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Abstract

The finding that acetylcholinesterase (AChE) colo-
calizes with β-amyloid (Aβ) and promotes and acceler-
ates Aβ aggregation has renewed an intense interest in
developing new multifunctional AChE inhibitors as
potential disease-modifying drugs for Alzheimer’s
therapy. To this end, we have developed a new class
of selective AChE inhibitors with site-activated chelat-
ing activity. The identified lead, HLA20A, exhibits
little affinity for metal (Fe, Cu, and Zn) ions but can
be activated following inhibition of AChE to liberate
an active chelator, HLA20. HLA20 has been shown to
possess neuroprotective and neurorescuing activities in
vitro and in vivo with the ability to lower amyloid
precursor holoprotein (APP) expression and Aβ gen-
eration and inhibit Aβ aggregation induced by metal
(Fe, Cu, and Zn) ion. HLA20A inhibited AChE in a
time and concentration dependent manner with an
HLA20A-AChE complex constant (Ki) of 9.66 �
10-6 M, a carbamylation rate (kþ2) of 0.14 min-1,
and a second-order rate (ki) of 1.45� 10 4 M-1 min-1,
comparable to those of rivastigmine. HLA20A showed
little iron-binding capacity and activity against iron-
induced lipid peroxidation (LPO) at concentrations of
1-50 μM, while HLA20 exhibited high potency in
iron-binding and in inhibiting iron-induced LPO. At
a concentration of 10 μM, HLA20A showed some
activity against monoamine oxidase (MAO)-A and
-B when tested in rat brain homogenates. Defined
restrictively by Lipinski’s rules, both HLA20A and
HLA20 satisfied drug-like criteria and possible oral
and brain permeability, but HLA20A was more lipo-
philic and considerably less toxic in human SHSY5Y
neuroblastoma cells at high concentrations (25 or
50 μM). Together our data suggest that HLA20A may

represent a promising lead for further development for
Alzheimer’s disease therapy.
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A
lzheimer’s disease (AD) is a complex disorder
with different but related dysfunctions in-
volved in its progression. The present treat-

ments offer at best moderate symptomatic benefit
without arresting the disease progression. Because neu-
rofibrillary tangles (NFTs) and β-amyloid (Aβ) plaques
in selectively vulnerable brain regions are the chief
hallmarks in AD brains, drugs targeting NFTs, Aβ, or
both are considered to have disease-modifying ef-
fects (1). Metal (Fe, Cu, and Zn) ions may crucially
participate in the pathological processes ofAD, because
they favor protein misfolding and aggregation (forma-
tion of Aβ plaques and NFTs), catalyze the production
of reactive oxygen species (ROS), and induce oxidative
damage associated with neuronal death. In fact, the
metal levels are found to increase 3-5-fold in the brains
of AD patient compared with those in age-matched
controls, and themetals are significantly accumulated in
and aroundAβ plaques orNFTs (2). Iron accumulation
in the brain is a source of redox-generated free radicals,
which contribute to the source of radicals inAD (3). The
highest iron levels are foundboth in the cortex and in the
cerebellum from patients with preclinical AD/mild cog-
nitive impairment; glial accumulations of the redox-
active iron in the cerebellum are also evident in pre-
clinical AD patients and tend to increase as patients
became progressively cognitively impaired (4). The
Alzheimer’s amyloid precursor holoprotein (APP) is
an iron-regulated protein with an iron-responsive ele-
ment (IRE) in its 50 untranslated regions (UTRs).
Iron closely regulates the intracellular levels of APP
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holoprotein by a mechanism that is similar to the
translation control of the ferritin L and H mRNAs
through an IRE in their 50 UTRs; it increases the pro-
duction of APP translation via activation of APP
mRNA IRE and consequently increases Aβ forma-
tion (5, 6). Metal (Fe, Cu, and Zn) dyshomeostasis
and the interactions of the metals with Aβ cause Aβ
aggregation and deposition. Both zinc and iron can
induce aggregation of hyperphosphorylated tau. The
interaction between Aβ and copper can promote hyper-
phosphorylation of tau, and subsequent NFT forma-
tion. In addition, iron and copper participate in the
Fenton reaction, producing ROS, which aggravates
oxidative stress (7). It is now established that oxidative
stress is one of the earliest, if not the earliest, change that
occurs in AD pathogenesis, because oxidative stress
occurs significantly before the development of Aβ pla-
ques and NFTs and serves to increase Aβ and tau
hyperphosphorylation (8). The apparently critical in-
volvement ofmetals, particularly iron, copper, and zinc,
in both oxidative stress and the formation of NFTs and
Aβ plaques therefore renders chelators as promising
disease-modifying drugs for AD (9). Indeed, many
chelators have shown inhibition of metal-induced Aβ
aggregation and ROS formation and neuroprotection
of neuronal cells exposed to AD-relevant reagents or
conditions such as synthetic Aβ1-40 or Aβ1-42 fibrils
(9, 10). Some chelators, including desferrioxamine (DFO)
and clioquinol (CQ), have shown promising results in
transgenic AD models and achieved limited success in
clinical trials, with decreased Aβ aggregate deposits and
improved cognition (9-11). DFO is a FDA-approved
chelator used for about 3 decades to treat ironoverload. It
has a high affinity for metal ions with stability constants
(logK) for Fe3þ, Al3þ, Cu2þ, andZn2þ of 30.6, 22.0, 14.1,
and 11.1, respectively (12). Studies have shown that DFO
can protect neurons against metal ion-mediated toxicity
of synthetic Aβ (13), inhibit Aβ-mediated redox activ-
ity (14), and remove Fe3þ from hyperphosphorylated
tau (15). When used in combination with another chela-
tor, Feralex-G, DFO can efficiently remove Al3þ from
neurons (16). In studieswith the tissues frombrainsofAD
patients, DFO can completely strip the lesion-associated
iron from Aβ deposits and NFTs, which prevents iron
fromcatalyzingaH2O2-dependentoxidation (3).A2-year
blinded phase II study with 48 AD patents showed that
intramuscular injection of DFO (125 mg, twice a day for
5 days a week) significantly slowed the rate of cognitive
decline of AD patents compared with that in placebo-
treated and nontreated controls (17). However, the clin-
ical trials with DFO were halted due to difficulty in
administration, because DFO is not orally active and
does not efficiently cross the blood-brain barrier
(BBB) (9). Clioquinol (CQ) is another chelator that has
recently been widely investigated as a potential anti-AD

drug. It is an old antibiotic drug with a moderate affinity
forFe3þ,Al3þ,Cu2þ, andZn2þ, similar toother8-hydroxy-
quinoline chelators (18). Studies revealed that CQ can
capture metal ions from metal-Aβ species, induce the
disassembly of Aβ fibrils, and partly dissolve Aβ aggre-
gates (19). It is know that Aβ neurotoxicity in vitro is
related to metal-mediated redox-generated free radi-
cals (20). CQ and other chelators were shown to block
these redox reactions and correspondingly inhibit Aβ
toxicity in cell culture (21). In addition, diverse chelators
includingCQwere also found to reduce secretedAβ levels
in cell culture by inducing metal-dependent activation of
PI3Kand JNK, resulting in JNK-mediated up-regulation
of metalloprotease activity (22). In Tg2576 APP trans-
genic mice, treatment with CQ (20 mg/kg daily for
12 weeks) significantly decreased the insoluble Aβ levels
in brain extracts and the amyloid deposits in the brain
sections (23). In a pilot phase II double-blind, placebo-
controlled trial, CQgiven orally (125-375mg, twice daily
over 36weeks) significantlydecreased the rate of cognitive
decline in moderately severe AD patients (24). Despite
these promising results, however, clinical trials with CQ
were discontinued because of toxic concerns, because
CQ was suspected to be involved in subacute myeloopti-
co-neuropathy (SMON) and was withdrawn from the
market in 1970 (25).

In view of the promising results and the limitations of
traditional chelators as potential anti-AD drugs, new
chelators with low side effects and better BBB perme-
ability and efficacy are greatly needed for Alzheimer’s
therapy. Indeed, numerous new chelators with poten-
tially better profiles have been developed, including
chelators with specific transporters or nanoparticles as
chelator carriers, chelators with amyloid-binding activ-
ity, and site-activated chelators with antioxidant or
anti-acetylcholinesterase (AChE)/monoamine oxidase
(MAO) activity (26-32).

Recently, we have developed a number of new che-
lators, including 5-(4-propargyl-piperazin-1-ylmethyl)-
8-hydroxyquinoline (HLA20, Chart 1) (33, 34). HLA20
was rationally designed by incorporating the neuropro-
tective and neurorestorative propargyl-amine moiety
from the anti-Parkinson drug rasageline (Azilect, Teva,
Kansas City, MO, USA) into our prototype chelator
(5-[4-(2-hydroxyethyl) piperazine-1-ylmethyl]-8-hydroxy-
quinoline (VK28, Chart 1). HLA20 has relatively
poor selectivity for MAO-B, with an IC50 value of
110 μM versus >200 μM for MAO-A. It acts as a
neuroprotective chelator with a wide range of pharma-
cological activities, including pro-survival neurorescue
effects, induction of neuronal differentiation and reg-
ulation of APP and Aβ levels, and inhibition of oxida-
tive stress and Aβ aggregation induced by metal ions
(Cu and Zn) (34-36). Like other nonspecific chelators,
HLA20 has the potential to chelate metal ions both in
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the brain and in the body. To improve the targeting
specificity, reduce the potential side effects, and enhance
the efficacy of chelators for treating AD, we have
recently introduced a new strategy for designing site-
activated multifunctional chelators with AChE and
neuroprotective-neurorestorative moieties (26). Our
design principle involves merging the three pharmaco-
phores of rivastigmine, a marketed AChE inhibitor for
AD, into HLA20 without major structural modifica-
tions (Chart 1), but it endows the new compounds with
anti-AChE activity and improved targeting and perme-
ability to the brain.

In recent studies, we have shown that HLA20A has
little affinity formetal (Fe,Cu, andZn) ions andexhibits
considerably lower cytotoxicity comparedwithHLA20.
However HLA20A can be activated following inhibi-
tion of AChE with a concomitant release of an active
chelator HLA20 (26).

In this study, HLA20A is further evaluated for its
various properties including inhibition of lipid perox-
idation (LPO) and MAO-A/B activity, iron-chelating
potency, and drug-like properties, as well as the kinetic
analysis of AChE inhibition.

Results

Kinetic Analysis of AChE Inhibition
The inhibition of AChE by carbamates involves a

reversible complex (EI) formation between enzyme (E)
and inhibitor (I), followed by carbamylation of the
enzyme and production of a covalent adduct (E*). The
carbamylated adduct hydrolyzes slowly, liberating the
free enzyme (E) (eq 1) (37).

E ¼ IsFRs
K i

EIsf
kþ 2

E�sf
kþ 3

E ð1Þ

To study the kinetics ofAChE inhibitionbyHLA20A,
the enzyme was incubated with 1.0, 2.5, 5.0, 10, and
15 μMHLA20A in assay buffer at 37 �C. Aliquots were
removed, diluted 100-fold, and assayed for enzyme activ-
ity at various preincubation periods. The time course of
inhibitionofAChEbyHLA20Awas shown inFigure 1A.
The kinetic parameters describing the interaction of
HLA20A with AChE were determined from the
Kitz-Wilson equations, eqs 2 and 3 (38, 39):

ln
E

E0
¼ - kappt ð2Þ

1

kapp
¼ 1

k þ 2
þ K i

k þ 2½I� ð3Þ

wherein Ki represents the dissociation constant for EI,
kþ2 is the carbamylation rate constant, kþ3 is the
decarbamylation rate constant (kþ3 , kþ2), kapp is the
pseudo-first-order rate constant, and ki is the second-
order rate constant, approximated by kþ2/Ki, under the
experimental condition that [I] . [E0].

The values of kapp were calculated from the slopes
in Figure 1A based on eq 2. Double reciprocal plot of

Chart 1. Strategy Leading to Site-Activated Chelator-
AChE Inhibitor HLA20A

Figure 1. Kinetics of inhibition of AChE by HLA20A. The enzyme
was incubated with various concentrations of HLA20A in phos-
phate buffer, pH 7.4, at 37 �C. At the indicated times, aliquots were
removed and assayed for AChE activity as described in Methods.
(A) The natural log of the ratio of the remaining activity (E) and the
initial activity (E0) is plotted against the time of incubation. The
slopes of the lines represent the pseudo-first-order rate constant kapp
determined by linear regression analysis. Values represent means(
SEM from three experiments. (B) Plot of 1/kapp versus 1/[HLA20A].
The straight line was generated by linear regression (R = 0.9903).
Extrapolating from this line, 1/kþ2 was obtained from the intercept
on the ordinate and Ki/kþ2 from the slope of the line.
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1/kapp versus 1/[I] resulted in reasonably good straight
lines (Figure 1B). Extrapolating from this plot, 1/kþ2

was obtained from the intercept on the ordinate andKi/
kþ2 from the slope of the line. The kinetic parameters
calculated for HLA20AwereKi=9.66� 10-6M, kþ2=
0.14 min-1, and ki (approximated by kþ2/Ki)=1.45 �
104 M-1 min-1, comparable to those found for rivas-
tigmine (Ki=3.66� 10-5M, kþ2=0.26min-1, and ki =
7.10� 103 M-1 min-1). The half-time of inactivation
(t0.5) of AChE by HLA20A calculated from Figure 1A
was 7.9 min (10 μM), 18.6 min (5 μM), 26.8 min
(2.5 μM), and 60min (1 μM, calculated from the time-
dependent inhibition curve at 1 μM as published pre-
viously (26)).

Inhibition of MAO-A and MAO-B in Vitro
The inhibition ofMAObyHLA20AandHLA20was

determined in vitro using rat brain homogenate. It was
found that at a concentration of 10 μMHLA20 did not
have any significant inhibitory effects on MAO-A and
-B but HLA20A showed some activity against MAO-A
and -B (about 9% and 5% inhibition, respectively,
Figure 2)

Formation of Metal Complexes
Previous studies have shown that HLA20A has little

affinity formetal ions, but its activated chelatorHLA20
can chelate iron and copper ions with a higher binding
selectivity for iron over copper. HLA20 forms stable
metal complexes with the stoichiometry of 3:1 and 2:1
(ligand/metal) for iron and copper, respectively (26).
Here we further showed that HLA20 can form a stable
complex with Zn(II) in 5% NH4Ac (pH 6.9)] at room
temperature (Figure 3A, trace d), while there was no
significant complexation between HLA20A and Zn(II)
(Figure 3A, trace b). Addition of CuSO4 to the solution
of HLA20-Zn complex (Figure 3A, trace e) resulted in
disappearance of the characteristic absorbance band of
HLA20-Zncomplex (362nm) and appearance of a new

band at 372 nm (Figure 3A, trace e) that is the char-
acteristic maximal absorption of Cu(II)-HLA20 com-
plex. The changes in absorption can be explained by
the replacement, Zn(II)-HLA20 þ Cu(II)f Cu(II)-
HLA20 þ Zn(II), which suggests that HLA20 has a
higher chelating activity for Cu(II) than for Zn(II). The
stoichiometry of Zn(II)-HLA20 complex was deter-
minedby Job’smethod (40), and the results are shown in
Figure 3B. The maximum absorbance, ΔA, obtained
from Figure 3B is 0.33, which indicates that a complex
with 2:1 stoichiometry or (HLA20)2Zn complex was
formed in 5% NH4Ac (pH 6.9) at room temperature.

Iron-Binding Potency
The iron-binding capacity of HLA20A and HLA20

was measured by the ferrozine method. In this method,
iron-binding capacity of drugs is determined by assess-
ing their ability to compete with ferrozine for Fe(II)
ions, resulting in decreased absorbance at 562 nm (41).
Because high-affinity iron(III) chelators chelate iron(II)
cations and rapidly autoxidize them to the corresponding
stable Fe(III)-complexes under aerobic conditions (42),
this method actually reflects the Fe(II)/(III)-binding
potency. As expected (Figure 4), DFO, a very strong
Fe(III) chelator [log β = 30.6 for Fe(III), 7.2 for
Fe(II)] (43), had a very high iron chelating effect
(99.2%). The iron chelating effect of HLA20A was
1.4%, comparable to that of the FDA-approved anti-
Parkinson’s drug rasagiline, which exhibited 1.3% iron
chelating effect in the same conditions. These results
indicate that both HLA20A and rasagiline have a very

Figure 2. Inhibittion of rat brain MAO-A and MAO-B by
HLA20A and HLA20 at 10 μM. Rat brain homogenates were
incubated with drugs in the presence of 0.05 μM deprenyl (for the
assay of MAO-A) or 0.05 μM clorgyline (for the assay of MAO-B)
for1 h. This was followed by 30min incubation with 14C-5-hydroxy-
tryptamine or 20 min with 14C-β-phenylethylamine, respectively.
The results are the mean ( SEM, n = 3 in triplicate.

Figure 3. (A) Changes in absorbance of HLA20A and HLA20
(both 0.1 mM in 5%NH4Ac, pH = 6.9) on addition of metal salts
(0.05 mM): (a) HLA20A; (b) HLA20A þ ZnCl2; (c) HLA20; (d)
HLA20 þ ZnCl2; (e) HLA20-Zn complex þ CuSO4. (B) Job plots
for complexation of HLA20 with Zn2þ determined by UV-vis
spectrophotometry in 5%NH4Ac (pH=6.9) at room temperature,
[HLA20] þ [Zn2þ] = 0.2 mM. Results are values of three assays.
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weak iron-binding capacity, which is in agreement with
the previous results (26). By contrast, the activated
chelator HLA20 displayed a strong iron-binding capa-
city with an iron chelating effect 90.1%, comparable to
strong iron chelators clioquinol (91.2%) and VK28
(92.1%), but less than DFO (99.2%) (Figure 4).

Inhibition of Lipid Peroxidation in Rat Brain
Homogenates

As shown in Figure 5, HLA20A displayed weak
activity against iron(II)-induced LPO at the range of
1-50 μM. By contrast, its activated chelator HLA20
exhibited high potency in inhibitingLPOwith an IC50 of
about 14 μM. For comparison, the effect on iron(II)-
induced LPO by anti-Parkinson’s drug rasagiline was
also presented in Figure 5.

Previous studies have shown that rasagiline is inactive
against iron(II)-induced LPO (34).

Drug-Like Properties
The important pharmacological parameters ofHLA20

and HLA20A were calculated online by the computer
programs Marvin and ALOGPS 2.1 (44, 45). The values
were presented in Table 1, in comparison with VK28 and
rivastigmine (Exelon).

Discussion

In order to improve the efficacy, the brain targeting,
and permeability and minimize potential side effects of
chelators forAD therapy, we have recently introduced a
new strategy for designing the site-activated chelator-
AChE inhibitor HLA20A (26). HLA20A was partly
evaluated in the previous paper and was further studied
in this paper.

As seen in Figure 1, HLA20A shows time-dependent
inhibition of AChE, exhibiting pseudo-first-order ki-
netics at all the test concentrations. To compare the
modeof actionofHLA20A to rivastigmine, their kinetic
constants (Ki, kþ2, and ki) were calculated based on
Kitz-Wilson method (38, 39). The Ki values (9.66 �
10-6 M for HLA20A versus 3.66 � 10-5 M for riv-
astigmine) suggest HLA20A has a higher affinity than
rivastigmine forAChE.Because theki (the second-order
rate inhibition constant) value can be correlated with
inhibitor potency, the ki values (1.45 � 104 M-1 min-1

for HLA20A versus 7.10� 103 M-1 min-1 for rivastig-
mine) indicate that HLA20A is more potent than rivas-
tigmine in inhibiting AChE. This result is consistent
with our previous studies in which HLA20A is slightly
more potent than rivastigmine in inhibiting AChE
at 1 μM (26). The carbamylation rate constant, kþ2,
which governs both the onset of AChE inhibition and
the formation of the OH-metabolite HLA20, is low
(0.14 min-1), implying that both AChE inhibition and
HLA20 formation step proceed slowly. In fact, the t0.5
values (the time required for HLA20A to attain 50%
inhibition of AChE) are 7.9 min (10 μM), 18.6 min
(5 μM), 26.8 min (2.5 μM), and 60 min (1 μM), indicat-
ing that HLA20A inhibits AChE slowly and progres-
sively with increase in inhibition as the incubation time
and concentration increase. Previous studies suggest
that a rapid onset of inhibition of AChE in the brain is

Figure 4. Comparison of the iron chelating effects of HLA20A and
HLA20 with other known chelators DFO, VK28, clioquinol (CQ),
and anti-Parkinson’s drug rasagiline (R). The iron chelating effects
are expressed as percentage of control (50 μM ferrozine, 20 μM
FeSO4 in pH 6.9 ammonium acetate buffer). The concentration
of test compounds is 50 μM. Values represent the mean ( SEM,
n=3 in duplicate.

Figure 5. Effects of HLA20A, HLA20, and rasagiline on lipid
peroxidation in rat brain homogenates. Lipid peroxidation was
induced by 1.5 μM FeSO4/50 μM ascorbic acid. The results
represent the means ( SEM, n = 3, p < 0.05.

Table 1. Values (MW, HBD, HBA, NROT, PSA, and
LogP)a of VK28, HLA20, HLA20A, and Exelon

VK28 HLA20 HLA20A Exelon

MW 287.36 281.35 352.43 250.34

HBD 2 1 0 0

HBA 5 4 5 3

NROT 4 3 5 5

PSA 59.83 39.6 48.91 32.78

LogP 0.45 1.37 1.79 2.41

AClogP 1.1 1.51 1.75 2.4

ALogP 1.24 2.79 3.21 2.56

aAbbreviations: MW, molecular weight; HBD, hydrogen-bond
donor atoms;HBA, hydrogen-bond acceptor atoms; PSA, polar surface
area; NROT, number of rotatable bonds; logP, AClogP, and ALogP,
calculated logarithm of the octanol-water partition coefficient. MW,
HBD, HBA, NROT, PSA, and LogP were calculated online by Marvin
software (44). AClogP and ALogP were calculated online by the
ALOGPS 2.1 program (45).
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undesirable for AD therapy, as it increases considerably
the incidence of side effects like nausea and vomit-
ing (46). A slow onset of inhibition of AChE in the
brain has been shown to significantly reduce these side
effects (47).

Propargylamine-containing compounds such as ra-
sagiline and pargiline inhibit MAO-A/B irreversibly.
Irreversible nonselective MAO-A and -B in liver and
intestine is associated with “cheese effect”, a sharp
elevation in blood pressure that may be life-threaten-
ing (48, 49). HLA20, possessing a neuroprotective moi-
ety (a propargylamine) from anti-Parkinson’s drug
rasagiline, is a weak MAO-A/B inhibitor in vitro with
a 66.21% and 33.21% inhibition for MAO-B and
MAO-A, respectively, at a concentration of 100 μM
(34). Attachment of a dimethyl carbamyl moiety at the
8-hydroxyl oxygen in HLA20 slightly increases the
inhibitory activity as seen with HLA20A (about 9%
and 5% inhibition of MAO-B and MAO-A, respec-
tively, at a concentration of 10 μM in vitro). Such poor
inhibition ofMAO-A/B found in HLA20A is not likely
to induce the “cheese effect” in vivo.

Using the ferrozine method, we calculated that the
iron-chelating effect of HLA20A is 1.4%, comparable
to that of the FDA-approved anti-Parkinson’s drug
rasagiline, which exhibited 1.3% iron chelating effect
under the same conditions (Figure 4). These results
suggest that there may be some complexations between
HLA20A or rasagiline and iron(II)/(III) as observed in
previous studies (26), but their iron-binding capacity in
the test concentrations is too weak to compete with
ferrozine to demonstrate significant iron-binding capac-
ity in the ferrozine method. In contrast to HLA20A,
HLA20 shows iron-binding potency (90.1%) in the
ferrozine method similar to other 8-hydroxyquinoline
containing chelators CQ (91.2%) and VK28 (92.1%)
but lower than DFO (99.2%, Figure 4). DFO is a very
strong iron chelator (log K=30.6 for Fe(III) and 10.3
for Fe(II)) (43), showing very high iron-chelating po-
tency in the same experiments (99.2%). The very high
affinity of DFO for iron is believed to cause abstraction
of the metal from endogenous ligands, which can even-
tually lead to systemic iron depletion (49). 8-Hydroxy-
quinoline-containing chelators such asCQwere recently
termedmetal protein attenuating compounds (MPACs),
which usually possess intermediate metal affinity and
ability to reach specific intracellular compartments to
target the harmful “up stream”metal-protein reactions.
MPACs are used not primarily for removing a group of
metals (with potential systemic toxicity), but for restor-
ing metal dyshomeostasis, blocking free and reactive
coordination positions of protein bound metals, and
abolishing specific and deleterious metal-protein inter-
actions. 8-Hydroxyquinoline-containing chelators, which
largely fit these requirements, have been considered to

be very appropriate and promising agents for AD
(1, 50, 51). Recent studies have shown that clioquinol,
an 8-hydroxyquinoline-containing chelator like HLA20,
is able to chelate Cu and Zn from both amyloid plaques
and the synaptic cleft and act as an ionophore to increase
intracellular metal bioavailability. The increase in intra-
cellular metal level activates an Akt (protein kinase B)
signaling pathway, resulting in inhibition of glycogen
synthase kinase 3β (GSK-3β). GSK-3β is a critical kinase
contributing to tau hyperphosphorylation, and inhibition
of this kinase decreases tauphosphorylationand increases
expression of Aβ-degrading proteases in vitro (52).

Previous studies have shown that HLA20 exhibits
binding affinity for Fe(II/III) and Cu(I/II) and forms
stablemetal complexes at a ratio of 3:1 [(HLA20)3Fe] or
2:1 [(HLA20)2Cu] (26, 33). Here we show that HLA20
can also chelate Zn(II) and form a stable 2:1 complex or
(HLA20)2Zn (Figure 3A,B). The formation of 3:1 com-
plex (HLA20)3Fe indicates all the six iron coordinates
have been occupied, which may be part of the explana-
tion for the high potency of HLA20 in inhibiting the
Fenton reaction and lipid peroxidation. It is known that
occupation of all iron coordinates by a chelator pre-
cludes the binding of H2O2 to Fe2þ-chelators and the
subsequence Fenton reaction. Fe3þ-EDTA can be
easily reduced to Fention active Fe2þ-EDTA by re-
ducing agents like ascorbic acid and superoxide anion
radical (O2

•h), thereby enhancing the production of
OH• in the presence of H2O2 (53, 54). The fact that
HLA20 remarkably suppresses iron(II)-induced lipid
peroxidation (Figure 5) indicates the inability of
Fe3þ/2þ-HLA20 complexes to catalyze the Fenton
reaction even in the presence of strong reducing agents
like ascorbic acid.

Oxidative stress (OS) plays an important role in AD
pathogenesis and progression, because it occurs signifi-
cantly before the development of Aβ plaques andNFTs
and serves to increase Aβ and tau hyperphosphoryla-
tion (8). Besides, OS can damages all components of the
cell, including proteins and lipids, and lead to the cell
death associated with AD (8). LPO is one of the major
outcomes of OS-related cell damage, and AD has been
associated with elevated brain levels of LPO prod-
ucts (55). As seen in Figure 5, HLA20A had no sig-
nificant activity against iron-induced LPO at concen-
trations of 1-50 μM. This could be explained by the
poor iron-chelating potency of HLA20A (Figure 4),
which is not able to chelate iron ions and prevent them
from catalyzing the production of hydroxyl free radicals
via the Fenton reaction. As expected, HLA20 (the
activated analog of HLA20A), which shows high iron-
chelating potency (Figure 4), exhibits high activity
against iron-induced LPO under the same experimental
conditions. Previous studies have shown that HLA20 is
capable of acting as a strong metal chelator to block the
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production of ROS, as well as a potent scavenger to
scavenge radicals (33, 34). It have been shown that the
combination treatment of ametal chelator and a radical
scavenger protect brain tissue from OS to a greater
degree than is achievable with either of them.Moreover
a “hybrid”moleculewith dualmodeof action (chelating
and scavenging) is found to be more efficacious in
protecting against OS than with the combination treat-
ment (56, 57).

For drugs targeted at CNS, oral bioavailability and
the BBB permeability are a necessity when administered
for prolonged periods of time. In general, increasing
lipophilicity may improve a chelator permeability to the
BBB, but its uptake into other nonrelated cells may
likewise increasewith potential increased cytotoxicity as
seen with nonspecific lipophilic chelators (58). Attach-
ment of a lipophilic dimethyl carbamyl moiety to the
hydrophilic phenolic oxygen in HLA20 yields a new
molecule (HLA20A), not only with anti-AChE activity
but also with increased lipophilicity as suggested by the
logP values (Table 1). Therefore, it can be expected that
HLA20Awould bemore permeable to the brain and the
cells in the body than HLA20. However, in contrast to
other lipophilic chelators, the improved permeability of
HLA20A to the cells would not result in increased
cytotoxicity, because HLA20A has little affinity for
metal (Fe, Cu, and Zn) ions to interfere with the healthy
metal metabolism in the cells. In fact, previous studies
have revealed that HLA20A is nontoxic to human
SHSY5Y neuroblastoma cells at 10 μM, and even at
high concentrations (25 or 50 μM), it exhibits consider-
ably lower cytotoxicity than HLA20 (26). Upon enzy-
matic cleavage of HLA20A by AChE in the brain, the
dimethyl carbamyl moiety is detached from HLA20A
with a concurrent release of the active chelator HLA20.
HLA20 is more water-soluble than HLA20A, which
may help “lock”HLA20 in the brain for prolonged time
to exert its activity.

Lipinski’s rules (MW e 450, calculated LogP e 5,
HBD e 5, and HBA e 10), PSAe 90 Å2) provide a
useful tool for prediction of intestinal absorption and
possible brain penetration (59). VK28 and rivastigmine,
which have been shown to possess oral bioavailability
and brain permeability (46, 60), are in good agreement
with the prediction of Lipinski’s rules (as shown in
Table 1). Both HLA20 and HLA20A are small and
simple molecules with PSA < 60 Å2, NROT<10, and
zero number of violations of Lipinski’s rules, suggesting
a potential good oral bioavailability and the BBB
permeability.

In summary, in an effort to improve the efficacy,
brain targeting, and permeability and minimize the
potential toxicity of chelators for AD therapy, we have
introduced a new strategy for new selective AChE
inhibitors with site-activated chelating activity, in which

HLA20A exhibits little affinity for metal (Fe, Cu, and
Zn) ions until activation by inhibiting AChE to liberate
an active chelator HLA20. HLA20 has been shown to
possess neuroprotective and neurorescuing activities
with the ability to lower APP expression and Aβ gen-
eration and to inhibit Aβ aggregation induced by metal
(Cu and Zn) ion. HLA20A, like rivastigmine, displays
pseudo-first-order kinetics, slowly producing the OH-
metabolite HLA20. HLA20A exhibits little iron-bind-
ing capacity and activity against LPO at concentrations
of 1-50 μM, whereas HLA20 demonstrates high po-
tency in inhibition of iron-induced LPO and in iron-
binding ability similar to other 8-hydroxyquinoline-
containing chelators (VK28 and CQ) but lower than
DFO.HLA20 forms a six-coordinate iron complexwith
the inability to induce LPO in the presence of the strong
reducing agent ascorbic acid. Defined restrictively by
Lipinski’s rules, both HLA20A and HLA20 satisfy
drug-like criteria and possible oral and brain perme-
ability. But HLA20A is more lipophilic and consider-
ably less toxic than HLA20 in human SHSY5Y neuro-
blastoma cells at high concentrations (25 or 50 μM).
Together HLA20A may represent in itself a potential
drug that deserves further development forAD therapy.
Furthermore, our new strategy, which generally gener-
ates small and simple drug-like molecules, may find
application in designing site-activated multifunctional
chelators with safer and more efficacious properties for
treatingothermetal-relateddiseases such as Parkinson’s
disease and cancer where specific elimination of metals
in cancer cells is required.

Methods

Determination of Inhibition of AChE Activity
Ellman’s method was adapted for determination of AChE

and BuAChE activities in rat brain homogenates. Brain tissue
from adult Wistar rats was homogenized at 2% w/v in 0.1 M
sodium phosphate buffer, pH 7.4, with added NaCl 58.5 g/L
andTritonX-100 0.05%v/v.Aliquots of homogenate (20 μL)
were incubated with HLA20A for designed time intervals in
phosphate buffer, pH 7.4, before addition of 5,50-dithiobis-
(2-nitrobenzoic) acid and 1 mM acetylthiocholine iodide
(Sigma, St. Louis, MO). The reaction was run at 37 �C in a
final volume of 200 μL in 96-well microplates and was
followed at 412 nm for 5 min with a plate reader. In every
experiment, cholinesterase-independent (nonspecific) sub-
strate hydrolysis was determined by including one experimen-
tal group treated with tacrine 30 μM; appropriate tissue and
reagent blanks were also included. Reaction velocities were
determined in threeor four replicates per condition; thesewere
averaged and expressed as percent activity relative to control
(solvent), after subtracting the rate of nonspecific hydrolysis.
Results are reported as mean( SEM.

Preparation of Brain Monoamine Oxidase
Rats were decapitated, and the brains were quickly taken

into a weighted ice-cold sucrose buffer (10 mM Tris-HCl
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buffer, pH 7.4, containing 0.32 M sucrose), and their weights
were measured. The brains were homogenized at 0-4 �C in
0.32M sucrose (one part tissue to 20 parts sucrose) in a Teflon
glass homogenizer. The resultant homogenates were used to
determine MAO activity. Protein concentration was deter-
mined with Bradford reagent at 595 nm, using bovine serum
albumin as a standard.

Determination ofMonoamineOxidase Activity in Vitro
The activity of MAO-A and MAO-B were determined by

the method as described previously (34). Briefly, the tested
drug was added to a suitable dilution of the enzyme prepara-
tion (70 μg of protein for MAO-B and 150 μg for MAO-A
assay) in 0.05M phosphate buffer (pH 7.4). The mixture was
incubated together with 0.05 μM l-deprenyl, a specific inhib-
itor of MAO-B (for determination of MAO-A), or 0.05 μM
clorgyline, a specific inhibitor of MAO-A (for determination
of MAO-B). Incubation was carried on 1 h at 37 �C before
additionof 14C-5-hydroxytryptaminebinoxalate (100μM) for
determination of MAO-A or 14C-phenylethylamine 100 μM
for determination of MAO-B activity, and incubation con-
tinued for 30or 20min, respectively. The reactionwas stopped
with 2 M ice-cold citric acid, and the radioactive metabolites
(5-hydroxytryptaldehyde and phenylacetaldehyde) were
extracted by addition of 2 mL of ethylacetate/toluene (1:1
vol/vol). The radioactivity contained in the organic phase was
determined by liquid-scintillation counting in cpm units.

Measurement of Iron-Binding Capacity
Iron-binding capacity of drugs was determined by assess-

ing their ability to compete with ferrozine for ferrous ions,
resulting in decrease in the absorbance at 562 nm (61). Briefly,
the reacted mixture containing ferrozine (50 μM) and a
chelator (50 μM) was initiated by the addition of FeSO4

(20 μM). After 20 min incubation at room temperature, the
absorbance (at 562 nm) of the resulting solutions was read.
Iron-binding capacity was calculated as follows: iron-binding
capacity (%)=[1-(change in absorbanceof sample at 562nm)/
(change in absorbance of control at 562 nm)] � 100.

Lipid Peroxidation Assay
LPO was measured in rat brain mitochondrial membrane

homogenates as previously described (29). This method is
based on the oxidation of polyunsaturated fatty acids in
biologic membranes, giving rise to a variety of lipid break-
down products such as malondialdehyde (MDA). Upon
reaction of MDA with thiobarbituric acid (TBA), a pink
pigment is formed, which can be detected by UV-vis spec-
troscopy. LPO was induced by 50 μM ascorbic acid and
1.5μMFeSO4.Theabsorptionof thiobarbituric acidderivatives
(TBARS) was measured spectrophotometrically at 532 nm.

Statistical Analysis
All assayswere performed at least in triplicate, and the data

were expressed as mean ( SEM. Data were analyzed by
Student’s t test and ANOVA. Variations were considered to
be statistically significant at a p-value of 0.05.
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