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Biometals have an important role in AD (Alzheimer’s disease)
and metal ligands have been investigated as potential therapeutic
agents for treatment of AD. In recent studies the 8HQ (8-hydroxy-
quinoline) derivative CQ (clioquinol) has shown promising results
in animal models and small clinical trials; however, the actual
mode of action in vivo is still being investigated. We previously
reported that CQ–metal complexes up-regulated MMP (matrix
metalloprotease) activity in vitro by activating PI3K (phospho-
inositide 3-kinase) and JNK (c-jun N-terminal kinase), and that
the increased MMP activity resulted in enhanced degradation
of secreted Aβ (amyloid β) peptide. In the present study, we
have further investigated the biochemical mechanisms by which
metal ligands affect Aβ metabolism. To achieve this, we measured
the effects of diverse metal ligands on cellular metal uptake and
secreted Aβ levels in cell culture. We report that different classes
of metal ligands including 8HQ and phenanthroline derivatives
and the sulfur compound PDTC (pyrrolidine dithiocarbamate)
elevated cellular metal levels (copper and zinc), and resulted in
substantial loss of secreted Aβ. Generally, the ability to inhibit

Aβ levels correlated with a higher lipid solubility of the ligands
and their capacity to increase metal uptake. However, we also
identified several ligands that potently inhibited Aβ levels while
only inducing minimal change to cellular metal levels. Metal
ligands that inhibited Aβ levels [e.g. CQ, 8HQ, NC (neocu-
proine), 1,10-phenanthroline and PDTC] induced metal-de-
pendent activation of PI3K and JNK, resulting in JNK-mediated
up-regulation of metalloprotease activity and subsequent loss of
secreted Aβ. The findings in the present study show that diverse
metal ligands with high lipid solubility can elevate cellular metal
levels resulting in metalloprotease-dependent inhibition of Aβ.
Given that a structurally diverse array of ligands was assessed, the
results are consistent with the effects being due to metal transport
rather than the chelating ligand interacting directly with a
receptor.

Key words: Alzheimer’s disease, amyloid, c-Jun N-terminal
kinase (JNK), copper, metal complex, metalloprotease.

INTRODUCTION

Biometals such as copper (Cu), zinc (Zn) and iron (Fe) have an
important role in several neurodegenerative diseases. Cu and Zn
promote aggregation and enhance neurotoxicity of Aβ (amyloid
β) peptide, a major constituent of amyloid plaques in brains of AD
(Alzheimer’s disease) patients [1–4]. The parental APP (amyloid
precursor protein) also contains metal-binding domains for Cu
and Zn [5–8]. However, the physiological role of metal binding
to APP or Aβ is not certain.

Due to the important role of biometals in neurodegeneration,
considerable focus has been placed on developing novel
therapeutic approaches involving modulation of metal–protein
interactions [9,10]. Early attempts to target metals in AD involved
treatment of AD patients with the Fe-selective chelator DFO
(deferoximine). Initial reports showed that DFO altered the rate
of cognitive decline in AD patients [11], although it is unknown
whether this was due to chelation of Fe or modulation of other
metals. However, the low lipid solubility of DFO combined with

its ability to induce severe anaemia precluded further development
of DFO as a therapeutic agent.

More recently, the 8HQ (8-hydroxyquinoline) derivative 5-
chloro-7-iodo-8-hydroxyquinoline or CQ (clioquinol; a disused
antibiotic) was shown to ‘dissolve’ plaques in vitro by removal
of metals [9]. Subsequent studies in animal models of AD
demonstrated a marked reduction in amyloid plaque formation in
brains of treated animals [9]. A small clinical trial of CQ demon-
strated a significant slowing of cognitive decline in a subset of
AD patients with a parallel reduction in plasma Aβ-(1–42) levels
[12]. Despite this early success, the mechanism of action of CQ
in vivo remains largely unknown. Importantly, hydrophobic metal
ligands such as CQ have the potential to substantially alter cellular
metal homoeostasis [13,14]. High levels of metals are released
during synaptic activity in the brain [15,16], so it is feasible that
CQ or other hydrophobic ligands may bind to these metals and
transport them into adjacent cells. The potential affects of this on
cell function generally, and APP and Aβ metabolism specifically,
are not known.

Abbreviations used: Aβ, amyloid β; AD, Alzheimer’s disease; APP, amyloid precursor protein; BC, bathocuprione; BCS, bathocuproine sulfonate;
BP, bathophenanthroline; BPS, bathophenanthroline disulfonate; CHO, Chinese-hamster ovary; CQ, clioquinol; DCF, 2′,7′-dichlorofluorescein; DCF-DA,
DCF-diacetate; DFO, deferoximine; HRP, horseradish peroxidase; 8HQ, 8-hydroxyquinoline; ICP-MS, inductively coupled plasma MS; IRE, iron-responsive
element; JNK, c-Jun N-terminal kinase; mAb, monoclonal antibody; MAPK, mitogen-activated protein kinase; MMP, matrix metalloprotease; MT, membrane-
type; NC, neocuproine; PBST, PBS containing 0.05% (v/v) Tween 20; PDTC, pyrrolidine dithiocarbamate; PI3K, phosphoinositide 3-kinase; RFU, relative
fluorescence unit; TM, tetrathiomolybdate.
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436 A. Caragounis and others

Recently, we investigated the effects of CQ and Cu or Zn on
Aβ metabolism in APP overexpressing CHO (Chinese-hamster
ovary) cells [14]. We found that CQ greatly elevated cellular levels
of Cu and Zn but not Fe. CQ-mediated increases in intracellular
metal levels resulted in activation of PI3K (phosphoinositide
3-kinase), leading to downstream phosphorylation of GSK3 (gly-
cogen synthase kinase 3) and potentiation of the MAPK (mitogen-
activated protein kinase) JNK (c-Jun N-terminal kinase). The
stimulation of this pathway culminated in up-regulation of cellular
metalloprotease activity and degradation of extracellular Aβ.
Whether CQ has a similar action in vivo is currently under
investigation, although the concentration of CQ and metals in
treated AD patients suggests that a similar mechanism is feasible
[9,12,17,18].

Although our previous study revealed an important insight
into the potential therapeutic mechanism of CQ, it also raised
the question of whether the observed activation of PI3K and
Aβ degradation may be a CQ-specific effect. We previously
proposed that a ligand-mediated increase in intracellular metal
bioavailability is the critical step in this process [14], raising the
possibility that the metal ligand itself is important only in that
it delivers bioavailable metals across the plasma membrane. To
investigate this, we have performed an extensive study of a diverse
range of metal ligands to determine their impact on metal uptake,
MAPK signalling pathways and Aβ levels in APP-CHO cells.

EXPERIMENTAL

Materials

5,7-Diiodo-8HQ, CQ, 5,7-dichloro-8HQ, 5-chloro-8HQ, 8HQ,
8HQ-2-sulfonic acid, 4,8-dihydroxy-2-carboxylic acid-8HQ, 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline [BC (bathocupro-
ine)], 4,7-diphenyl-1,10-phenanthroline [BP (bathophenanthro-
line)], 3,4,7,8-tetra-methyl-1,10-phenanthroline, 2,9-dimethyl-
1,10-phenanthroline [NC (neocuproine)], 2-chloro-1,10-phenan-
throline, 5-methyl-1,10-phenanthroline, 1,10-phenanthroline,
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline disulfonate
[BCS (BC sulfonate)], 4,7-diphenyl-1,10-phenanthroline disul-
fonate [BPS (BP disulfonate)], PDTC (pyrrolidine dithiocar-
bamate), TM (tetrathiomolybdate), DFO, D-penicillamine and
SP600125 were purchased from Sigma–Aldrich. GM6001,
MMP (matrix metalloprotease) inhibitor-I, MMP-2 inhibitor-I
and MMP-9 inhibitor-I were obtained from Merck Biosciences.
Anti-APP 22C11 was obtained from Chemicon. Antibody 369
(epitope 656–695 of APP) was a gift from Dr Sam Gandy
(Thomas Jefferson University, Philadelphia, PA, U.S.A.).
Antibodies to total or phosphorylated-specific forms of Akt and
JNK were obtained from Cell Signaling Technology.

APP-transfected CHO cells

APP-CHO cells were generated by expressing the 695 amino
acid APP cDNA in the pIRESpuro2 expression vector (Clontech)
as described previously [14]. Briefly, cells were transfected using
LipofectamineTM 2000 and cultured in RPMI 1640 medium
supplemented with 1 mM glutamine and 10% fetal (v/v) bovine
serum (all from Invitrogen). Transfected cells were selected and
maintained using 7.5 µg/ml puromycin (Sigma–Aldrich).

Exposure of cells to metal ligands

APP-overexpressing cells were passaged at a ratio of 1:6 and
grown in 6- or 12-well plates for 2–3 days before experiments.
Lipid-soluble ligands (10 mM stock solutions in DMSO) and

lipid-insoluble ligands (10 mM stock solution in distilled-
deionized H2O) were added to a final concentration of 25 µM
(unless stated otherwise) to serum-free RPMI medium supple-
mented with puromycin as above. Basal metal levels in the
medium were 0.5, 1.3 and 2.1 µM for Cu, Zn or Fe respectively,
as determined by ICP-MS (inductively coupled plasma MS).
Additional metals were added to the medium (25 µM final
concentration) and mixed by aspiration prior to addition to
cells. Control cultures were treated with vehicle (DMSO or
distilled-deionized H2O) alone. Inhibitors of JNK (SP600125) or
metalloproteases (GM6001, MMP inhibitor-I, MMP-2 inhibitor-I
or MMP-9 inhibitor-I) were prepared as 10 mM stock solutions
in DMSO and added at the concentrations indicated. Cultures
were incubated for 6 h, and conditioned medium was taken for
measurement of Aβ levels by ELISA [14]. For immunoblotting,
cells were harvested into Phosphosafe extraction buffer (Novagen)
containing protease inhibitor cocktail (Calbiochem) and stored at
−80 ◦C until use. Alternatively, cells were washed and harvested
for analysis of metal levels by ICP-MS.

ICP-MS

Cells were treated with ligands and/or metals for 6 h and collected
by centrifugation at 20 000 g for 2 min in a Hermle microfuge
(Labnet). Metal levels were determined in quadruplicate cell
pellets by ICP-MS as described previously [14] and converted
into the fold increase in metal compared with untreated controls.

Detection of metal-ligand redox activity by DCF
(2′,7′-dichlorofluorescein) fluorescence

Redox activity of the compounds was assessed by monitoring their
ability to generate hydrogen peroxide in the presence of Cu(II)
or Fe(III) and ascorbate. Hydrogen peroxide production was
measured using the fluorescent probe DCF-DA (DCF-diacetate;
Sigma–Aldrich) as follows. HRP (horseradish peroxidase) was
initially dissolved in Dulbecco’s PBS (Sigma–Aldrich) at a
concentration of 50 µM, then further diluted to a concentration
of 2.5 µM and stored on ice until used. DCF-DA was
initially dissolved in 500 µl of N2-purged DMSO (7 mM), then
deacetylated with 500 µl of 50 mM NaOH for 30 min and diluted
in PBS to a concentration of 500 µM. It was then wrapped in foil
and stored on ice until used. Ascorbate was dissolved in 2H2O
at a concentration of 3 mM, sonicated for 15 min, then diluted
in PBS to a concentration of 25 µM. It was wrapped in foil and
stored on ice until used. CuCl2 and FeCl3 were each dissolved
in distilled-deionized H2O at a concentration of 10 mM, then
diluted in PBS to a concentration of 2.5 µM. The ligands were
dissolved in either DMSO or distilled-deionized H2O to a concen-
tration of 10 mM and then diluted in PBS to a concentration of
12.5 µM.

To each well of a black clear-bottomed 96-well plate (Wallac),
50 µl each of metal, ligand, HRP, DCF and ascorbate solutions
were added to yield a final working concentration of 0.5 µM
metal, 2.5 µM ligand, 0.5 µM HRP, 100 µM DCF and 5 µM as-
corbate (total volume 250 µl). The plate was loaded using the
on-board dispenser of a Varioskan microplate reader (Thermo
Electron), and the fluorescence of four replicates was measured
over a period of 1 h at 37 ◦C (λex = 485 nm, λem = 535 nm),
shaking for 5 s at 2 min intervals. DCF fluorescence was given
as RFUs (relative fluorescence units).

Double-antibody capture ELISA for Aβ detection

Aβ levels were determined in culture medium using the DELFIA®

Double Capture ELISA as described by White et al. [14]. 384-Well
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Diverse metal ligands modulate Aβ levels in vitro 437

plates (Greiner) were coated with mAb (monoclonal antibody)
G210 in coating buffer [15 mM Na2CO3 and 35 mM NaHCO3

(pH 9.6)] for Aβ-(1–40) detection. Plates were washed with
PBST [PBS containing 0.05 % (v/v) Tween 20] and blocked
with 0.5% (w/v) casein. Biotinylated mAb WO2 [epitope at
Aβ-(5–8)] and culture medium or Aβ peptide standards were
added (50 µl) to each well and incubated overnight at 4 ◦C. Plates
were washed with PBST and streptavidin-labelled Europium
(PerkinElmer) was added. Plates were washed, enhancement
solution (PerkinElmer) was added and plates were read in a
WALLAC Victor2 plate reader with excitation at 340 nm and
emission at 613 nm. Aβ-(1–40) peptide standards and samples
were assayed in triplicate. Quadruplicate medium samples were
each measured in triplicate and used to calculate the Aβ
concentration (expressed as ng/ml) based on the standard curve
generated on each plate. Although the combination of G210 and
WO2 is aimed at specifically capturing Aβ-(1–40), the possibility
of detecting N-terminally truncated species has not been ruled out.
However, Western blot analysis of conditioned medium using
WO2 failed to identify additional cross-reactive species [14].

Western blot analysis of protein expression and phosphorylation

Cell lysates (two–four replicates) prepared in Phosphosafe buffer
were mixed with electrophoresis SDS sample buffer (Novex)
and separated on 12% Novex SDS/PAGE Tris/glycine gels.
Proteins were transferred on to PVDF membranes and blocked
with skimmed milk solution in PBST before immunoblotting for
total or phospho-specific proteins. Membranes were probed
for 1 h at room temperature (22 ◦C) or overnight at 4 ◦C with
antisera against C-terminal APP (antibody 369) or full-length APP
(22C11) at 1:2000. Antibodies to Akt or phospho-Akt and JNK or
phospho-JNK were used at 1:5000. Secondary HRP-conjugated
goat anti-rabbit-IgG or rabbit anti-mouse-IgG were used at
1:5000 or 1:10000. Blots were developed using ECL Advance
Chemiluminescence (Amersham Biosciences) and imaged on a
GeneGnome Chemiluminescence Imager (Syngene). We found
that the expression of total levels of JNK were unaffected by
metal uptake in APP-CHO cells. We therefore used total JNK
levels to assess equal sample loading and protein transfer for all
immunoblots.

Cell adhesion assay

Cell adhesion to collagen type IV was determined using an assay
kit from Merck Biosciences (Innocyte ECM Cell Adhesion Assay,
Collagen Type IV). Cells (quadruplicate samples) were treated
with metal ligands (with or without inhibitors) for 4 h before
harvesting with a rubber policeman into culture medium. Cells
were dissociated by aspiration and re-plated on to collagen type IV
and cultured for a further 2 h. The medium was discarded and cells
were washed briefly with two changes of PBS before addition of
calcein-AM for 1 h (at 37 ◦C). Cell adhesion was determined by
fluorescent spectrophotometry on a WALLAC Victor2 plate reader
with excitation/emission at 490 nm/535 nm.

MMP assay

Activity of MMP-2 in cell lysates was determined using the
Enzolyte MMP fluorimetric assay kit (Anaspec). Briefly, cell
lysates (in triplicate, freshly extracted without protease inhibitors)
were incubated with MMP-specific peptide substrates as indicated
in the manufacturer’s protocol. The substrate used was 5-
FAM-Pro-Leu-Ala-Nva-Dap(QXL520)-Ala-Arg-NH2 (MMP-2).
Cleavage of substrate by MMP-2 removed the quenching effect
of QXL520 on 5-FAM resulting in increased fluorescence at

excitation/emmission of 490/535 nm. Cultures were also pre-
treated with inhibitors of metalloproteases and assayed for MMP
activity.

Statistical analysis

All results described in the graphical representations are means +−
S.E.M. unless stated. Results were analysed on raw data using a
two-tailed Students’ t test.

RESULTS

Modulation of cellular Cu and Zn levels by 8HQ and phenanthroline
derivative metal ligands

To investigate the effects of metal ligands on Aβ metabolism
we initially examined how different classes of 8HQ and phen-
anthroline ligands modulated metal levels in APP-CHO cells. The
Clog P values were calculated by the program Chemdraw using
the method described by Ghose and Crippen [19] (see Table 1 for
details of ligands). The cells were treated with 25 µM ligand alone
(uncomplexed) or together with 25 µM Cu, Zn or Fe(II) (metal-
complexed). An equal metal-to-ligand ratio was used to reflect
the high extracellular metal content in vivo [17] and this ratio was
used in our previous study on CQ-Cu inhibition of Aβ [14]. Cells
were treated for 6 h and metal levels were determined by ICP-MS
in cell pellets. The ligands alone had little effect on cellular metal
levels; however, when complexed to metal, a range of effects
on Cu uptake were observed. Seven different 8HQ derivatives
were examined with an estimated Clog P value ranging from 4.14
(high lipid solubility) down to −1.89 (low lipid solubility; 8HQ
ligands are numbered #1–7, Table 1). As expected, the 8HQ
derivatives with higher lipid solubility (Clog P value of 2.08–
4.14) induced significant increases in cellular Cu (Figure 1A).
Interestingly, the two ligands with the highest Clog P values [5,7-
diiodo-8HQ (#1), 4.14; and 5-chloro-7-iodo-8HQ (#2), 3.75]
induced Cu uptake of 125- and 200-fold respectively, whereas
three ligands (#3–#5) with lower estimated lipid solubility
induced a substantially higher level of Cu uptake (350–375-fold)
(Figure 1A). In contrast, the two compounds with negative Clog P

values [8HQ-2-sulfonic acid (#6) and 4,8-dihydroxy-2-carboxylic
acid-8HQ (#7)] induced no increase in cellular Cu (Figure 1A).
This phenomenon may reflect a ‘bell-shaped’ curve for metal
uptake in whereas ligands with very high lipophilicity may be
more likely to adhere non-specifically to membranes, debris or the
culture vessel and therefore result in lower metal uptake into
the cells. Ligands with moderate lipophilicity would induce strong
metal uptake and those with low lipophilicity induce little or no
uptake.

Similar results were observed in cells treated with nine
phenanthroline derivatives (phenanthroline ligands are numbered
#8–16; Table 1). The ligands with the highest Clog P values had a
moderate effect on increasing Cu levels (135–175-fold uptake),
whereas compounds with a Clog P value in the mid-range induced
greater Cu uptake (Figure 1B). Interestingly, NC (#11) induced
significantly greater uptake of Cu (325-fold) when compared with
other ligands despite a Clog P value in the middle of the range of
all the ligands tested (3.05 as compared with a range of 1.03–
6.83 for all compounds; Table 1). This may again reflect a bell-
shaped curve for metal uptake as seen with 8HQ ligands. The Clog P

value of 3.05 may be optimal for metal uptake whereas higher
Clog P values may result in non-specific interactions with the
membrane that hinders uptake. The two sulfonated phenanthroline
derivatives (#8 and #9) induced no increase in cellular Cu (Fig-
ure 1B). This was despite one of those ligands [BCS (#15)] having
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Table 1 List of metal ligands used to modulate cellular metal levels and Aβ metabolism

ND, not done as the Clog P calculation is not suitable for metal complexes. phen, phenanthroline.

# Compound Structure Clog P (solubility)

8HQ derivatives

1 5,7-diiodo-8HQ 4.14

2 CQ 3.75

3 5,7-dichloro-8HQ 3.34

4 5-chloro-8HQ 2.58

5 8HQ 2.08

6 8HQ-2-sulfonic acid −0.32

7 4,8-dihydroxy-2-carboxylic acid-8HQ −1.89

Phenanthroline derivatives

8 BC 6.83

9 BP 5.83

10 3,4,7,8-tetra-methyl-1,10-phen 3.95
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Table 1 (Continued.)

# Compound Structure Clog P (solubility)

11 NC 3.05

12 2-chloro-1,10-phen 2.81

13 5-methyl-1,10-phen 2.55

14 1,10-phen 2.05

15 BCS 2.02

16 BPS 1.03

Sulfur compounds

17 PDTC 1.71

18 D-penicillamine −0.4

Other compounds

19 TM ND

20 DFO −0.5

a ClogP almost identical with the non-sulfonated 1,10-phenan-
throline (#14; 2.02 and 2.05 respectively; Table 1). These results
demonstrate that, although Cu uptake by 8HQ and phenanthroline
derivatives generally correlate with lipid solubility, additional
structural modifications to the ligands, especially the addition
of sulfonated groups, can greatly alter Cu uptake.

Similar effects were observed when cells were treated with
the 8HQ derivatives as Zn complexes (Figures 1C and 1D).

8HQ derivatives with a high Clog P value induced high levels of
Zn uptake, whereas three ligands with the lowest Clog P values
induced no effect on cellular Zn (Figure 1C). However, as for
Cu, there were substantial differences between two ligands with
very similar Clog P values. 5-Chloro-8HQ (#4; Clog P value of 2.58)
induced a 14-fold increase in Zn whereas 8HQ (#5; Clog P value of
2.08; Table 1) induced no change in Zn compared with Zn added
alone (Figure 1C). The lack of Zn uptake by 8HQ was surprising;
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Figure 1 Effect of metal ligands on Cu and Zn uptake into APP-CHO cells

Cells were treated with 25 µM ligand–metal complexes for 6 h and metal levels were determined in cell pellets by ICP-MS. Metal uptake is given as the fold increase compared with vehicle-treated
control. (A) Treatment of cells with 8HQ derivatives and Cu. (B) Treatment of cells with phenanthroline derivatives and Cu. (C) Treatment of cells with 8HQ derivatives and Zn. (D) Treatment of cells
with phenanthroline derivatives and Zn. *P < 0.01 and **P < 0.05. phen, phenanthroline.

however, this could reflect the tetrahedral structure of 8HQ–Zn
complexes rather than the square planar structure of 8HQ–Cu.

The results obtained with phenanthroline–Zn complexes did not
reflect those observed with phenanthroline–Cu complexes shown
in Figure 1(B). Only one phenanthroline derivative NC (#11; Clog P

value of 3.05) induced a high level of Zn uptake (8.5-fold), with
the other ligands having only a modest, or no effect on cellular Zn
levels (Figure 1D). These findings show that although higher lipid
solubility is a factor in increased Zn uptake by 8HQ compounds it
has limited effect on Zn uptake by phenanthroline derivatives. In
addition, other structural features of both ligand classes can have
dramatic effects on metal uptake. Overall, 5,7-dichloro-8HQ (#3)
and 5-chloro-8HQ (#4) were the most effective 8HQ ligands at
increasing cellular levels of Cu and Zn, whereas NC (#11) was

the only phenanthroline derivative with high efficacy at inducing
uptake of both Cu and Zn.

Differential inhibition of secreted Aβ levels by 8HQ and
phenanthroline derivatives complexed with Cu or Zn

As many 8HQ and phenanthroline derivative metal ligands
induced substantial increases in cellular metal levels (Figure 1),
we next examined the effects of this on secreted Aβ in culture
medium as reported previously [14]. Diverse effects of ligands
on Aβ levels were observed and although there was a general
correlation between metal uptake and inhibition of Aβ, this was
not observed with all ligands. The best correlation between Cu
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Figure 2 Effect of metal ligands on Aβ-(1–40) levels in APP-CHO cells

Cells were treated with 25 µM ligand–metal complexes for 6 h and Aβ-(1–40) levels were determined by ICP-MS in conditioned medium. (A) Treatment of cells with 8HQ derivatives and Cu.
(B) Treatment of cells with phenanthroline derivatives and Cu. (C) Treatment of cells with 8HQ derivatives and Zn. (D) Treatment of cells with phenanthroline derivatives and Zn. phen,
phenanthroline.

uptake and loss of Aβ was seen with the 8HQ derivatives. The
three ligands that produced the highest Cu uptake [5,7-dichloro-
8HQ (#3), 5-chloro-8HQ (#4) and 8HQ (#5)] (Figure 1) also
induced the greatest loss of Aβ with levels being less than 5%
of untreated control (Figure 2A). The two 8HQ derivatives that
had no effect on Cu uptake [8HQ-2-sulfonic acid (#6) and 4,8-
dihydroxy-2-carboxylic acid-8HQ (#7)] (Figure 1A) also had little
effect on secreted Aβ levels (Figure 2A).

In contrast, the pattern of effects with phenanthroline deriv-
atives was more complex. Although NC (#11) induced a high
level of Cu uptake (Figure 1) and a low level of Aβ (8%)
(Figure 2B), the other phenanthroline derivatives that increased
cellular Cu induced a variable decrease in Aβ. For example,
BP (#9) induced a moderate increase in cellular Cu (165-fold)
(Figure 1B) but reduced Aβ levels to 2.5% (Figure 2B), whereas

1,10-phenanthroline (#14) increased Cu by 250-fold (Figure 1B)
and only decreased Aβ to 56% of the controls (Figure 2B).

In our Zn studies, 8HQ derivative ligands #1–#4 (Table 1) all
increased cellular Zn (Figure 1C) and all greatly inhibited Aβ
levels in the presence of Zn (Figure 2C). However, 8HQ (#5)
had no measurable effect on cellular Zn levels yet reduced Aβ
to 2% of controls. Similarly with phenanthroline derivatives,
only small increases in Zn uptake were induced by BC (#8)
and BP (#9) (Table 1 and Figure 1D), but these ligands greatly
inhibited Aβ levels in culture medium (to 5 and 2 % respectively;
Figure 2D). Linear regression analysis of metal uptake compared
with Aβ levels revealed a strong correlation between Cu uptake
and Aβ (r = 0.72). However, a lack of correlation was seen with
Zn and Aβ (r = 0.43). This may indicate subtle differences in
the mechanism of Aβ production or degradation induced by Cu
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Figure 3 Effect of alternative ligand–metal complexes on metal uptake and Aβ-(1–40) levels in APP-CHO cells

Cells were treated with metal ligands with or without 25 µM metal for 6 h and metal uptake was determined by ICP-MS. Aβ-(1–40) levels were determined in conditioned medium by ELISA.
(A) Cu uptake in cells after treatment with sulfur-containing or alternative metal ligands together with Cu. (B) Aβ-(1–40) levels in medium from cultures treated with TM, D-penicillsamine, DFO or
PDTC. (C) Aβ-(1–40) levels in cells treated with low concentrations of CQ, 8HQ, NC, 1,10-phenanthroline or PDTC plus Cu. (D) Fe levels in cells treated with CQ, 8HQ, NC, 1,10-phenan-
throline or PDTC and Fe(II). (E) Aβ-(1–40) levels in medium of cells treated with CQ, 8HQ, NC, 1,10-phenanthroline or PDTC and Fe(II). *P < 0.01. d-pen, D-penicillamine; phen,
phenanthroline.

compared with Zn. Importantly, our findings demonstrate that
some 8HQ and phenanthroline derivatives can induce substantial
inhibition of secreted Aβ with relatively low levels of cellular
metal uptake. This may be an essential consideration in developing
anti-Aβ ligands that have low cellular cytotoxicity due to limited
metal uptake.

Diverse ligand classes show similar effects on Aβ levels
in cell culture

In addition to the 8HQ and phenanthroline derivative compounds,
we tested several other known metal ligands, including the sulfur-

containing ligands PDTC and D-penicillamine and the additional
well-documented metal ligands TM and DFO (Table 1). Treatment
of cultures with these compounds and Cu resulted in no significant
increase in cellular Cu except with PDTC (Figure 3A). PDTC has
previously been demonstrated to be a potent metal ionophore
[20]. We then tested the effect of these ligands on Aβ levels
and found that, as expected, only PDTC–Cu complexes inhibited
Aβ levels (Figure 3B). This supports our findings that metal
uptake is required to induce inhibition of secreted Aβ in cell
culture.

To further examine the effects of diverse metal ligands on metal
uptake and Aβ metabolism, we selected several key ligands and
performed additional analysis. CQ was selected as the ‘prototype’
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Figure 4 DCF fluorescence measurement of hydrogen peroxide generation by metal–ligand complexes

(A) Ligands were incubated with Cu(II) and hydrogen peroxide generation (redox activity) was determined by DCF fluorescence. All samples contained ascorbate and HRP. Ligand and/or metal were
added as indicated. No ligand induced higher levels of hydrogen peroxide than Cu(II) alone indicating a lack of redox activity towards Cu(II). (B) Ligands were incubated with Fe(III) and hydrogen
peroxide generation was determined by DCF fluorescence. All samples contained ascorbate and HRP. Ligand and/or metal were added as indicated. Several ligands induced a significant increase in
hydrogen peroxide compared with Fe(III) alone (*P < 0.001). phen, phenanthroline.

ligand based on our previous report [14]. 8HQ was selected as the
‘parent’ molecule of this ligand class. Similarly, NC (#11) was
chosen as a well-studied member of the phenanthroline class [21]
and 1,10-phenanthroline as the ‘parent’ compound. PDTC was
selected as it is a different class of compound (sulfur-containing)
and is also well-documented [20]. Initially we examined how
each of the ligands affected secreted Aβ levels when added as
Cu complexes at low concentrations. We observed a significant
decrease in secreted Aβ with 0.1 µM of each ligand–Cu complex
except 1,10-phenanthroline (Figure 3C). Each ligand also revealed
a dose–response decrease in secreted Aβ levels. These findings
establish that diverse metal ligands are potent inhibitors of Aβ
production in vitro. We next examined whether each of these
ligands had any effect on cellular Fe uptake and subsequent Aβ
levels when added with Fe(II). As shown in Figure 3(D), none
of the ligands showed any increase in cellular Fe above that seen
with Fe alone. This was also reflected in the Aβ levels as none of

the ligands showed substantial effects on Aβ in the presence
of Fe (Figure 3E).

Metal–ligand complexes reveal limited redox activity

The metal–ligand complexes were examined for redox potential
ability to mediate reduction of Cu(II) or Fe(III). This was
important as increased redox activity by metal–ligand complexes
has the potential to induce cytotoxic effects through generation of
ROS (reactive oxygen species). Such effects may be detrimental
to the development of the ligands as therapeutic compounds. To
measure this, metal [Cu(II) or Fe(III)]–ligand complexes were
incubated with the reductant ascorbate and hydrogen peroxide
generation was determined using a DCF fluorescence assay. As
shown in Figure 4(A), none of the compounds examined induced
a higher level of hydrogen peroxide generation than Cu(II)
alone indicating a lack of intrinsic redox activity. In contrast,
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Figure 5 Effect of CQ and metals on APP metabolism

(A) APP-CHO cells were treated with CQ and Cu, Zn or Fe(II) for 6 h. CQ alone or CQ and Cu
or Zn induced a decrease in cellular APP expression. Co-treatment with Fe(II) inhibited the loss
of APP expression induced by CQ. (B) Treatment of APP-CHO cells with CQ or CQ plus Cu
induced a reduction in secreted APP (sAPP) levels in conditioned medium after 6 h. The loss
of sAPP corresponded to the loss of cellular APP. Treatment with CQ, Cu or CQ and Cu had no
effect on expression of APP C-terminal fragments (CTFs).

three of the ligands induced Fe(III)-mediated hydrogen peroxide
greater than Fe(III) alone (Figure 4B). 5,7-diiodo-8HQ (#1), 1,10-
phenanthroline (#14) and BPS (#16) each revealed a relatively
strong redox activity towards Fe(III). In addition, 5-chloro-8HQ
(#4) and 5-methyl-1,10-phenanthroline (#13) also induced small
but significant increases in hydrogen peroxide levels in the
presence of Fe(III) (Figure 4B). These results demonstrate that
some of the ligands have Fe(III)-dependent redox activity which
could induce cytotoxic effects. However, the majority of ligands
were redox inactive towards Fe(III) and none revealed activity
towards Cu(II).

Diverse metal ligand–Cu complexes induce JNK-dependent
loss of Aβ

To determine how the metal–ligand complexes induced a loss
of secreted Aβ, we first examined the effect of CQ, our
‘prototype’ ligand, on APP expression and metabolism. As
reported previously [14], treatment of APP-CHO cells with CQ
alone inhibited cellular APP expression (Figure 5A). Treatment
with Cu or Zn had no significant effect on APP expression
in the 6 h incubation period. Co-treatment with CQ and Cu
induced no greater loss of APP expression compared with CQ
alone (Figure 5A), consistent with our previous findings [14].
Co-treatment with CQ and Zn induced a greater loss of APP
expression compared with CQ alone (Figure 5A), although
this effect was variable between cultures (results not shown).
Interestingly, treatment of cells with Fe(II) plus CQ restored the
loss of APP expression observed with CQ alone (Figure 5A). This
effect is consistent with the previous study that CQ can inhibit APP
expression by preventing Fe interaction with the APP mRNA IRE
(iron-responsive element) [22]. Addition of Fe either quenched
this effect by binding to CQ or promoted APP expression via
the IRE on APP mRNA [22]. However, as shown previously

[14], these results demonstrated that the loss of secreted Aβ was
not due to inhibition of APP expression as treatment with CQ
alone or CQ plus Cu both inhibited APP levels but only CQ plus
Cu decreased Aβ levels. Furthermore, we found that treatment
with CQ induced a loss of secreted APP from conditioned
medium which corresponded closely to the loss of APP expression
(Figure 5B). Again, co-treatment with CQ and Cu induced a
similar loss of secreted APP compared with CQ alone (Figure 5B).
These findings are consistent with our previous finding that CQ did
not induce a loss of secreted Aβ through significant perturbation
of APP processing. This was supported by our results showing that
CQ or CQ and Cu had no effect on expression of C-terminal APP
fragments in treated cells (Figure 5B) and did not affect activity
of APP-cleaving enzymes [14]. We also examined whether Aβ
accumulated in APP-CHO cells treated with CQ and Cu for 6 h.
However, cellular Aβ could not be consistently detected in lysates
by Western blot analysis or immunoprecipitation in treated cells
or untreated controls (results not shown). This may reflect the
cell-type used (CHO cells) and the short incubation time (6 h).
Given that secreted Aβ levels were readily detected by ELISA or
Western blot analysis [14] after 6 h, we would have anticipated
detectable levels of intracellular Aβ if the loss of secreted Aβ was
due to intracellular accumulation. However, the findings strongly
suggested an alternative mechanism for the loss of secreted Aβ
induced by CQ and other lipid-soluble metal ligands.

In our previous study, we found that CQ and Cu induced
activation of PI3K (increased phospho-Akt levels) and subsequent
stimulation of JNK activity [14]. This was a critical step in
the inhibition of secreted Aβ levels by CQ–Cu complexes. To
determine whether this mechanism was involved with other metal
ligands, we treated cells with ligand–Cu complexes and analysed
cellular Akt and JNK phosphorylation. As with CQ and Cu,
we found that 8HQ–Cu, NC–Cu, 1,10-phenanthroline–Cu and
PDTC–Cu all induced strong activation (phosphorylation) of
Akt and JNK (Figures 6A–6D). Each of these complexes also
increased cellular metal and reduced Aβ levels. The compounds
that had no effect on cellular metal uptake or Aβ levels also
failed to induce robust activation of PI3K or JNK (BPS, TM and
D-penicillamine; Figures 6D and 6E), although TM did induce
mild activation of Akt. To confirm that JNK activation was
involved in loss of Aβ, cultures were co-treated with the JNK
inhibitor SP600125 (25 µM). We have shown previously that this
concentration of inhibitor blocked JNK activation and restored
secreted Aβ levels in cultures treated with CQ–Cu [14]. Exposure
of APP-CHO cells to ligand–Cu complexes and SP600125
completely prevented the loss of Aβ in conditioned medium
induced by CQ–Cu, 8HQ–Cu, NC–Cu, 1,10-phenanthroline–Cu
and PDTC–Cu (Figure 6F). As the JNK inhibitor could potentially
affect APP or Aβ metabolism, we examined this in CQ–Cu-
treated cells. However, as shown in Figure 6(G), SP600125 did
not restore the loss of APP expression induced by treatment with
CQ–Cu. In addition, no obvious changes to processing of C-
terminal APP fragments were observed. These findings strongly
suggested that the ability of SP600125 to restore Aβ levels was
not through modulation of APP processing but via an alternative
pathway such as the inhibition of Aβ-degrading metalloproteases
as reported previously [14].

Diverse metal ligand–Cu complexes induce activation of
metalloproteases

In our previous study, CQ–Cu induced significant loss of cell
adhesion to collagen type IV matrix [14]. This was mediated
through up-regulation of cellular metalloprotease activity by
metal uptake. We therefore examined whether other metal
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Figure 6 Activation of PI3K and JNK by diverse ligand–metal complexes in APP-CHO cells

Cells were treated with ligands plus Cu for 6 h and activation (phosphorylation) of JNK was determined by Western blot analysis in cell lysates. (A) Activation of PI3K (phospho-Akt formation) by Cu
and 8HQ, NC, PDTC and 1,10-phenanthroline. Some activation was observed with TM plus Cu but not with BPS or D-penicillamine plus Cu. (B) Activation of JNK by CQ or 8HQ and Cu. (C) JNK
activation by NC or 1,10-phenanthroline and Cu. (D) Activation of JNK by PDTC and Cu but not by BPS and Cu. (E) No activation of JNK by TM or D-penicillamine and Cu. (F) Treatment of cells
with an inhibitor of JNK activation (SP600125; 25 µM) prevented the loss of Aβ-(1–40) induced by CQ, 8HQ, NC, 1,10-phenanthroline or PDTC and Cu. *P < 0.01. (G) Treatment of cells with the
JNK inhibitor, SP600125 inhibited JNK activation but did not restore the loss of APP expression induced by CQ–Cu complexes. The inhibitor also did not alter C-terminal APP processing. CTF,
C-terminal fragment; d-pen, D-penicillamine; phen, phenanthroline.

ligand–Cu complexes induced similar effects on metalloprotease
activity. Cells were treated with CQ–Cu, 8HQ–Cu, NC–Cu, 1,10-
phenanthroline–Cu or PDTC–Cu complexes and cell adhesion
was determined on collagen type IV. We found that each of
the metal complexes tested induced a significant decrease in cell
adhesion whereas the metal-free ligands had no effect (Figure 7A).
In contrast, ligands that failed to increase metal uptake (TM, D-
penicillamine and BPS) had a limited effect on cell adhesion
when added to cells in the presence of Cu; BPS actually increased
adhesion (Figure 7B). To confirm that these effects were due to
up-regulation of matrix-degrading metalloproteases, activity of
MMP-2 was determined in cell lysates. The free metal ligands
(8HQ, NC and PDTC) alone had little effect on MMP-2 activity;
however, when added as Cu complexes, substantial increases in
MMP-2 activity were seen (Figure 7C). In each case, co-treatment

with the broad-spectrum metalloprotease inhibitor or an MMP-2
inhibitor prevented the increased MMP-2 activity. These results
demonstrate that diverse metal ligands can induce Cu-dependent
up-regulation of cellular metalloproteases.

Finally, we confirmed that activation of metalloproteases
by ligand–metal complexes was responsible for loss of cell
adhesion and a reduction in secreted Aβ as shown previously
for CQ–Cu [14]. Loss of cell adhesion induced by 8HQ–
Cu, NC–Cu or PDTC–Cu was prevented by co-treatment with
the broad-spectrum metalloprotease inhibitor GM6001 and the
specific MMP-2 inhibitor (Figure 8A). Similarly, these inhibitors
prevented the reduction in secreted Aβ levels induced by 8HQ–
Cu, NC–Cu and PDTC–Cu demonstrating that diverse metal
ligands can induce metal uptake, triggering metalloprotease
activity and increased Aβ degradation (Figure 8B). These
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Figure 7 Effect of metal ligands on cell adhesion and MMP activity in APP-CHO cells

Cells were treated with metal ligands and Cu for 6 h and cell adhesion was determined on a collagen type IV matrix. MMP-2 activity was measured by fluorometric assay in cell lysates. (A) Cell
adhesion after treatment with CQ, 8HQ, NC, 1,10-phenanthroline or PDTC with or without Cu. (B) Cell adhesion after treatment with TM, D-penicillamine or BPS with or without Cu. (C) MMP-2 activity
in cells after treatment with 8HQ, NC or PDTC and Cu. In each treatment, the broad-spectrum metalloprotease inhibitor GM6001 or the MMP-2 inhibitor prevented MMP activation (*P < 0.01).
d-pen, D-penicillamine; phen, phenanthroline.

results provide important support for the hypothesis that metal–
ligand complexes may be useful for inhibiting Aβ accumulation
in AD.

DISCUSSION

The present study is the first to describe the systematic comparison
of diverse metal ligands for their effects on metal uptake and Aβ
metabolism. In the present study we have shown that different
classes of metal ligands have various effects on cellular metal
uptake and accumulation of Aβ in cell culture. Generally,
more lipid-soluble metal ligands elevated cellular Cu and Zn
levels consistent with previous reports [13,23–25] and induced
a reduction in levels of secreted Aβ. In contrast, metal ligands
with a low lipid solubility had little effect on metal levels or
secreted Aβ; however, there were interesting exceptions to these
trends in both 8HQ and phenanthroline classes of ligands.

These results confirm that the effects of CQ–Cu and CQ–Zn
on Aβ metabolism reported previously [14] were not mediated
by CQ itself, but instead were induced irrespective of the class
or structure of the metal ligand used. 8HQ, phenanthroline or

alternative ligands such as PDTC all induced a reduction in
secreted Aβ levels in the presence of Cu. Therefore it is the
complexed metal (i.e. Cu or Zn) and not the carrier ligand
that modulates Aβ metabolism. This is consistent with previous
reports that different metal ligands can induce analogous effects
on APP expression [22,26].

These results are important for the future development of metal-
ligand-based therapeutic intervention in AD. Our finding that Cu
complexes of CQ, 8HQ, NC, 1,10-phenanthroline and PDTC all
significantly reduced secreted Aβ levels shows that diverse metal-
ligand classes could be examined for in vivo therapeutic efficacy
against Aβ deposition [9,12,14]. Numerous derivatives of these
compounds could be screened for anti-Aβ activity combined with
low toxicity. This could be done relatively easily using cell-
based approaches as reported in the present study. For example,
our studies revealed that BC (#8) induced a relatively small
increase in intracellular Zn but reduced Aβ levels by 95%.
These assays could allow the detection of compounds that can
induce a dramatic loss of Aβ with little change to cellular metal
levels, thus reducing the potential for adverse side effects from
excess metal. This may also help to avoid complications of
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Figure 8 Effect of JNK and MMP inhibitors on loss of cell adhesion and
secreted Aβ levels in APP-CHO cells

Cells were treated with 8HQ, NC or PDTC and Cu for 6 h in the presence or absence of 25 µM
SP600125 (JNK inhibitor), 20 µM GM6001 (broad-spectrum MMP inhibitor), 25 µM MMP
inhibitor-I (broad-spectrum MMP inhibitor), 10 µM MMP-2 inhibitor-I or 10 µM MMP-9
inhibitor-I. (A) Inhibition of JNK or MMPs blocked the loss of cell adhesion induced by each
metal ligand complexed with Cu (*P < 0.01). (B) Inhibition of MMPs prevented the loss of
secreted Aβ-(1–40) induced by each metal ligand complexed with Cu (*P < 0.01).

treatment with metal ligands as was observed in some patients
treated with CQ. Increased occurrence of sub acute-myelo-optic-
neuropathy was originally linked to CQ treatment, although recent
epidemiological studies have questioned this association [27–
29]. Current evidence suggests that metal ligands such as CQ
could potentially modulate vitamin B12 availability leading to
adverse side affects. This could be directly related to either metal
complexation by ligands or through alteration of intracellular
metal levels. Whatever the process, further development of ligands
that induce limited effects on metal homoeostasis are likely to
offer safer therapeutic outcomes.

As we previously reported, our results did not support a role
for increased intracellular Aβ accumulation as the mechanism for
loss of detectable cellular Aβ. No evidence of accumulated Aβ
could be seen in cell lysates and we found no evidence of altered
APP metabolism other than a reduction in overall levels of cellular
and secreted APP induced by CQ or CQ and Cu. Furthermore,
we reported previously that CQ–Cu complexes also induced loss
of extracellular synthetic Aβ added to culture medium and this
was inhibited by metalloprotease inhibitors [14]. Although these
findings are consistent with a role for elevated MMP activity
and cleavage of secreted Aβ in cultures treated with metal–
ligand complexes, we cannot be certain whether this is occurring
in the medium or at the cell surface. Additionally, although
MMP activation was observed in cells treated with a number of
different metal–Cu complexes and inhibition by MMP inhibitors
blocked this effect, there may still be additional mechanisms
involved in Aβ processing that are specific for each ligand–metal
complex. However, the investigation of such a potential diverse
range of metabolic effects was outside the scope of the present
study.

We previously reported that CQ–Cu complexes induced activ-
ation of PI3K and JNK [14]. In the present study we showed that a
diverse range of metal ligands also induced PI3K and JNK activ-
ation and this correlated with Cu uptake and loss of Aβ induced
by the same ligands (8HQ, NC, 1,10-phenanthroline and PDTC).
Conversely, ligands that failed to affect metal levels or Aβ also
had no effect on JNK activity (TM, D-penicillinamine and BPS).
Our results strongly suggest that activation of JNK by CQ–Cu and
the other ligands that elevated cellular Cu resulted in decreased
extracellular Aβ levels through up-regulation of MMP activity.
This was supported by the fact that inhibition of MMPs prevented
the loss of secreted Aβ and we have reported previously that
inhibition of JNK prevented up-regulation of MMP activity by
CQ–Cu [14]. Furthermore, we found no evidence of altered
cellular APP metabolism after treatment with the JNK inhibitor.
Previous studies have shown an important role for JNK activation
in altering synaptic plasticity [30] and Aβ-mediated neurotoxicity
[31,32]. As metal–ligand complexes are able to activate JNK,
there is the potential that these complexes could modulate such
effects in neurons in vivo. However, studies on neuronal cells
are needed to fully understand how metal–ligand complexes alter
synaptic plasticity and Aβ neurotoxicity and whether co-treat-
ment with JNK inhibitors affects these factors in metal-treated
cells.

Our findings are consistent with previous reports that lipid-
soluble metal ligands can induce activation of protein kinases
such as JNK and that metals have been shown to activate MMPs
[33–36]. Although the process of MAPK activation has not been
fully addressed, there is considerable evidence that this can be
mediated through activation of PI3K by metals such as Cu and
Zn [37]. We have shown in the present study and previously
[14] that metal–ligand complexes activate PI3K resulting in
phosphorylation of its downstream target Akt. This subsequently
controls activation of MAPKs such as ERK (extracellular-signal-
regulated kinase) and JNK. Although it is not yet known how
metals activate PI3K, there is evidence to suggest that this could
be mediated through up-regulation of receptor tyrosine kinase
activity [38]. As non-lipophilic ligands do not stimulate these
pathways, there may be a requirement for partial membrane
penetration by the complexes to achieve receptor activation. This
could be responsible for the reduction in Aβ seen in cultures
treated with 1,10-phenanthroline–Zn or 8HQ–Zn complexes when
no increase in cellular Zn was observed (Figures 1 and 2). This
is supported by the observation that ligand–Zn complexes can
also activate JNK with little or no metal uptake ([14] and A. R.
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White, unpublished work). If true, this would mean that the large
increases in metal uptake induced by many of the lipophilic com-
pounds is unnecessary and it is only the partial membrane pene-
tration that is required for induction of signalling pathways leading
to inhibition of Aβ. Therefore assays could be developed to
screen for ligand–metal complexes that have the ability to bind
to and penetrate the membrane but not facilitate dramatic increases
in potentially toxic metals. Whether these effects occur in vivo has
not been established, although Malm et al. [39] recently reported
activation of PI3K/Akt by PDTC in APP/PS1 transgenic mice.
Interestingly, they did not find altered Aβ levels in the brains of
treated animals. However, it is possible that there were changes
in levels of specific soluble oligomeric forms of Aβ without
an overall reduction in Aβ levels. Alternatively, metal–ligand
complexes, as used in the present study, may induce different
effects on Aβ compared with free ligands.

Additionally, metal ligands can be potent inhibitors of
metalloproteases [40,41]. Even though the level of ligands added
to the cells is not high (25 µM), their efficacy may be enhanced
by the use of serum-free medium containing only low levels of
trace metals (0.5 µM Cu and 1.3 µM Zn). The ligand-mediated
inhibition of MMP activity could partially explain the reduced effi-
cacy in promoting Aβ degradation by some of the ligands
[2-chloro-1,10-phenanthroline (#12) and 1,10-phenanthroline
(#14)].

Recently, Ahmad et al. [42] reported that overexpression of MT
(membrane-type) MMPs resulted in cleavage and degradation of
APP. Whether MT-MMPs are activated in APP-CHO cells treated
with CQ–Cu or other metal ligands has not been established. It
is feasible that up-regulated MT-MMPs could result in activation
of MMP-2 (leading to degradation of extracellular secreted Aβ)
and also result in MT-MMP-mediated degradation of APP. This
remains to be tested.

Loss of cell adhesion correlates closely with loss of secreted
Aβ for the ligands tested. This is most probably due to the fact
that MMP activation by ligand–metal complexes is responsible for
degradation of secreted Aβ and the extracellular matrix resulting
in loss of adhesion [43,44]. Cell adhesion assays could therefore
be used as a rapid and simple assay for preliminary screening
of metal ligands that promote MMP-mediated degradation
of Aβ.

The ability of diverse ligands to increase metal uptake and
inhibit Aβ levels generally correlated with a higher lipid solubility
as estimated using Clog P calculation (Table 1 and Figures 1 and
2). However, there were some exceptions to this trend. For
example, NC induced a very high level of metal uptake despite
a Clog P value in the mid-range of the phenanthroline derivatives
tested. Although the reason for this is uncertain, the 2,9-dimethyl
substituent on the 1,10-phenanthroline subtly alters the chemical
properties and for reasons of stearic hindrance the square planar
co-ordination normally associated with Cu(II) complexes is not
favoured. This is the reason that this ligand is considered a Cu(I)-
specific ligand as the tetrahedral structure is favoured and could
promote Cu(I) uptake across the cell membrane. However, as NC
induced high uptake of both Cu and Zn, it may reflect the fact that a
Clog P value of approx. 3 might be ideal for metal movement across
a membrane. It should also be noted that from our results, we were
unable to establish for certainty what proportion of the metals are
being transported into the cell and how much remains bound to the
cell membrane. Phenanthroline-based complexes are charged and
therefore tend to have reduced membrane permeability [45]. With
these compounds, a large proportion of the metal may remain
at the cell surface or alternatively, if transported into the cell as
a phenanthroline–metal complex, could have reduced excretion.
However, the actual movement of the metal will depend on the

combination of phenanthroline derivative and metal (Cu or Zn).
In contrast, the 8HQ derivatives form neutral complexes with Cu
and Zn and therefore may have higher membrane permeability
[45]. It would be interesting to determine whether a greater
percentage of the cell-associated metal is internalized in 8HQ–
metal-treated cells, although the increased permeability may also
result in greater excretion of the metal complex from the cell,
thus reducing intracellular metal levels. Whether active transport
processes are involved in this is not known. As phenanthroline,
8HQ and alternative ligands such as PDTC all activate analogous
pathways (PI3K and JNK) in our system, this may suggest that
cellular uptake of complexes is less important than membrane
association. However, this remains to be tested. Another potential
difference between ligands could be redox-mediated affects on
cell metabolism. However, this is unlikely as there was no
correlation between kinase activation and redox activity of the
complexes and we reported previously that antioxidants and free
radical scavengers had no effect on kinase activation and changes
to Aβ levels induced by CQ–Cu complexes [14]. Furthermore,
many of the Zn complexes induced substantial loss of Aβ but Zn
is effectively redox inactive in cells.

The level of metal uptake did not always correlate with loss of
Aβ. Some ligands induced high metal uptake with a modest effect
on Aβ [e.g. 5,7-diiodo-8HQ (#1) and 1,10-phenanthroline (#14)]
whereas others induced a low level of metal uptake but greatly
decreased Aβ [8HQ (#5) and BC (#8)]. In addition, there were
some ligands that induced greatly disparate levels of metal uptake
despite very similar Clog P values [e.g. 5-chloro-8HQ (#4), 8HQ
(#5), NC (#11) and 2-chloro-1,10-phenanthroline (#12) in the
presence of Zn; and 1,10-phenanthroline (#14) and BCS (#15) in
the presence of Cu]. This is likely to reflect the fact that additional
structural factors affect metal transport across the cell membrane
by metal ligands [46]. Addition of sulfur groups can greatly
alter the permeability of metal ligands and there are significant
differences in uptake of charged (i.e. 1,10-phenanthroline–metal)
and neutral (8HQ–metal) complexes [45]. Moreover, there may
be differences in the subcellular location where the metals are
released by the ligands.

In conclusion, the present study is the first comprehensive
comparative study of how metal ligands modulate metal uptake
and Aβ metabolism in vitro. Our findings have revealed that
diverse classes of metal ligands can have similar effects on Aβ
turnover with a number of lipid-soluble ligands dramatically
reducing extracellular levels of Aβ when complexed to Cu
or Zn. This was achieved through activation of JNK and up-
regulation of MMP activity resulting in Aβ degradation. The
present study forms an important base for further development of
metal–ligand-mediated therapeutic intervention in AD. Our assay
system could be developed for rapid screening of combinatorial
libraries for metal ligands that alter cell adhesion (indicative of
MMP activation) and decrease Aβ levels by increasing MMP
activity. This would greatly improve the chances of identify-
ing highly efficacious compounds that could promote Aβ
clearance in vivo [12]. In this respect, we identified several ligands
in the present study [8HQ–Zn (#5), BP–Cu/Zn (#9) and BC–Zn
(#8)] that potently inhibit Aβ with minimal change to cellular
metal uptake. These compounds should be assessed further for
their Aβ inhibitory action. In addition to identification of potential
therapeutic agents for treatment of AD, our studies have also
provided further insights into the role of metals and metal ligands
in modulation of cell signal transduction and Aβ metabolism.
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