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B iometal (Fe, Cu, and Zn) levels are increased
from 3- to 5-fold in the brains of Alzheimer’s dis-
ease (AD) compared to those in age-matched

controls. They are significantly concentrated in and
around �-amyloid (A�) plaques and/or neurofibrillary
tangles (NFTs) (1). Iron closely regulates expression of
the Alzheimer’s amyloid precursor holo-protein (APP)
through an iron-responsive element (IRE) in their APP
mRNA 5= untranslated regions (UTRs); it increases the
production of APP translation via activation of APP
mRNA IRE and consequently A� formation (2, 3). Bio-
metal (Fe, Cu, and Zn) dyshomeostasis and their interac-
tions with A� cause A� aggregation and deposition.
Iron and copper participate in the Fenton reaction, pro-
ducing reactive oxygen species (ROS), which aggravates
oxidative stress (OS) contributing to tau hyperphospho-
rylation and NFT formation (1, 4). Studies have shown
that chelators can block ROS formation, inhibit A� ag-
gregation induced by metal ions (Cu, Zn), and partially
solubilize A� deposits in AD. Chelators possess the po-
tential to attenuate a wide range of OS-related neuro-
pathologies, as well as APP translation, A� generation,
and amyloid plaques and NFT formation. They are there-
fore considered as very promising drugs for fighting AD
(5, 6). Some chelators including clioquinol and desfer-
roxiamine have achieved relative success in transgenic
mice and in clinical trials (7–9). However, these chela-
tors are not designed to selectively target the biometals
in the brain. Their therapeutic use is limited by their
poor targeting and poor permeability to the brain and/or
toxic effects (10, 11). Long-term use of strong chelators
with poor targeting likely interacts with beneficial bio-
metal and affects the normal physiological functions of

*Corresponding authors,
fridkin@weizmann.ac.il,
youdim@ tx.technion.ac.il.

Received for review November 27, 2009
and accepted May 7, 2010.

Published online May 10, 2010

10.1021/cb900264w

© 2010 American Chemical Society

ABSTRACT Chelators have the potential to treat the underlying cause of Alzhei-
mer’s disease (AD), but their therapeutic use is hampered by their poor targeting
and poor permeability to the brain and/or toxic effects. Here, we report a new strat-
egy for designing site-activated chelators targeting both acetylcholinesterase
(AChE) and monoamine oxidase (MAO). We demonstrated that our lead 2 inhib-
ited both AChE and MAO in vitro, but with little affinity for metal (Fe, Cu, and Zn)
ions. Compound 2 can be activated by inhibition of AChE to release an active
chelator M30. M30 has been shown to be able to modulate amyloid precursor
protein regulation and �-amyloid reduction, suppress oxidative stress, and passi-
vate excess metal ions (Fe, Cu, and Zn). Compound 2 was less cytotoxic and more
lipophilic than the brain-permeable chelator M30. Our new strategy is relatively
simple and generally produces small and simple molecules with drug-like proper-
ties; it thus holds a potential use in designing site-activated multifunctional chela-
tors with safer and more efficacious properties for treating other metal-related dis-
eases such as Parkinson’s disease and cancer where specific elimination of metals
in cancer cells is required.
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essential metal-requiring metalloenzymes. To over-
come the poor targeting, chelators have been designed
as prodrugs or with a neutral amino acid carrier (12–14);
to enhance the efficacy, chelators have been designed
to include antioxidant and/or monoamine oxidase A/B
inhibitory activity or amyloid binding property
(13, 15–18).

AD is a complex disorder with various pathologies
and various cascades of molecular events, where the
present treatments offer at best moderate symptomatic
benefit without arresting the disease progression. Be-
cause of the complex etiology of AD, new approaches
that simultaneously hit multiple targets involved in AD
pathologies are therefore considered as promising strat-
egies for effectively treating AD (6, 19–22). The multi-
functional drugs under development for AD include dual
inhibitors of acetylcholinesterase (AChE)-monoamine
oxidase (MAO), or AChE-A� aggregation, and metal che-
lators with antioxidant/amyloid binding properties
(16, 20).

MAO-B activity increases with age and is particularly
high around the senile plaques (SP) in AD patients (23).
This increase in MAO-B activity results in an elevation
of brain levels of neurotoxic free radicals, which further
aggravates oxidative stress. Oxidative stress occurs sig-
nificantly before the development of SP and NFT and
serves to increase A� and tau hyperphosphorylation
(4, 24). Inhibition of MAO A/B increases the levels of
neurotransmitters such as dopamine, noradrenalin, and
serotonin in the CNS (25). These neurotransmitters are
decreased in AD patients compared to age-matched
controls (26). Selegiline, a selective MAO-B inhibitor,

has been shown to significantly improve learning and
memory deficits in animal models associated with AD
and to slow the disease progression in AD patients (27).
In addition, selegiline combined with AChE inhibitor
physostigmine (or tacrine) in treating AD patients has
shown possible synergistic effects (28). These synergis-
tic effects are more significant with Ladostigil, a dual in-
hibitor of ChE-MAO A/B, which is currently in phase II
clinical trials for treating AD and other forms of demen-
tia (29).

Recently we reported a site-activated chelator-AChE
inhibitor HLA20A (30). Here we present a new class of
site-activated chelators with dual AChE-MAO inhibitory
activities. These new prochelators would have several
advantages over currently available prochelators or che-
lators: first, they would act as HLA20A to selectively in-
hibit AChE with little metal ion binding affinity. Second,
compared with HLA20A, these new prochelators would
possess additional activity against MAO A/B. Third, they
would be activated by AChE, which is mainly located in
the brain, to release an active chelator M30. Previous
studies have shown that M30 is a neuroprotective
chelator with the capacities of modulating APP regula-
tion, A� reduction, and inhibiting A� aggregation in-
duced by metal (Cu and Zn) ion (6, 31). M30 is also a po-
tent brain selective MAO-A and -B inhibitor and a strong
metal (Fe, Cu, and Zn) chelator with activities against
oxidative stress, metal toxicity, and metal dyshomeosta-
sis in the brain (15, 17, 18, 32). In this paper we de-
scribed the rational design, synthesis, and in vitro evalu-
ation of two such new compounds (Chart 1): 5-(N-
methyl-N-propargyl-aminomethyl) quinolin-8-yl dimethyl
carbamate (2) and 5-(N-methyl-N-propargylamino-
methyl) quinolin-8-yl ethylmethyl carbamate (3).

RESULTS AND DISCUSSION
Drug Design. The rational design started from ta-

crine, rivastigmine, and rasagiline. We selected them
as the starting leads for three reasons. First, tacrine and
rivastigmine are two AChE inhibitors approved by FDA
for treating AD in the clinic. Second, rasagiline (Azilect),
which was discovered in our laboratory, is a novel
second-generation, selective MAO-B inhibitor, a FDA-
approved drug for treating early Parkinson’s disease or
more advanced PD with levodopa; furthermore, rasagi-
line may have the potential to slow the neurodegenera-
tion (33). Third, the propargylamine moiety in the struc-
ture of rasagiline is a neuroprotective and

CHART 1. Strategy for site-activated chelators
targeting both AChE and MAO
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neurorestorative moiety responsible not only for MAO-
A/B inhibitory profile but also for APP processing (which
helps reduce the SP formation) and for increase in nerve
growth factor (34, 35). Using the pharmacophoric moi-
eties in the three drugs as building blocks, we recon-
structed our drug candidates by highly merging the un-
derlying pharmacophores (Chart 1). One of the
advantages of our strategy is to give rise to small and
simple molecules with better drug-like properties and
high probability of crossing the blood–brain barrier
(BBB). The novelty of our strategy is that the multifunc-
tional chelator M30 has been merged in these new com-
pounds as prochelators.

Drug Synthesis. New prochelators 2 and 3 were syn-
thesized by one-pot, two-step reaction as shown
(Scheme 1). The synthesis started from 5-(N-methyl-N-
propargylaminomethyl)-8-hydroxylquinoline (M30),
which was prepared as described previously (18). The
treatment of M30 with triphosgene followed by coupling
to dimethylamine or ethyl-methylamine produced crude
compounds 2 and 3, respectively, which were purified
by HPLC and characterized by LC–MS, 1H NMR, and 13C
NMR (see Supporting Information).

Inhibition of ChE in Vitro. A modified Ellman’s
method (see Supporting Information) was employed to

determine the inhibition of 2 and 3 against AChE and
BuChE in rat brain homogenate, using rivastigmine as
a reference. Figure 1 shows the time-course of AChE in-
hibition by 2, 3, and rivastigmine at 1 �M, indicating
that both 2 and 3 act like rivastigmine to progressively
inhibit AChE as the incubation time increases. Com-
pound 2 was more potent, but 3 less potent, than riv-
astigmine in inhibiting AChE at 1 �M. The IC50 values of
2 and 3 against AChE and BuChE activity, calculated
from the ChE inhibition curves (Figure 2), were 0.52 �

0.07 �M (AChE), 44.90 � 6.10 �M (BuChE) for 2 and
9.80 � 0.55 �M (AChE), 60.73 � 5.33 (BuChE) for 3.
The selectivity of 2 and 3 toward AChE (IC50 BuChE/IC50

AChE) � 86.35 and 6.20, respectively. For comparison,
the inhibition of the activated chelator M30 against
AChE and BuChE in rat brain homogenate was also de-
termined. It was found that M30 was a weak AChE in-
hibitor with an IC50 value of 113.86 � 14.05 �M and
without significant inhibition of BuChE at 100 �M
(Figure 2).

Inhibition of MAO in Vitro. The inhibition of MAO by
2 and 3 was determined in rat brain homogenate using
the activated chelator M30 as control. As shown
(Figure 3), 2 and 3 were very effective in inhibiting
MAO-A with IC50 values of 0.0077 � 0.0007 and 0.0096
� 0.0005 �M, respectively. They were about 3-fold
more potent in inhibiting MAO-A than M30. By con-
trast, 2 was much less effective in inhibiting MAO-B
than M30 (IC50 value of 7.90 � 1.34 �M for 2 versus

SCHEME 1. Synthesis of prochelators 2 and 3

Figure 1. Time-course of AChE inhibitions by 2, 3, and riv-
astigmine at 1 �M. The inhibitions were determined by a
modified Ellman method. Data are means � SEM of 3–5 in-
dependent experiments each done in triplicate.

Figure 2. Inhibition of AChE and BuAChE in rat brain homoge-
nates by 2, 3, and M30 at various concentrations. The inhibition
was determined by a modified Ellman method after preincuba-
tions of the enzymes with 2, 3, or M30 for 3 h, using acetylthio-
choline as a substrate for AChE and butyrylthiocholine for
BuAChE. Data are means � SEM of 3–5 independent experi-
ments each done in triplicate. The IC50 values were calculated
by nonlinear curve.
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0.037 � 0.02 �M for M30), and 3 showed only minor
inhibitory effect on MAO-B with 9% inhibition at 10 �M.

Metal Ions Binding Studies. Prochelator 2, which is
more potent than rivastigmine in inhibiting AChE in vitro,
was selected for further studies. To examine whether 2
can chelate metal (Fe, Cu, and Zn) ions, UV–vis spectros-
copy was used. As seen in Figure 4, panels b or c, no
new bands in the UV�vis region appeared upon the ad-
dition of ZnCl2 or CuSO4 to a solution of 2, suggesting
little or no complexation between 2 and Zn2�or Cu2�.
Addition of FeCl3 or FeSO4 to a solution of 2 led to a
slight increase at 292 nm and a shoulder at around
345 nm (Figure 4, panels e and d), which may indicate
a weak interaction. It is known that 8-Quinolinol-Fe com-
plex derivatives have two characteristic absorption
bands at around 460 and 590 nm. The absence of such
new characteristic bands suggests that stable com-

plexes involving coordination of a sp2 hydridized nitro-
gen are not formed in this case.

Prochelator Activation in Vitro. To test whether 2 can
be activated to M30 by enzymatic removal of its car-
bamyl moiety, we used an AChE-mediated hydrolysis
model. As shown (Figure 5), the UV–vis spectrum of 2
exhibited a maximal absorbance at 283 nm (black line).
This absorbance was shifted to 305 nm (red line) upon
activation by AChE. The band at 305 nm disappeared,
and new bands appeared (Figure 5, blue, yellow, and
green lines) when metal ion salts were added to an ex-
tract from a solution of AChE-activated 2. These results
suggest that AChE was activated 2 to M30, which re-
acted with metal (Fe, Cu, and Zn) ions and formed
metal–M30 complexes. The mass spectrometry analy-
sis of the extract showed a value of m/z 227.22, corre-
sponding to m/z of [M30 � H]�, which confirms that 2
was converted to M30.

Effects of Procreator and Chelator on Cell Viability.
Procreator 2 and its activated chelator M30 were tested
for their effects on human SH-SY5Y neuroblastoma cells.
After exposure to 2 or M30 for 48 h, the cell viability
was measured by 3-(4.5-dimethylthiazol-2-yl)-2.5-
diphenyltetrazolium (MTT) assay. As shown (Figure 6),
both 2 and M30 did not significantly modify the cell vi-
ability at 1 �M. However, at higher concentrations, 2
showed much lower toxicity to the cells compared to
M30 (16%, 25%, and 16% increase in cell viability at
10, 25, and 50 �M, respectively).

Figure 3. Concentration-dependent inhibittion of rat brain
MAO by 2, 3, and M30. Rat brain homogenates were incu-
bated with drugs in the presence of 0.05 �M deprenyl (for
the assay of MAO-A) or 0.05 �M clorgyline (for the as-
say of MAO-B) for 1 h. This was followed by 30 min of in-
cubation with 14C-5-hydroxy-tryptamine or 20 min with
14C-�-phenylethylamine, respectively. The results are the
mean SEM, n � 3 in triplicates.

Figure 4. Changes in absorbance of 2 (0.1 mM in
5%NH4Ac, pH � 7) on addition of metal salts (0.1 mM):
a) 2, b) 2 � ZnCl2, c) 2 � CuSO4, d) 2 � FeSO4, e) 2 �
FeCl3. Inset: absorbance spectra at 292 nm.

Figure 5. A) Prochelator strategy to release an active chela-
tor M30 by inhibition of AChE. B) UV–vis absorption spec-
tra of 2 and M30 (0.1 mM in 5% NH4Ac, pH � 7) in the ab-
sence and presence of metal salts (0.1 mM): a) 2; b) M30;
c) M30 � CuSO4; d) M30 � ZnCl2; e) M30 � FeSO4.
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Discussion. Simultaneous modulation of multiple tar-
gets related to AD etiology holds a promise for effec-
tively treating the now incurable AD (6, 13, 19–22). In
this paper we have described a new class of site-
activated chelators with dual inhibition of AChE-MAO.

Our results demonstrate that both 2 and 3 act as riv-
astigmine to inhibit AChE activity in a time-dependent
manner and attain maximum inhibition of AChE after 2
h of preincubation (Figure 1). Compound 2 is about 18-
fold more potent than 3 and also more potent than riv-
astigmine against AChE. However, unlike rivastigmine
as a potent BuChE inhibitor, both 2 and 3 display only
minor inhibition of BuChE activity. Compound 2 shows
high selectivity toward AChE (Figure 2). It is known that
the ethyl carbamates are generally less potent than their
methyl analogues against AChE because of a steric hin-
drance effect between the ethyl moiety and His440 in
the AChE active site (36). This may partly explain the
lower potency of the ethyl carbamate 3 against AChE
compared to its methyl carbamate analogue 2. Recently,
BuChE has also been proposed as a potential target for
AD treatment, as it may play an important role in the me-
tabolism of AChE in the central nervous system (CNS)
(37). However, studies also pointed out that BuChE ac-
tivity is not increased in AD synapses, which does not
support targeting BuChE for preventing increased levels
of BuChE from metabolizing acetylcholine in AD cerebral
cortex (38). As with our prochelator 2, its high selectiv-
ity toward AChE with weak inhibition of BuChE may of-
fer additional advantages over nonselective AChE inhibi-
tors. First, it may help minimize toxic effects commonly
associated with the use of nonselective AChE inhibitors
such as tacrine, its hepatotoxicity likely attributed to its
poor selectivity for AChE (39). Second, as BuChE pre-

dominates over AChE in the peripheral system, the
weak inhibition of BuChE may minimize the possibility
of BuChE-mediated cleavage of 2 to the strong metal
chelator M30 before entering the CNS, thus improving
its target specificity. In addition, studies also suggest
that patients with BuChE deficiency may not tolerate
AChE inhibitor drugs such as donepezil, as BuChE also
functions in neurotransmission (40).

MAO-A inhibitors as antidepressants have high
mood-enhancing efficacy and advantages over other
antidepressants for treating resistant depression,
dysthymia, and atypical depression (41). However, irre-
versible inhibition of MAO-A in liver and intestine is
associated with the cheese effect (potentiation of
tyramine-induced hypertension) (41). Brain selective or
reversible inhibition of MAO-A does not induce the
cheese effect at their therapeutic dosage, as evidenced
by moclobemide (reversible MAO-A inhibitor) and trans-
dermal selegiline (irreversible brain selective MAO-A
and -B inhibitor) (42, 43). Both 2 and 3 exhibit very po-
tency against MAO-A with weak inhibition of MAO-B
in vitro. This is in contrast with their activated chelator
M30, which shows potency against both MAO-A and -B
in vitro (IC50: MAO-A, 0.037 � 0.02; MAO-B, 0.057 �

0.01) (17). In in vivo studies, however, M30 displays
strong brain-selective inhibition of both MAO-A and -B
with little or no inhibition of these enzymes in the liver
and intestine (15). Studies have also shown that M30
raises striatal levels of dopamine, noradrenaline, and
serotonin and induces limited cheese effect, similar to
ladostigil, and the selective reversible MAO-A inhibitor
antidepressant moclobemide (44). Whether 2 and/or 3
in vivo behave like M30 to selectively inhibit MAO-A
and/or -B in the brain is not clear yet.

Chelators for clinical use in neurological disorders
should (i) pass the BBB to selectively target metal toxic-
ity in the brain, (ii) chelate the disease-related metals
in the CNS without significant disruption of healthy
metal homeostasis in the body, and (iii) possess ad-
equate affinity for metal ions so as to be able to remove
the disease-related metals in the brain. Increasing the li-
pophilicity of a chelator may improve its penetration
into not only the brain but also other nonrelated tis-
sues (cells) in the body; this will potentially induce side
effects as seen with traditional chelators, especially
when administered for prolonged periods of time (10,
11). Compound 2 is a small and simple molecule with
more lipophilic than its activated chelator M30, as sug-

Figure 6. Assessment of the cytotoxicity of M30 and 2. Hu-
man SH-SY5Y neuroblastoma cells were exposure to M30
and 2 for 48 h, and the cell viability was tested by MTT as-
says (see Supporting Information for details). Data are
means � SEM of three independent experiments.
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gested by the calculated log P (log P value of 2.0 for 2
versus 1.89 for M30). As M30 has been shown to be
able to cross the BBB in vivo (15), it is possible that 2
acts as M30 to penetrate into the brain in vivo. Our
in vitro experiments indicate that 2 at high concentra-
tions is much less toxic than its activated chelator M30
(Figure 6), substantiating our prochelator strategy for
minimizing toxicity related to the use of traditional che-
lators. Compound 2 is found to be readily converted to
its OH-metabolite M30 by AChE (Figure 5). This finding is
consistent with the previous reports that carbamate
AChE inhibitors such as rivastigmine and rasagiline are
readily hydrolyzed by AChE in vivo with a concomitant re-
lease in the brain of their OH-metabolites (45). The OH-
metabolite M30 is a strong chelator with the capacity to
chelate metal ions in vitro (Figure 5) (18) and to attenu-
ate lactacystin-induced iron accumulation in the brain
in vivo (32).

Neuroprotective effects of chelators are believed to
be via metal chelation, resulting in A� dissolution (5).
Additionally, chelators may also promote neuroprotec-
tion by activating neuroprotective cell signaling path-
ways. Central to these pathways is inhibition of glyco-
gen synthase kinase 3� (GSK-3�) (46). Recent studies
have shown that clioquinol, an 8-hydroxyquinoline con-
taining chelator like M30, is able to chelate Cu and Zn
from both amyloid plaques and the synaptic cleft and
act as an ionophore to enhance intracellular Cu and Zn
uptake. The increase in intracellular copper level is pro-
posed to inhibit GSK-3� through activation of an Akt
(protein kinase B) signaling pathway. This results in a
substantial decrease in tau phosphorylation and attenu-
ation of cognitive deficits (46, 47). M30 was recently

found to increase the levels of phospho-AKT (Ser473)
and phospho-GSK-3� (Ser9) and reduce tau phosphory-
lation. M30 also activates the hypoxia-inducible factor
(HIF)-1� signaling pathway, thus promoting HIF-1�

mRNA and protein expression levels, as well as enhanc-
ing transcription of HIF-1�-dependent genes, including
vascular endothelial growth factor, erythropoietin,
enolase-1, p21, and tyrosine hydroxylase in rat primary
cortical cells (48, 49).

In summary, we have demonstrated the feasibility of
our strategy for rationally designing a new class of site-
activated chelators with dual inhibition of AChE and
MAO-A/B. Compared with traditional lead discovery
strategies, our strategy requires only a limited number
of compounds to be synthesized and generates small
and simple molecules with better drug-like properties
and high probability of crossing the BBB. The novelty of
our strategy is that the multifunctional chelator M30
has been merged in these new compounds as prochela-
tors. Our lead 2 is a small and simple molecule with
low molecular weigh (297 Da) and inhibits both AChE
and MAO-A/B activity in vitro. It shows much lower cyto-
toxicity and more lipophilicity than its activated brain-
permeable chelator M30. Compound 2 has little affinity
for metal (Fe, Cu, and Zn) ions but can be activated by in-
hibition of AChE to release an active chelator M30.
Therefore, 2 represents a promising lead for further de-
velopment. In addition, our new strategy may also find
application in designing site-activated chelators with
safer and more efficacious properties as potential anti-
Parkinson and anticancer drugs, conditions in which
metal dyshomeostasis are implicated in their
pathologies.

METHODS
Synthesis of 2 and 3. Starting material M30 was prepared as

described previously (18). Other materials were from Aldrich,
Merck, or Fluka. Compounds 2 and 3 were obtained by one-pot,
two-step reaction (Scheme 1). The crude products were puri-
fied by HPLC, and their structures were confirmed by LC–MS,
1H NMR, and 13C NMR (see Supporting Information for details).

Determination of Inhibition of AChE and BChE Activity. Ellman’s
method was adapted for determination of AChE and BuAChE ac-
tivities in rat brain homogenates. The assay was performed in
96-well microplates and was followed at 412 nm for 5 min with
a plate reader. Results are reported as mean (SEM of IC50 ob-
tained independently from 3�5 experiments (see Supporting In-
formation for details).

Cytotoxicity Assays. Human SH-SY5Y neuroblastoma cells
were exposed to drugs for 48 h, and the cell viability was tested
by MTT assays (see Supporting Information for details).

Prochelator Activation in Vitro. Compound 2 was incubated
with an excess of AChE from Electrophorus electricus (electric
eel) (Sigma) for 1 h; the metabolite M30 was extracted using
ethyl acetate and checked by LC–MS (see Supporting Informa-
tion for details).
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