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Many recent studies have shown the major role played by
metal ions (copper, zing, iron, ...) in the modification of the
folding and/or the aggregation of proteins that leads to seri-
ous pathologies. Several neurodegenerative diseases (Alzheim-
er's disease, spongiform encephalopathies, Parkinson’s disease,
Huntington’s disease, ...) involve similar disastrous interactions
between metal ions and proteins.™

In the case of Alzheimer’s disease, the pathology is associat-
ed with the aggregation of -amyloid peptides (Ap) in the
brain, which leads to the formation of amyloid plaques. The
accumulation of redox-active metal ions in these amyloid
plaques is probably responsible for the oxidative stress which
induces neuronal lesions in the brain that result in irreversible
loss of intellectual faculties.”

The use of a metal ligand like Clioquinol led to improve-
ments in patients suffering from Alzheimer’s disease and indi-
cated that therapeutic approaches are possible with metal ion
chelators in neurodegenerative diseases.”’ Among Cu/Zn che-
lators capable of solubilizing AP from post mortem brain
tissue, interesting results were obtained with bathophenan-
throline and bathocuproine, two ligands based on the 1,10-
phenanthroline structure.” However, due to the presence of
sulfate residues, these chelators are too hydrophilic to cross
the blood brain barrier; consequently their use in vivo cannot
be envisaged.
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Chelators must indeed have particular properties in order to
be used as potential drugs in the treatment of neurodegenera-
tive diseases. They must have a low molecular weight and be
poorly or not charged in order to be able to cross the blood
brain barrier. They must also have a structure that can be al-
tered to adjust the chelation selectivity in order to target cer-
tain metal ions (a strong nonspecific chelation would result in
a general depletion of metal ions, including those of metal-
loenzymes, which are essential for the organism).

Once the chelator is in the brain, the molecule must be able
to complex the metal ions present in excess in the pathogen
proteins so as to allow their dissolution and their elimination.
From here two evolutions can be proposed: i) if the metal-che-
lator complex is hydrophobic enough, it can be exported to
the blood system, leading to its ultimate excretion;® or ii) it
has also been proposed that the complex will contribute to
the redistribution within the brain of metal ions sequestered in
the plaques in order to restore their normal homeostasis and
thus to stop the amyloid cascade.”” Whatever the explanation
of the role of chelator in brain,
in both cases, the presence of

linker, and different attempts at other classical synthesis strat-
egies failed in our hands:” i) the reaction between 3,8-dihalo-
genoPhen and propanediolate through a synthetic strategy
analogous to the preparation of Clip-Phen, although it is a
classical method of preparing cyclic derivatives of 2,6-pyri-
dine® (due to the specific problems associated with the posi-
tion of the substituents on the Phen that induce poor chemical
reactivity and reduction ability under the experimental condi-
tions used);®? ij) the fixation of one or two linker(s) on a first
Phen derivative and, then, the reaction with a second Phen
residue; iii) the use of a template effect by complexation of
halogeno- (or hydroxy-)Phen precursor to different metals
before the cyclization reaction in order to form (ligand),-metal
entities favoring Cyclo-bi-Phen synthesis.

Cyclo-bi-Phen was successfully prepared by treatment of
1,10-phenanthroline-3,8-dihydroxylate with propane-1,3-diol-
di-para-tosylate at high dilution (3.5 mw) in order to favor the
synthesis of Cyclo-bi-Phen and to decrease polymerization re-
actions (Scheme 1).2'” The replacement of propane-1,3-diol-di-
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three-methylene bridge were
particularly active. Interestingly,
their activity was not altered by
the presence of a large excess
of physiological ions like Mg" as was that of ligands that selec-
tively chelate some metals (copper ions in our previous experi-
ments). We therefore decided to prepare new cyclic uncharged
ligands called “Cyclo-Phen”, small and sufficiently hydrophobic
to be able to cross the barriers: first the intestinal barrier, so
that these molecules will be orally active, and then the blood
brain barrier to finally coordinate the metal ions (copper in
preference) that are present in excess in the pathogen amyloid
aggregates.

We chose to connect two phenanthroline entities at the C3
and C8 positions with an alkoxy linker including three methyl-
enes, in agreement with the structure of the most efficient
linkage in the Clip-Phen series (on C3 of Phen). The second
bridge is identical and is linked on the C8 carbon of Phen in
order to obtain a compound with a C2 symmetry.

The Cyclo-bi-Phen macrocycle was prepared by using a bis-
tosylate linker. The catalytic metathesis approach for macrocyc-
lization cannot be used due to the structure of the desired
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Scheme 1. Synthesis of “Cyclo-Phen”.
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para-tosylate by 1,3-dibromopropane or of Cs,CO; by NaH, a
change of solvent, or the use of higher concentrations de-
creased the yield. The structure of Cyclo-bi-Phen was con-
firmed by X-ray analysis of single crystals (Figure 1). Two other
cyclic ligands, Cyclo-tri-Phen and Cyclo-tetra-Phen with, respec-
tively, 3 and 4 phenanthroline residues, were also isolated as
minor products. Both trimer and tetramer were also character-
ized by X-ray analysis.

Three different chelating agents were then tested in double-
transgenic mice mimicking Alzheimer’s disease: Cyclo-bi-Phen,
3-propyl-Clip-Phen®? (its analogue in the Clip-Phen series),
and Clioquinol, chosen because it has shown activity in de-
creasing amyloid deposits in vivo (Figure 2).

Preliminary toxicity studies in wild-type male FVB/NCrl mice
were performed. The drugs, initially dissolved in DMSO in the
presence of 2.6 equivalents of HCl and then diluted in water,
were tested at 10 mgkg™' by intraperitoneal injection (i.p.) on
three consecutive days. At day 4, all mice survived and they
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Cyclo-tetra-Phen

Figure 1. Molecular structures of Cyclo-bi-Phen (CCDC 268177), Cyclo-tri-
Phen (CCDC 268178), and Cyclo-tetra-Phen (CCDC 268179).

were sacrificed and analyzed: no gross anatomical problems
were observed in the stomach, spleen, kidneys, liver, heart,
lungs, or peritoneum. Further tests included five wild-type
mice treated on days 1 and 3 with 50 mgkg™' per day by i.p.
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injection that showed 100% survival after 30 days. Therefore
the compounds appeared nontoxic under these conditions at
a concentration of 10 mgkg™".

Subsequently, double-transgenic APP[V717I] x PS1[A246E]
female mice were treated with the drugs. This well-established
double-transgenic mouse model was chosen since it shows vir-
tually all aspects of the amyloid pathology of Alzheimer’s dis-
ease: accumulation of AR peptides in the brain and cerebrospi-
nal fluid, memory deficit, and amyloid plaque formation."”
Moreover, diverse experimental therapies, ranging from vacci-
nation to B-sheet breakers, have been shown to affect relevant
parameters in this mouse model.'?

The molecules, dissolved in DMSO/groundnut oil (1:4), were
administered by i.p. injection (5 mgkg™' for both Phen deriva-
tives or 10 mgkg™" for Clioquinol) three times per week over a
nine-week period to six-month-old double-transgenic mice.
Ten double-transgenic animals were treated with each Phen
derivative, whereas nine transgenic mice received vehicle and
nine transgenic mice received Clioquinol. During the nine-
week period, two animals were lost in each Phen-treatment
group and three in the Clioquinol group, as opposed to none
in the vehicle control group; this indicates some toxicity asso-
ciated with longer-term metal-chelating therapy. Mean body
weight increased by about 2 g in all groups, possibly due to
the use of oil as vehicle.

After nine weeks of treatment, the animals were sacrificed,
amyloid peptides levels were assayed in one brain hemisphere,
and amyloid plaque load was determined in the other hemi-
sphere. None of the treatments appeared to affect the levels
of soluble AB40 or AP42. Remarkably, treatment with 3-propyl-
Clip-Phen increased the brain levels of insoluble AB40 and
AB42 about twofold (from 54.74+88ngg™" to 1126+
13.1ngg™', p=0.005 for AP40 and from 265+43ngg ' to
624+91ngg ', p=0.007 for AB42), whereas neither Clioquinol
nor Cyclo-bi-Phen affected these parameters in a statistically
significant way. A similar picture emerged from the immuno-
histochemical staining of amyloid plaques. Here all treatments
remained without significant effect, except 3-propyl-Clip-Phen,
which increased total plaque load from 8.8+1.6% to 15.5+
2.3% (p=0.03). Thus, the previously observed ability of Clio-
quinol to reduce the load of insoluble A and to increase the
quantity of soluble P-amyloid peptide was not observed
here.® These differences were probably due to the differences
between experimental conditions (mono- versus double-trans-
genic mice, i.p versus oral drug administration, variations in
dosing protocols, etc.).

Brain sections were subsequently analyzed by staining with
Thioflavin-S, a dye with an affinity for -sheet structures that
specifically stains dense (so-called senile) amyloid plaques, as
opposed to the immunological staining used above, which
does not discriminate between senile and diffuse plaques."”
Surprisingly, both Clioquinol and Cyclo-bi-Phen specifically re-
duced Thioflavin-S-positive plaque load by about 30-40%
(Figure 2), although this is statistically insignificant, probably
due to the small number of mice included in this study (from
control levels of 1.0+0.2% to 0.7 4+0.2%; p=0.26 for Clioqui-
nol and to 0.6+0.2%; p=0.1 for Cyclo-bi-Phen). 3-Propyl-Clip-
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Figure 2. Quantitative analysis by histology of Thioflavin-S staining of the amyloid load
in the subiculum of double-transgenic APP[V7171]x PS1[A246E] mice treated with 3-
propyl-Clip-Phen, Cyclo-bi-Phen, or Clioquinol by intraperitoneal injection three times

per week over nine-week periods.

Phen showed a tendency to increase Thioflavin-S-positive
plaque load to 1.2+0.3% (p=0.5).

Hence chemically related metal chelators appear to affect
plaque load in opposite directions. Moreover, taking into con-
sideration the difference in molecular weight of the two chela-
tors that both decrease plaque load (504 for Cyclo-bi-Phen
and 305 for Clioquinol), these results were obtained with
9.9 umolkg™ of Cyclo-bi-Phen and 32.8 umolkg™" of Clioqui-
nol. We therefore conclude that Cyclo-bi-Phen exerts its effect
at a threefold lower level of the drug.

The data obtained on the reduction of Thioflavin-S-stained
amyloid deposits are of particular interest since Thioflavin-
stained plaques might be selectively neurotoxic'¥ through the
induction of oxidative stress, a deleterious phenomenon, possi-
bly related to the complexation of redox active metals by Af-
peptides."

Selective chelation of Cu", Zn", and, to a lesser extent, Fe" by
ApB-peptides has been related to an increase in amyloid deposi-
tion. Our strategy being aimed at the removal of these metal
ions, we estimated the stability constants of Cyclo-bi-Phen (L)
for Cu" and Zn" spectrophotometrically through competition
experiments with different ligands with known binding con-
stants for copper and zinc."® Similar values to those obtained
for Clioquinol were observed (Table 1) and were in accordance
with our attempts to prepare a ligand that had a mildly “com-
plexing ability”, capable of removing metals from Ap and
thereby decreasing the formation of amyloid plaques. After
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treatment with one equivalent of CuCl, or of ZnCl,,
complex formation was confirmed by electrospray
mass spectrometry, and [M—CI]*™ complexes were
observed (m/z=602 and 603 for LCuCl, and LZnCl,,
respectively). The partition of Cyclo-bi-Phen between
octanol and a physiological aqueous phase was also
measured; this resulted in an observed log D, , value
of 2.7, which is in accordance with our attempts to
prepare a ligand exhibiting a significant hydropho-
bicity.

In conclusion, the reduction of the plaque load
observed with Cyclo-bi-Phen indicates that the
Cyclo-Phen derivatives can be considered as drug
candidates in the treatment of neurodegenerative
diseases in which an over-loading of metal ions in
the brain has been evoked as being one of the main
factors in the pathologies related to metal-related
misfolding of proteins.

\

Control

Experimental Section

Synthesis of Cyclo-Phen: Caesium carbonate (2.22 g,
6.83 mmol) was added to 3,8-dihydroxy-1,10-phenan-
throline hydrobromide® (0.40 g, 1.37 mmol) dissolved
in anhydrous DMSO (310 mL) under nitrogen. Then a
solution of 1,3-propanediol di-para-tosylate (0.53 g,
1.37 mmol) in anhydrous DMSO (80 mL) was added
over 1h, before the mixture was heated for 48 h at
50°C under nitrogen and with vigorous stirring. The

Table 1. Comparison of some physicochemical properties of Cyclo-bi-
Phen and Clioquinol. D,, is the distribution coefficient of the ligands be-
tween octan-1-ol and Tris:HCl buffer (20 mm pH 7.4, 150 mm NaCl). Kc
and Kz are the stability constants of the ligands.

My, logD,., log Kew log Ky
Cyclo-bi-Phen 504 27 1041 6+1
Clioquinol 305 3.8 897 7?

[a] From ref. [3].

volume was reduced to 100 mL, then aqueous ammonia (40 mL,
pH 10) was added, and cyclized products were extracted with
CH,Cl, (2x40 mL). The organic phase was washed with aqueous
ammonia (pH 10), evaporated, and dried under vacuum. Chroma-
tography on silica gel (eluent 1% triethylamine (TEA) in CHCI;) af-
forded Cyclo-bi-Phen (31 mg, 0.06 mmol, 9%) as a white powder. A
mixture of Cyclo-tri-Phen and Cyclo-tetra-Phen was then eluted
from the column with CHCIl;/CH;OH/TEA (94:5:1). After evaporation
of the solvent, the two products were dissolved in CHCl;/CH;OH
(9:3), and Cyclo-tetra-Phen was precipitated by the addition of
CH;OH (6 volumes). The supernatant was evaporated, and a flash
chromatography on silica gel (eluent 1% TEA in CHCl;) afforded
Cyclo-tri-Phen (14 mg, 0.013 mmol, 3%) as a white powder. Pure
Cyclo-tetra-Phen was obtained from crystallization in CHCI,/CH;OH
(3:1) as white crystals (10 mg, 0.01 mmol, 3%). For each ligand,
white crystals suitable for X-ray analysis were obtained from recrys-
tallization in CHCly/CH;OH. Cyclo-bi-Phen: 'H NMR (250 MHz in
CDCl,/CD;0D 3:1): 6=2.12 (m, 4H), 4.15 (m, 4H), 435 (m, 4H), 6.98
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(d, “J(H,H)=3 Hz, 4H), 7.19 (s, 4H), 8.21 (d, *J (H,H) =3 Hz, 4H); ele-
mental analysis calcd (%) for C3,H,4,N,0,-0.6H,0: C 69.92, H 4.93, N
10.87; found C 70.01, H 4.94, N 10.53; MS (ES>0): 505 [M+H]*.
Cyclo-tri-Phen: '"HNMR (250 MHz in CDCl,/CD,0D 3:1): 6=2.21
(quint, *J(H,H)=5Hz, 6H), 4.20 (t, >J(HH)=5 Hz, 12H), 7.26 (d, *)-
(HH)=3 Hz, 6H), 7.36 (s, 6H), 8.50 (d, *J(H,H)=3 Hz, 6H); elemen-
tal analysis calcd (%) for CysH3gNgOgCHCI5: C 63.05, H 4.23, N 9.59;
found C 62.61, H 4.57, N 9.01; MS (ES>0): 757 [M+H]*. Cyclo-
tetra-Phen: '"H NMR (250 MHz in CDCl;/CD,OD 3:1) : 6=2.31 (m,
8H), 4.20 (m, 16H), 7.37 (d, “J(H,H)=3 Hz, 8H), 7.49 (s, 8H), 8.54 (d,
“JHH)=3Hz, 8H); elemental analysis caled (%) for
CeoHagNgOg-2 CHCl;: C 59.68, H 4.04, N 8.98; found C 59.78, H 3.62,
N 8.56; MS (ES>0): 1009 [M+H]™*.

Animal studies were approved by the Ethical Commission on
Animal Testing (K.U. Leuvan, Belgium) under Project number
P04026.
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