 1.86 (s, 3H),
4.03 (s, 2H), 4.27 (m, 4H), 6.46 (s, INH), 7.10 (dd,
J=16.6, 79 Hz, 2H), 7.42 (dd, J=8.7, 4.2 Hz, 1H),
8.76 (dd, J=4.2, 1.1 Hz, 1H).

2.2.4. pr-3-(8-Hydroxyquinolin-5-yl)alanine (5)

Diethyl  (8-hydroxyquinolin-5-yl-methyl)-acetamido-
malonate 4 (8.9 g, 21.9 mmole) was dissolved in 6N
HCI (150 ml) and the resultant mixture was refluxed
for 10 h. The reaction mixture was evaporated to dryness
by removing the solvent in vacuum. The residue was
redissolved in H,O and filtered. The pH of the solution
was adjusted to 5-5.5 with 10% NaOH. A yellow pre-
cipitate was collected by filtration, washed thoroughly
with water, re-crystallized from water (pH 5.5) and
washed with acetone to give pL-3-(8-hydroxy quinolin-
5-yl)alanine 5 (3.8 g, yield 65%) of 100% purity, checked
by HPLC [Cg; solvent A = water, 0.1%, v/v, TFA; solvent
B = MeCN:water = 3:1, 0.1%, v/v, TFA; tg =18.2 min
(linear gradient 0-80% B over 55 min)]. mp =194 °C
(decompose). '"H NMR (250 MHz, D,0) 3.42 (m, 1H),
3.58 (m, 1H), 3.93 (dd, J=7.2, 7.2 Hz, 1H), 7.22 (d,
J=8.0Hz, 1H), 7.50 (d, J=8.1Hz, 1H), 7.94 (dd,
J=8.7, 54 Hz, 1H), 8.84 (d, J=5.1 Hz, 1H)., 9.06 (d,
J=8.7Hz, 1H); >C NMR (100 MHz, DMSO) 32.14,
53.11, 111.03, 121.27, 127.46., 129.76, 133.35, 138.13,
147.46, 152.55, 170.30. Mass spectrometry: calculated
for C12H12N203 mlz [M+ H]+ = 23324, found [M+ H]+
=233.25.

2.2.5. pr-3-(8-Hydroxyquinolin-5-yl)alanine ethyl
ester (6)

To a stirred slurry of pL-3-(8-hydroxyquinolin-5-yl)ala-
nine 5 (2.19 g, 7.04 mmole) in absolute ethanol (26 ml) at
0 °C, protected from atmospheric moisture by CaCl, tube
in N, was added dropwise thionyl chloride (1.1 ml,
4.1 mmole). The reaction mixture was stirred at 0 °C for
30 min, and at RT for 30 min, and then refluxed overnight.
The solution was evaporated to dryness in vacuum. The
residue was dissolved in absolute ethanol and evaporated to
dryness. To ensure completeness of the esterification, the
whole procedure was repeated. The ester 6 (yellow solid,
1.67 g, 92% yield), shown by HPLC to contain about 1%
free amino acids, was further purified by Flash column
chromatography (CH,Cl,:MeOH:AcOH, 9:1.5:1.5). 'H
NMR (250 MHz, D,O) 0.94 (dd, J=7.2, 7.2 Hz, 3H),
3.63 (m, 2H), 4.01 (m, 2H), 4.34 (dd, J=7.7, 7.5 Hz,
1H), 7.31 (d, J = 8.0 Hz, 1H), 7.56 (d, J = 8.2 Hz 1H), 8.01
(dd, J=8.7,5.4 Hz, 1H), 8.93 (d, J = 5.4 Hz, 1H), 9.08 (d,
J=28.7Hz, 1H).

2.2.6. 1-3-(8-Hydroxyquinolin-5-yl)alanine (7 or M10)
and p-3-(8-hydroxyquinolin-5-yl)alanine ethyl ester (8)

Ester 6 (89.2 mg) was dissolved in 5 ml water and the
pH of the solution was adjusted to about 6.4 with 0.2 M Na
OH. a-Chymotrypsin (0.9 mg) was added, and the mixture
was incubated at RT for 6 h with the pH being kept
constant by addition of 0.2 M NaOH. After digestion,
the mixture was lyophilized to dryness and separated by
preparative HPLC [C,g; solvent A = water, 0.1%, v/v, TFA;
solvent B = MeCN:water = 3:1, 0.1%, v/v, TFA; tg = 18.0
min (linear gradient 0-80% B over 55 min)]. L-3-(8-
Hydroxyquinolin-5-yl)alanine 7 (M10) was obtained:
27.6 mg, 35%, 100% purity, [a]5 =+13.5 (p-ethyl ester
was recovered 39.2mg, 88% recovery). 'H NMR
(250 MHz, D,0) 3.49 (m, 1H), 3.65 (m, 1H), 3.95 (m,
1H), 7.34 (m, 1H), 7.57 (m, 1H), 8.0 (m, 1H), 8.91 (m, 1H),
9.14 (m, 1H); caled for C,H;,N,O5; m/z [M +H]' =
233.24, found [M + H]" = 233.26.

2.2.7. p-3-(8-hydroxyquinolin-5-yl)alanine (9 or M9)

D-3-(8-Hydroxyquinolin-5-yl)alanine ethyl ester 8
(33.4 mg) was dissolved in 11 ml of 0.2 M NaOH and
the solution was stirred at RT for 6 h. Water was removed
by lyophilization, and the product was purified by pre-
parative HPLC [C;g; solvent A = water, 0.1%, v/v, TFA;
solvent B =MeCN:water=3:1, 0.1%, v/v, TFA;
tr = 18.4 min (linear gradient 0-80% B over 55 min)] to
give p-amino acid 9 or M9 26.8 mg, 89%, 99.1% purity.
[a]éo = —10.3. '"HNMR (250 MHz, D,0) 3.40 (s, 1H), 3.55
(s, 1H),3.91 (s, 1H), 7.15 (s, 1H), 7.45 (s, 1H), 7.91 (s, 1H),
8.80 (s, 1H), 9.02 (s, 1H), calcd for C,H,N,O3 m/z
[M + H]" = 233.24, found [M + H]" = 233.26.

2.3. Detection of free radical intermediates

Hydroxyl radical (*OH) was produced by the photolysis
of H,O, as previously described [35]. Formation of the
hydroxyl radical (*OH) was followed by electron spin
resonance (ESR) of the spin adduct (DMPO-°OH). A
typical 60 pl incubation mixture for trapping *OH radicals
contained 50 mM DMPO. For H,O, photolysis, the irra-
diation source was a KL1500 electronic projector lamp
(Schott, Germany). Samples were irradiated directly inside
the ESR cavity by white light with an optical fiber. The
ESR spectra of DMPO-"OH were recorded in a Bruker
electron spin resonance ER200D-SRC spectrometer (Bru-
ker, Karlsruhe, Germany) in a quartz flat cell of 60 wl. The
standard instrumental parameters were as follows: micro-
wave frequency, 9.7 GHz; incident microwave power,
10 MW; center of the field, 3480; scan range, 100 G; field
modulation, 1 G; receiver gain, 6.3 x 1075; and time
constant, 1.3 s. The ESR spectrum of DMPO-"OH con-
sisted of a quartet (1:2:2:1) with hyperfine splitting con-
stants of an = ag = 14.9 G. The amplitude of the third peak
in the quartet of the ESR spectrum of DMPO-"OH was
used for further calculations.



1646 H. Zheng et al./Biochemical Pharmacology 70 (2005) 1642—1652

2.4. Lipid peroxidation assay

Lipid peroxidation (LPO) was measured in rat brain
mitochondrial membrane homogenates as previously
described [36]. This method is based on the oxidation of
polyunsaturated fatty acids in biologic membranes, giving
rise to a variety of lipid breakdown products such as
malondialdehyde (MDA). By reacting MDA with thiobar-
bituric acid (TBA) a pink pigment is formed, which can be
detected by UV-vis spectroscopy. LPO was induced by
50 wM ascorbic acid and 1.5 wM FeSQ,. The absorption of
thiobarbituric acid derivatives was measured photometri-
cally at 532 nm.

2.5. Determination of neuroprotective effects on PCI2
cells

2.5.1. PCI2 cell culture

Rat PCI12 cells, originating from rat pheochromocy-
toma, were grown at 37 °C in a humid 5% CO,, 95%
air environment in a growth medium containing Dulbec-
co’s modified Eagle’s medium (DMEM, Invitrogen, Gro-
ningen, the Netherlands) supplemented with glucose
(1 mg/1 ml), 5% fetal calf serum (Bet Haemek, Israel),
10% horse serum and a 1% mixture of penicillin/strepto-
mycin. On confluence, the culture medium was removed
and the cells were detached by vigorous washing followed
by centrifugation at 200 x g for 5 min. For experiments
with serum-deprivation, cells were resuspended in DMEM
with full serum content, 0.5 x 10* cells/well, and then
placed in microtiter plates (96 wells) precoated with
collagen (10 pg/cm?) and allowed to attach for 24 h. Next,
the medium was replaced with DMEM containing 0.1%
bovine serum albumin (BSA). Drugs were added to the
cells after 1 h incubation. Cells were incubated for 24 h
before being subjected to the 3-(4.5-dimethylthiazol-2-yl)-
2.5-diphenyltetrazolium (MTT) assays (see below). For
experiments with the neurotoxin 6-hydroxydopamine, PC
12 cells (1 x 10* cells/well) in DMEM with one-third full
serum content were placed in microtiter plates (96 wells)
precoated with collagen (10 wg/cm?) and allowed to attach
for 24 h before treatment. Drugs were added to cells
30 min before insults with 6-hydroxy-dopamine
(150 wM). Cells were incubated at 37 C for 24 h before
being assayed with MTT.

2.5.2. MTT test for cell viability

The MTT test is based on the conversion of MTT to blue
formasan crystals by viable cells. Briefly, 24 h after treat-
ment, the medium was removed and replaced with a
medium (100 pl/well) lacking serum. To each well,
10 wl of a 5 mg/ml MTT solution in PBS was added. After
incubation at 37 °C for 2 h, 100 pl of 10% SDS in 0.01N
HCI was added and the solution was mixed thoroughly and
incubated for additional 24 h. Absorption was determined
in a Perkin-Elmer Dual Wave-length Eliza-Reader at

A =570 nm/650 nm after automatic subtraction of back-
ground readings. Cell viability was expressed as a percen-
tage of cells untreated with 6-hydroxydopamine, which
served as the control group and was designated as 100%.
The results are expressed as percentage of the control.

2.5.3. ELISA programmed cell death detection

Cells were analyzed for apoptosis by cell death detection
ELISA (Roche Applied Science, Mannheim, Germany).
The assay is based on the use of mouse monoclonal
antibodies to detect free histones and fragmented DNA.
Briefly, after 24 h incubation with the test compounds,
cells were centrifuged at 200 x g for 10 min, the super-
natant was removed and 300 .l of lysis buffer was added to
each of the cell pellets. Cells were incubated for 30 min at
RT and then centrifuged again at 200 x g for 10 min. A
supernatant aliquot (10 wl) was added along with 90 pl of
the antibody mixture (containing anti-histone and anti-
DNA antibodies) to each well of the streptavidin-coated
96-well plate. After 2 h incubation at RT, the reaction
mixture was removed and the plate was washed with
incubation buffer. The bound peroxidase was then deter-
mined photometrically at 405 nm/492 nm using 2,2'-azino-
di(3-ethylbenz-thiazolinsulfonate) [ABTS] as a substrate.
Cell death was expressed as a percentage of the apoptosis
in the cells untreated with drugs, which served as the
control group and was designated as 100%. The results
are expressed as percentage of the control.

3. Statistical analysis

All assays were performed at least in triplicate and the
data were expressed as mean = S.E.M. Data were analyzed
by Student’s z-test. Variations were considered significant
at p <0.05.

4. Results
4.1. Metal chelating studies

4.1.1. Formation of metal complexes with Fe(Il),
Fe(Ill), Cu(Il) and Zn(Il)

UV-vis spectroscopy suggested that M10 formed com-
plexes with Fe(Ill)/(II), Cu(Il) and Zn(Il) in HEPES
buffer (pH 7.4) at 37 °C. Fig. 2 shows the absorption
spectra of M10 in the absence and presence of metal ions
in HEPES buffer (pH 7.4). There was a pronounced
absorbance by M10 around 325 nm but no apparent
absorption in the range of 370-800 nm (Fig. 2a). On
addition of FeCl; to the solution of M 10, three new bands
around 372, 475 and 610 nm appeared along with the
decrease in the 325 nm band (Fig. 2c), suggesting complex
formation between M10 and Fe(IIl). Furthermore, there
were no significant changes in absorbance of the above
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Fig. 2. Absorption spectra of M10 in the absence and presence of metal
salts. Concentration of M10=0.2 mM. Solvent: HEPES buffer pH 7.4.
Concentrations of metal salts: (a) 0.0; (b) 0.2 mM CuSOy; (¢) FeCls; (d)
FeSOy; (e) ZnCl,.

metal complex solutions after incubation for 24 h at 37 °C,
indicating the stability of these metal complexes in HEPES
buffer (pH 7.4). Similar results were observed with M 10 in
the presence of Cu(Il), Fe(Il) and Zn(Il) ions in HEPES
buffer (pH 7.4) (Fig. 2b, d and e, respectively).

4.1.2. Composition of M10-metal complexes and
stability constants

The composition of M10—metal complexes was deter-
mined by Job’s method of continuous variations [37,38].
The experimental data suggest that in HEPES buffer (pH
7.4) at RT M10 formed metal complexes with Fe(Il),
Fe(IIl), Cu(Il) and Zn(Il) at a ratio (ligand-to-metal) of
1:1, 3:1, 2:1 and 2:1, respectively. The composition of
M10-Fe(III) was further confirmed by mass spectrometry.
As shown in Fig. 3A, M10-Fe (IIT) complex gave ion of m/
7 772.67, corresponding to the ion [Fe(M10); + Na]* with
stoichiometry of 3:1. The negative electrospray ionization
spectrum of M10-Fe(IIl) complex (Fig. 3B) contained two
peaks of low intensity at m/z 748.61 and 770.42, which can
be explained by the complexes of 3:1 stoichiometry
[Fe(M10);—H] ™ and [Fe(M10); + Na—2H] .

In solution, complex formation between a ligand L and a
cation M takes place as follows:

nl + M = ML, (1)

The stability constant K is given by the equation:
K, =[ML,/IM][L]". K; (n=1) for Fe(I)-M10 complex,
K> (n =2) for Cu(Il)-M10 and Zn(II)-M10 complexes and
K5 (n = 3) for Fe(III)-M10 complex. K,, was determined by
the method of Foley and Anderson [38]. In this method,
pairs of solutions with the same optical densities (contain-
ing equal concentrations of the complex but different total
concentrations) were prepared. The concentration of the

100 772.67

501

773.64

Relative Intensity %

200 400 600 800
(A) m/z

100 +

50

Relative Intensity %

748.61.770-42

r
=1
47224 EWLIN R ™ h’
300 400 500 600 700 800
(B) m/z

Fig. 3. (A) Positive ion electrospray ionization mass spectrum of a solution
of iron(IIT) chloride and M10. (B) Negative ion electrospray ionization mass
spectrum of a solution of iron(IlI) chloride and M10.

complexes, and thus the values of K,,, may be calculated
from the relation:

K. = (a; —nx)"(by —x) - (ay — nx)"(by — x)

where a’s and b’s denote initial concentration of M10 and
metal-salt, respectively, and x denotes the concentration
of M10-metal complex. The log K values calculated for
M10 in HEPES buffer (pH 7.4) at 25 °C are 5.07 + 0.31
[log K; for Fe(ID)], 12.25 £+ 0.55 [log K3 for Fe(IIl)],
8.39 + 0.74 [log K, for Cu(I)] and 7.58 £ 0.37 [log K,
for Zn(1D)].

4.2. Antioxidant property of M10 in rat brain
homogenates

Imbalanced oxidative homeostasis and lipid peroxida-
tion were implicated in neurodegenerative diseases such as
AD and PD [6,15,16]. Thus, we next determined the
antioxidant property of M10 in rat brain mitochondrial
fraction. The oxidative process was initiated by Fe®*/
ascorbate. As shown in Fig. 4, M10 exhibited high potency
in inhibiting lipid peroxidation as measured by the forma-
tion of malondialdehyde (MDA), with an ICs, of about
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Fig. 4. Inhibition of iron-induced lipid peroxidation in rat brain homo-
genates by M10. TBARS formation was induced by 1.5 uM FeSO,/50 uM
ascorbic acid. The results are the mean + S.E.M., n =3, p < 0.05.

12 wM. This inhibition was comparable to that of DFO, a
highly potent inhibitor of lipid peroxidation and a strong
iron chelator with an ICsy of about 8 uM in the same
experiments.

4.3. Hydroxyl radical scavenging property

The radical scavenging property of M10 was studied by
electron paramagnetic resonance (EPR) spectroscopy with
spin trapping technique [35,41]. Hydroxyl radical (*OH)
was produced by the photolysis of H,O, (reaction (2)). The
resulting radicals were trapped with 5,5-dimethyl-pyrro-
line N-oxide (DMPO) (reaction (3)):

H,0," 2201 )
DMPO + *OH — DMPO — *OH 3)

A four-line spectrum (control) was obtained (Fig. 5A),
showing hyperfine splitting constants of oy = oy = 14.9 G,
a characteristic feature for the DMPO-"OH spin adduct
[35,41]. Fig. 5B shows the kinetics of the formation of
DMPO-"0OH spin adduct in the photolysis of H,O,. As
shown (Fig. 5B), for each M10 concentration used there
was an increase in the amount of DMPO-"OH production
as a function of UV irradiation time. However, both the
kinetics of *OH formation and the maximum amplitude of
the spin adduct signal were found to decrease as M10
concentration increased, with the formation of
DMPO-"0OH being greatly suppressed at the higher con-
centration of M10 (Fig. 5B and d). Fig. 5C shows the
inhibitory activity of M10 on DMPO-"OH formation in the
photolysis of H,O,. According to Fig. 5C, the IC5o for M10
was estimated to be about 0.3 molar ratio of M10 to H,O,
under the employed conditions. Considering that 1 molar
H,0, can produce 2 molar *OH (reaction (2)), the ICs
value (0.3) implies that to reduce 50% of hydroxyl radical
(*OH, 1 equivalent) produced by H,O, only about 0.15
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Fig. 5. (A) The EPR spectra of DMPO-"OH spin adduct obtained by the
photolysis of 2 mM H,0O, in HEPES buffer (pH 7.4) containing 50 mM
DMPO with irradiation time of 10 min. The spectra are of DMPO-"OH,
an = ap = 14.9 G. (B) Kinetics of the formation of DMPO-"OH spin adduct
in the photolysis of 2 mM H,0, in HEPES buffer (pH 7.4) at RT containing:
(a) control; (b) 0.312 mM M10; (¢) 0.625 mM M10; (d) 1.25 mM. (C)
Inhibition on DMPO-"OH formation by M10 in the photolysis of 2 mM
H,O, in HEPES buffer (pH 7.4) at RT.

equivalents of M10 are needed. Together, these results
indicate that M10 is a highly potent *OH scavenger.

4.4. Protective effects on 6-hydroxydopamine-induced
toxicity in PCI2 cells

The protective effects of M10 against 6-OHDA-induced
apoptosis in PC12 are shown in Fig. 6. For comparison, this
figure also presents the protection exerted by M9 (p-isomer
of M10) and rasagiline (N-propargyl-1-(R)-aminoindan,
Azilect, Agilect), a new generation of selective monoa-
mine oxidase inhibitors, approved in Israel and Europe and
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Fig. 6. Protective effects by rasagiline (R), M9 and M10 against 6-OHDA-
induced toxicity in PC12 cells. PC12 cells (1 x 10* cells/well) in medium
with one third of full serum content were incubated for 24 h and then
pretreated with the indicated concentrations of the tested compounds 30 min
before the addition of 6-OHDA (150 pM). Cell viability was assayed with
MTT after 24 h incubation. Data are means £ S.E.M. of the percentage
control, n=5, “p < 0.05, “"p < 0.01, compared with control.

has received a letter of approval from FDA for the treat-
ment of PD [44,67,68]. As shown, both M10 and its p-
isomer M9 afforded protection against cell death, with
approximately the same protective activity. The maximum
protective effects were observed with M 10 and its p-isomer
M9 at 1 uM. At that concentration, they exhibited about
the same protective potency as rasagiline, with cell survival
being increased to 82 4+ 1% (R), 81 £2% (M10) and
75 + 4% (M9), as compared with 59 + 2% of the control.

4.5. Inhibitory effects on PCI2 cell apoptosis induced
by serum-deprivation

To further investigate and validate the neuroprotective
action of M10, its effects against PC12 cell death induced
by serum-free medium were also examined [42,43]. The
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Fig. 7. Inhibitory effects of R (rasagiline), M9 and M10 on PC12 cell death
induced by serum-free medium. Cells (0.3 x 10* cells/well) were placed in
serum free containing 0.1% BSA. The tested drugs with the indicated
concentrations were added and cell death was measured with ELISA assay
after 24 h incubation. Data are means = SEM., n=35, *p < 0.05,
**p < 0.01 as compared with control.

anti-Parkinson drug rasagiline has been shown to be effec-
tive in attenuating PC12 cell death induced by serum-free
medium [44]. In these experiments, rasagiline at a con-
centration of 10 uM reduced cell death from 100 4+ 6%
(control) to 70 4+ 5%. At the same concentration, M 10 and
its p-isomer decreased cell death to 67 4= 4 and 69 4 1%,
respectively (Fig. 7). At a lower concentration (1 uM) they
were less potent than rasagiline in protecting against the
PCI12 cell death (Fig. 7). At this concentration, M10
showed slightly better protective activity than M9.

5. Discussion

This study describes the synthesis and evaluation of a
novel antioxidant metal chelator (M10) on an amino acid
carrier with a potential targeting to the brain. As a metal
chelator, M10 forms stable complexes with Fe(III), Fe (1),
Cu(II) and Zn(IT) in HEPES buffer (pH 7.4) at 37 °C. These
properties (capabilities) are of importance in biological
systems. It is known that the oxygen radical superoxide
(0,°7) and hydrogen peroxide (H,0,) are produced during
normal metabolism [45]. H,O, can be rapidly decomposed
via the Fenton reaction [45]:

Fe’* + H,0, — Fe’* +°*OH + OH™ (4)

In addition, oxygen radical superoxide (O,"") and
hydrogen peroxide (H,0,), as well as the hydroxyl radical
(*OH) can be interconverted via the so-called Haber—Weiss
reaction:

Fe3* + 05" & Fe?* + O,
Fe2+ + H)O, —Fe3* + "OH + OH” 5
0, + H,0,— OH + OH™ + 02

Cuprous and cupric ions may substitute for ferrous and
ferric ions in the Haber—Weiss reaction [45]. The produced
free radicals, especially the highly toxic hydroxyl radical
(*OH), exacerbate oxidative stress which causes damage to
DNA, lipids, proteins and ultimately cell death associated
with PD and other neurodegenerative diseases [4,6,15,
16,45]. Iron may have a direct impact on plaque formation
through its effects on amyloid precursor protein (APP)
[46], and may be also closely linked to the proliferation of
the reactive microglia and the inflammatory responses
observed in neurotoxin-induced neurodegeneration and
neurodegenerative diseases [18,19,47]. In addition, both
zinc and copper, like iron, are markedly elevated in the AD
brain, reaching high concentrations especially in A
deposits in humans and in APP transgenic mice that model
AD-like AP amyloidosis [48,49].

AB is rapidly precipitated by Zn>* even at low-physio-
logical (sub-micromolar) concentrations [50]. Cu** and
Fe**also induce marked AP aggregation. Significantly,
AP, when bound to Cu®* or Fe**, reduces the metal ions
and produces H,O,, a substrate for the Fenton reaction that
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generates the highly reactive hydroxyl radical (*OH) [51].
Consequently, like iron chelator, Zn/Cu chelators by bind-
ing to Zn/Cu would potentially be able to limit oxidation
injury and A aggregation, and thus enhance neurological
recovery. Indeed, oral administration of the Cu/Zn chelator
clioquinol, a drug withdrawn from the market because of
its toxicity [24], induces 49% decrease in brain 3-amyloid
deposition in AD transgenic mouse [23].

M10 forms iron-complexes in HEPES buffer (pH 7.4)
with log Ky for peary=5.07+£0.31 and log K3 o
reauny = 12.25 £ 0.55, values which are below that of trans-
ferrin (log K = 20 at pH 7.4) [52]. Therefore, it is expected
that M10 would not cause iron mobilization from this
protein and thus avoid undesirable side effects. In fact,
previous studies have shown that the neuroprotective iron
chelator VK-28, which has the same chelating backbone
(ginoline) and a similar iron binding capacity to that of M 10,
does not alter peripheral iron metabolism when applied per
os (p.o.) or intramuscularly (i.m.). VK28 treatment has no
net effects on the iron-dependent rate limiting enzymes
tyrosine hydroxylase and tryptophan hydroxylase [30].

Although the novel chelator M10 has a lower affinity for
iron than that of DFO, it is highly inhibitory against iron-
induced lipid peroxidation, with an ICs, value (12 pM)
comparable to that of DFO. The high affinity of DFO for
iron precludes its use for prolonged period of time in cases
unrelated to iron overload due to serious cytotoxicity
[26,27]. The cytotoxicity of DFO is very likely attributed
to its interaction with iron containing enzymes and pro-
teins, resulting in iron mobilization from these compounds
[27].

The remarkable inhibition of M10 on LPO can be
explained by its iron chelating property that interferes with
the Fenton reaction, resulting in a decrease in hydroxyl free
radical production. However, like other antioxidants, M10
may also act as a free radical scavenger to show its
inhibitory activity. Indeed, our EPR study on M10 con-
firmed this hypothesis. It is known that the formation of
*OH by H,0, photolysis is iron-independent and can be
catalyzed by UV light [35]. M10 significantly decreased
the intensity of the DMPO-"OH signal produced in the
photolysis of H,O, (as shown in Fig. 5B and C), suggesting
that it acts as a radical scavenger to directly scavenge *“OH.

The neuroprotective activity of the novel chelator M10
was investigated using PC12 cell models. PC12 cells
possess properties associated with neuroblasts and neurons
and constitute a useful model for studying the mechanism
of neuronal apoptosis [42,43]. Two PC12 cell models
(serum-deprived and 6-OHDA-induced cell death) have
been widely used in studies of neuronal cell survival and
death. It has been demonstrated that, when serum is
removed from the culture medium, PC12 cells die and
exhibit the characteristic pattern of DNA fragmentation
associated with apoptosis [42,43]. 6-OHDA also induces
apoptosis in PC12 cells, which secrete dopamine and
possess a dopamine transporter [54,65]. 6-OHDA is a

neurotoxin for catecholaminergic cells, and it can repro-
duce PD-like cell damage in vivo. In vitro, PC12 cell death
induced by 6-OHDA is thought to be related to oxidative
stress [66]. Numerous laboratories have used them as a
model of neurons and neurodegeneration [54,65]. Our
studies have shown that M10 displays potent neuroprotec-
tive activity, which is comparable to that of the structurally
similar chelator M30 in serum-free and 6-OHDA PC12 cell
models and prevents cell death at concentrations as low as
1 uM [39,40]. M9 (p-isomer of M10) showed similar
protective effects in the same experiments (Figs. 6 and
7). However, M 10 is expected to have advantage over M30
in possessing a neutral amino acid carrier (system L),
selectively targeted to the brain. Our results also suggest
that the neuroprotection offered by M10 and M9 may be
mediated by its iron chelating and antioxidative properties
since both M10 and M9 have similar iron chelating potency
and antioxidant-radical scavenging activities. Both serum
free and 6-OHDA related neurotoxicity can be attributed to
oxidative stress since they significantly enhance the level
of ROS in PC12 cells and in rat cortical neurons [53].
Moreover, ROS related oxidative stress or/and 6-OHDA
itself can initiate iron release from its inert storage site in
ferritin into the labile toxic pool [15,16,54]. The redox iron
released from ferritin via the Fenton reaction exacerbates
oxidative stress associated with cell death [9,54]. In fact,
previous studies have shown that iron chelators, such as
DFO and VK-28, can bind iron to form stable iron-com-
plexes which block the *OH radical production via the
Fenton reaction, and therefore protect against oxidative
stress-induced cell death [20,21,30]. Also, free radical
scavenging antioxidants such as reduced glutathione, N-
acetyl-cystyeine, or dithiothreitol, protect PC12 cells
against oxidative stress by directly scavenging free radicals
[55,56].

We have shown that M10 is a potent metal chelator with
highly free radical scavenging potency. These features
render it highly advantageous since studies have shown
that treatment with both a radical scavenger and an Fe-
chelator protect brain tissue from oxidative stress to a
greater degree than is achievable with either a radical
scavenger or an Fe-chelator alone. Moreover, a “‘hybrid”
molecule possessing both radical scavenging and Fe-che-
lating ability is more effective in protecting brain tissue
from oxidative stress than is achievable with combined
administration of single-action molecules [57-60].

M10 is a water-soluble molecule with alog D (logarithm
of the n-octanol/water distribution coefficients) less than
—2 [61]. Thus, it is expected that M10 would not easily
cross-cellular barriers by passive diffusion, which favors
lipophilic molecules. In fact, preliminary studies have
shown that M 10 has low permeability through K562 cells,
erythroleukemia cell lines which have been extensively
studied in terms of their iron-regulatory properties [61-63].
The low diffusion of M10 into cells may help prevent its
interference with the normal intracellular iron metabolism
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and thus reduce the drug toxicity. Possible penetration of
MIO0 into the brain would not occur through the passive
diffusion pathway but rather via specific carrier-mediated
transporter, given that M10 possesses a neutral amino acid
carrier (system L) selectively targeting to the brain. Sys-
tem L, which is located in brain capillary endothelium, is
known to facilitate the brain uptake of a series of hydro-
philic amino acids or amino acid drugs such as L-DOPA,
a-methyl-DOPA, azaserine, melphalan, 6-diazo-5-oxo-L-
norleucine, acivicin, norleucine, acivicin and SDZ EAB
515 [31-34,64]. Studies are underway to examine the in
vivo bioavailability of M10 in the brain and evaluate
its neuroprotective activities in mice MPTP model of
Parkinson’s disease.
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