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Alzheimer's disease (AD) is the most common form of dementia worldwide. There is currently no cure for
this neurodegenerative disorder, and the available therapies only temporarily lessen some symptoms
rather than stopping the disease’s progression. One of the pathological hallmarks in AD brains is the for-
mation of amyloid-f plaques. Transition-metal complexes have aroused great interest as potential chemi-
cal modulators of Ap aggregation thanks to intrinsic features such as the metal oxidation state or the
coordination geometry. Four related piano-stool complexes with different metal ions, namely Ruf(i), Os(i),
Ir(m) and Rh(m), were prepared and their inhibition properties of Ap aggregation were investigated. It was
found that all of them favour an alternative folding pathway, impeding the formation of mature fibres.
Moreover, the metal centre seems to play a crucial role in their inhibiting activities. Ru(i) (1), Ir(n) (3) and
Rh(in) (4) compounds were remarkable inhibitors of AB aggregation in vitro, most particularly 4, and they
appear to share the inhibitory mechanism. However Os(i) complex 2 acts differently on the Ap aggrega-
tion process. In vivo studies using a Caenorhabditis elegans animal model of AD revealed the potential of
complexes 2 and 4, with 2 exhibiting better inhibition potential than 4, thus illustrating the possible occur-
rence of additional variables to the aggregation process when moving from in vitro experiments to a living
organism. To the best of our knowledge, 2 is the first osmium complex reported as an effective inhibitor
of amyloid-f aggregation both in vitro and in vivo.

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
cerebral disease giving rise to synaptic reduction and cognitive
decline, eventually leading to death.' AD is characterized by
the presence of extracellular plaques of amyloid-f (Af) peptide
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and intracellular neurofibrillary tangles of hyperphosphory-
lated tau protein in the brain of patients.>

Targeting AP overproduction, aggregation and toxicity rep-
resents an active area of AD research in chemistry.>”” The roles
of these pathological events in AD progression,®’ including
the involvement of biometals like zinc and copper,'®'" have
been investigated thoroughly,>'? and they are still considered
to be potential therapeutic targets."® Several anti-aggregation
agents,">"™ metal chelators'®"’ and antioxidants'®'® have
been developed in the last three decades.”® However, the track
record of success in AD clinical trials so far has been very
poor. For that reason, the use of in vivo models of the disease
is important to evaluate the potential of novel therapeutic
approaches.??

The use of metal complexes to tackle neurological issues
induced by A is a research topic of growing interest.>> >® Both
AD therapy and diagnosis (e.g., imaging) with transition-metal
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complexes are currently being investigated.”” For instance,
%4Cu, *®Ga and *°Zr complexes have been developed for PET
imaging.”® Fluorescent probes based on Ru(u), Re(i), Ir(m) and
Pt(n) have been reported for the detection of Ap aggregates.”
9™ 7c and 'In coordination compounds have been used for
SPECT imaging,”® and Gd-based contrast agents have been
designed for MRI applications.””*° Various transition metals,
including Co(u), Ni(u), V(v), Rh(m), Ir(m), Ru(u), Ru(m) and Pt
(n) have been studied as potential anti-AD agents.’’?> A
number of metal complexes have also been reported for thera-
nostic applications, for example, some Ru(u),*** Ir(m)** and
Gd(m)*® coordination species.>*’

In the last years, Ru(u) complexes have gained interest in
the field of Ap aggregation after reports on the use of polypyri-
dyl-type®”*® or NAMI-A-like*>*® compounds. Hence, Ru(u)*"*?
and Ru(m)**™** complexes are increasingly described in the lit-
erature. Comparatively, Ir(m)*® and Rh(m)*” complexes to
modulate Ap aggregation are much less reported.

Piano-stool metal complexes have been reported to exhibit
interesting inhibitory activities against Ap aggregation,*® and
some benzimidazole scaffolds have been described to have
anti-AD properties.***°

Herein, the quinoline benzimidazole-based ligand L1
(Chart 1) was used for the preparation of four piano-stool com-
plexes with four different transition metals and two distinct
n-arene rings: [RuCl(n®-p-cym)L1]PFg (1), [OsCl(n°-p-cym)L1]PF,
(2), [IrCl(n*>-Cp*)L1]PF, (3) and [RhCI(n’>-Cp*)L1]PF, (4) (with
p-cym = p-cymene and Cp* = pentamethylcyclopentadienyl).
The effect of these complexes on the aggregation of Ap in vitro
was subsequently investigated by using thioflavin T (ThT) fluo-
rescence, dynamic light scattering (DLS), transmission electron
microscopy (TEM) and ESI-MS. Subsequently, in vivo assays
were performed with Caenorhabditis elegans mutant strains
expressing human amyloid peptide either in their body muscle
or in their neurons. To the best of our knowledge, the first Os
(1) complex acting as an inhibitor of amyloid-p aggregation
both in vitro and in vivo has been identified.

Results and discussion
Preparation and characterization of compounds 1-4

Complexes 1-4 were typically prepared by reaction of the
corresponding [(n-arene)MCl,], dimer and L1°" in methanol at
room temperature, as depicted in Scheme 1 (see Experimental
section for details). The dimer precursors [(n°p-cymene)

Chart 1 Methyl
carboxylate (L1).

1-butyl-2-(quinolin-2-yl)-1H-benzoldlimidazole-5-
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RuCl,],,*% [(n®p-cymene)OsCl,],,>*  [(n°-CsMes)IrCl,], > and
[(n°>-CsMe5)RhCl,], ** were prepared as reported in the litera-
ture. The complexes were obtained with yields ranging from 42
to 87%. The compounds were characterized by NMR, UV-Vis
spectroscopy, ESI-MS and elemental analysis.

The stability of the four complexes was evaluated in phos-
phate-buffered saline (PBS) containing 5% of DMSO
([complex] = 10 uM) for 24 hours at 37 °C, using UV-Vis spec-
troscopy (Fig. S1t). No spectral variations were observed for all
compounds after one day, indicating that they remained
unchanged in solution, under the conditions used. The
decrease of the absorbance intensity observed for 4 suggests a
gradual precipitation of the complex in PBS/5% DMSO.

Single crystals suitable for X-ray diffraction analysis were
obtained from the slow diffusion of hexane into a saturated
solution of complex 4 in CH,Cl,. This compound crystallizes
in the triclinic space group P1, and exhibits the typical “three-
legged piano-stool” geometry with bond lengths ranging from
2.105(2) to 2.397(1) A (Table S1t) and a m-ring centroid---Rh
distance of 1.780(1) A (Table S2f). A representation of the
solid-state structure of 4 is given in Fig. 1. The coordination
angles, including those involving the m-ring centroid, vary
from 75.07(7) to 128.85(6)°. Bond lengths and angles are
similar to those for other comparable organorhodium(ur)
complexes.’>® The full crystal data and structure refinement
parameters are listed in Table S1,t and selected bond dis-
tances and angles are given in Table S2.+

In vitro evaluation of the anti-amyloid properties of 1-4
against AB40 peptide

The effect of complexes 1-4 on the aggregation of Ap40 was
investigated using thioflavin T (ThT), which gives strong fluo-
rescence upon binding to amyloid fibrils characterized by the
presence of B sheets (lexe = 450 NM; Aoy, = 482 nm).”” First, we
verified that the fluorescence emission of 1-4 was falling out
of that of ThT. Actually, all the compounds emit in the range
403-422 nm, which is far enough from the strong emission of
amyloid-bound ThT at 482 nm (Fig. S27).

The complexes were first incubated with monomeric Ap40
at a 5-fold excess, and the protein aggregation was monitored
in PBS at 37 °C (Fig. S31). All the complexes completely inhib-
ited ApP40 aggregation as ThT fluorescence was not detected,
even after 16 h (data not shown).

Given the efficacy shown by the four compounds at the
tested complex-to-Af ratio of 5:1, aggregation experiments
were then carried out at a lower molar ratio, namely 1:1
(Fig. 2). Under these conditions, distinct behaviours were
observed for the different metal-containing compounds. To
better compare their anti-amyloid behaviour, the aggregation
curves were fitted to a two-step autocatalytic process
(Scheme 2).>® The calculated lag time (t,), half aggregation
time (t1,) and end time of the aggregation (), are listed in
Table 1. Ir(m) complex 3 and Rh(m) complex 4 drastically
hinder amyloid aggregation, displaying nearly complete inhi-
bition (Fig. 2). Thus, after 24 hours, 89 and 95% inhibition of
AB40 aggregation were achieved respectively for 3 and 4

This journal is © the Partner Organisations 2024
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Scheme 1 Syntheses of complexes 1-4 from L1.

Fig. 1 Representation of the crystal structure of complex 4. Hydrogen
atoms, the PFg~ counter ion and the lattice solvent molecule (viz.
CH,Cl,) are omitted for clarity. The atoms involved in the coordination
sphere are labelled, C standing for the centroid of the pentamethyl-
cyclopentadienyl (Cp*) ring.

(Table 1). Ru() complex 1 and Os(u) complex 2 exhibited more
modest inhibitory properties than 3 and 4. Interestingly, while
the inhibition by complex 1 shows an unequivocal increase in
to, t1» and t; (Table 1), these time values remain practically
unaltered in the presence of 2, suggesting different inhibition
pathways. As shown in Fig. 2, complexes 3 and 4 increase the
lag time (¢,) to 250-250 minutes (ThT fluorescence remains

This journal is © the Partner Organisations 2024
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Fig. 2 Aggregation of AB40 in the presence of equimolar amounts of
complexes 1-4. [Ap40] = 10 pM, PBS.

practically unchanged within these times), suggesting that
these complexes might display a similar inhibitory mechanism
to complex 1.

Isostructural complexes 1 and 2 (with metals of group 8)
led to analogous overall inhibition of amyloid aggregation but
different pathways are suggested. Ru(u) compound 1 inhibits
aggregation by delaying both the formation of nuclei and the
subsequent fibrillation. In the case of isostructural 3 and 4

Inorg. Chem. Front,, 2024, 11, 6089-6102 | 6091
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Scheme 2 Two-step (nucleation and elongation) autocatalytic fibrilla-
tion process of AB. to = lag time before the formation of nuclei; t;,, =
time required to aggregate half of the protein to its amyloid confor-
mation; t; = time corresponding to the completion of the fibrillation
process.

Table 1 Calculated kinetic parameters and experimental 24 h inhibition
percentages for the aggregation of free AB40 and in the presence of
equimolar amounts of complexes 1-4°

Control 1 2 3 4
to (min) 34.1 53.4 39.0 — —
t1)> (min) 47.4 98.4 53.7 — —
t, (min) 60.8 143.4 68.4 — —
Inhibition (%) 0.0 81.0 77.7 89.4 95.1
“[Ap40] = 10 uM; [complex] = 10 uM. Standard error (SD) < 5%.

(with metals of group 9), hardly any differences in anti-aggre-
gation activity were observed between them at equimolar con-
centrations to that of the protein. Unlike 1 and 2, complexes 3
and 4 inhibited Ap40 aggregation strongly, Rh(m) complex 4
being slightly stronger than Ir(ur) compound 3. Overall, neither
the nature of the n-arene ligand nor the oxidation state of the
metal ion seems to have a strong influence on the inhibitory
properties of the complex; the variations noticed are clearly
due to the nature of the metal ion.

At the end of each aggregation process (i.e., after 24 h), the
resulting suspensions of Af40 aggregates were analysed by
dynamic light scattering (DLS, Fig. S51) and transmission elec-
tron microscopy (TEM, Fig. 3). Complexes 3 and 4, which
exhibit analogous anti-aggregation properties, give rise to the
generation of species with hydrodynamic diameter below
1.1 um, which is the Z-average size of the aggregates formed by
non-treated AB40. Very small species (in the 30-100 nm range)
are also found in the presence of compound 4. TEM images
show these aggregates as short non-canonical fibrils and
potential oligomeric species of protein, and their sizes agree
with the hydrodynamic size measurements. These fibrils are
ThT-silent because they lack amyloid mature structure.
Compounds 1 and 2 led to comparatively bigger aggregates
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(over 1.1 pm) but their macroscopic morphology in TEM is
rather different. Ribbon-like structures with appearance of
long flexible fibrils are formed in the presence of 1, while
different fibril-like structures were found exclusively when the
protein was treated with 2. It should be noted that such fibril-
lated species formed with compound 2 were hardly found
along the grid, which indicates qualitatively their lower
amount. In concordance with the kinetic profiles, amyloid-like
species shown by TEM in the presence of complexes 3 and 4
display similar macroscopic structures to those obtained in the
presence of complex 1, but they are shorter, particularly in the
presence of complex 4. This again suggests a shared inhibitory
mechanism for complexes 1, 3, and 4. Compiled data suggest
that all compounds favour an alternative folding pathway,
leading to aggregation in a non-canonical amyloid confor-
mation hampering the formation of mature fibres.

To provide further insights on the mechanism of action of
compounds 1-4, samples of AB40 incubated with equimolar
amounts of each compound for 24 h were analysed by ESI-MS
(Fig. S77). For compounds 1, 3 and 4, the MS spectra display a
peak corresponding to the respective 1:1 protein adduct with
(n®-p-cymene)Ru, (n°-CsMe;)Ir and (n>-CsMes)Rh. No metal-AB
adducts were detected when the peptide was treated with 2.
These results suggest that the metal ions of compounds 1, 3
and 4 bind the peptide upon losing both L1 ligand and the
labile chloride. Previously, Ma and coworkers had described
the loss of a C"N-ligand in a Rh(m) complex to bind Ap40,
which resulted in a strong inhibition of the aggregation.*
Strikingly, no evidence of such interaction was found for the
Os(u) complex 2 in ESI-MS spectra. Hence, it is not clear how
this compound acts beyond a suggested non-covalent binding.

For comparison, the four compounds were tested with the
more aggregation-prone AB42 peptide, using the same concen-
tration (10 pM) and conditions as with AB40. All of them, even
compounds 1 and 2, inhibited completely the amyloid aggre-
gation in this case (Fig. S4t). Since Ap42 is known to form a
higher number of oligomers, the compounds might be more
active because they act mainly in the nucleation phase. Further
studies, which are out of the scope of this work, would be
necessary to confirm this hypothesis.>

Since two alternatively mechanisms of inhibition have been
suggested, we next investigated the effect of the concentration
of complexes of the heaviest metals, i.e. 2 and 4, which have
shown very distinct behaviours. To compare their behaviour in
more detail, the aggregation curves were fitted to a two-step
autocatalytic process (Scheme 2).*® Complex concentrations of
0.1, 1.0, 2.5 and 5 uM were used with a 10 pM solution of
AP40. The resulting aggregation plots are shown in Fig. 4, and
the calculated kinetic parameters, namely the nucleation rate
constant (k,), the elongation rate constant (k.), the lag time
(to), the half aggregation time (¢;,) and the end time of the
aggregation (t,), are listed in Tables 2 and 3. As expected, a
very different concentration-dependent behaviour
observed between both compounds.

The data suggest that compound 2 primarily accelerates the
nucleation phase in a concentration-dependent manner

was

This journal is © the Partner Organisations 2024
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Fig. 3 TEM images of Ap40 samples incubated for 24 h (a) without added compound, and with equimolar amounts of compounds 1-4 (b-e),

respectively. [Ap] = 10 uM; [complex] = 10 pM. Scale bar 100 nm.

(Table 2). At 5.0 uM, the nucleation constant increases four-
fold. In contrast, the elongation constant is slightly reduced,
indicating a slowdown in fibril elongation once the nuclei are
formed. The accelerated nucleation may lead to the formation
of non-canonical nuclei (i.e., bad template nuclei) or amor-
phous species, impeding the formation of normal amyloid
fibrils. In the presence of compound 2, the final kinetic curves
at all concentrations are comparable to those without the
complex, as it occurred at equimolar concentrations (Fig. 2).
Thus, because of the opposite effects on the nucleation con-
stant (k,) and the elongation constant (k.), all the plots
obtained appear to have the same shape as that observed for
free AP40; only the plateaus -i.e. the final amount of fibres- are

This journal is © the Partner Organisations 2024

concentration-dependent and decrease with increasing con-
centration (Fig. 4a). We could hypothesize that the formation
of non-canonical nuclei upon the interaction with the metal
complex hinders the formation of normal amyloid fibrils,
slowing down the fibril elongation.

The plots obtained for compound 4 (Fig. 4b) differ signifi-
cantly from those for compound 2. Complex 4 (which appear
to share the behaviour of compounds 1 and 3) reduces both
nucleation and elongation processes, leading to an increase in
all kinetic times (¢, t1/2, t1) that is dependent on concentration
(Table 3). In this case, the shape of the aggregation curve is
strongly influenced by the concentration of compound 4. Both
the lag and elongation times are significantly altered as the

Inorg. Chem. Front,, 2024, 11, 6089-6102 | 6093
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Fig. 4 Aggregation of Ap40 (10 pM) in the presence of increasing con-
centrations of (a) complex 2 and (b) complex 4.

Table 2 Kinetic parameters for the aggregation of free Ap40 (10 pM)
and in the presence of increasing amounts of complex 2

Control  0.1pM  1.0pM  25pM 5.0 pM
kn (107%min™") 271 505 482 495 992
ke M tmin™") 17 390 15210 16 530 16 160 13 940
to (min) 23.9 23.3 22.8 23.0 21.3
t1/, (min) 36.8 36.9 34.4 34.9 34.5
t; (min) 49.6 50.5 46.0 46.7 47.6
Inhibition (%) 0.0 19.1 29.2 45.7 52.8

Standard error (SD) < 5%.

Table 3 Kinetic parameters for the aggregation of free Ap40 (10 pM)
and in the presence of increasing amounts of complex 4

Control 01puM  1.0pM  25uM  5.0puM
kn (107*min™") 271 292 200 164 129
ke M "min™") 17 390 18080 6317 2392 864
to (min) 23.9 22.4 50.6 61.9 199.8
t1> (min) 36.8 35.4 91.6 138.8 493.9
¢, (min) 49.6 48.5 132.5 215.8 788.1
Inhibition (%) 0.0 37.2 52.9 80.4 90.2

Standard error (SD) < 5%.

complex-to-Ap40 ratio increases. The formation of aggregates
slows down as the concentration of compound 4 increases,
and their final amount is significantly reduced; for example,
nearly 80% inhibition of aggregation is achieved with 5 pM of
4 (Table 3). Thus, compound 4 acts as a very efficient kinetic

6094 | /norg. Chem. Front., 2024, 11, 6089-6102
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inhibitor of aggregation, drastically reducing both nucleation
and elongation processes. In summary, the data suggest that
the coordination binding of this compound to Ap40 occurs in
the soluble species or during the initial nucleation events,
resulting in the formation of non-productive nuclei and, con-
sequently, impeding fibril elongation and the eventual for-
mation of mature fibres. The effectiveness of the metal-to-
protein binding is clearly demonstrated by the corresponding
half-maximal inhibitory concentrations (ICsy), which are
4.50 pM and 0.36 pM for complex 2 and compound 4, respect-
ively—over 10 times lower for compound 4 (Fig. S67).

Effects of the metal complexes in vivo

Given their distinct in vitro behaviour, complexes 2 and 4 were
selected to carry out in vivo experiments with several
Caenorhabditis elegans strains model of AD. Despite its simpli-
city, the human genome and the C. elegans genome share
about 44% of the genes, including many genes and processes
that cause human disorders. Therefore, such nematode can be
used as an animal model for molecular mechanism research
and in vivo drug testing. Moreover, gene editing has been sim-
plified for this species to generate new phenotypes, including
AD models.®°

The CL4176 C. elegans strain contains a temperature-induci-
ble transgene which produces human amyloid protein in the
animal’s muscle walls once the temperature is shifted from
16 °C to 25 °C.%' Consequently, the worms suffer fast and irre-
versible paralysis due to the accumulation of Af aggregates in
the body’s walls. As a result, the nematodes are unable to
move and feed, hence resulting in premature death. Treatment
with 2 delayed the onset of paralysis by up to 7 hours (Fig. 5).
Moreover, 2 led to an increase in the PTs, (Paralysis Time 50%)
value (viz., the mean time interval at which 50% of the worms
were paralyzed), a key parameter to evaluate the nematode’s
motility.°> The PTs, value for control animals was 45.6 +
0.3 hours, whereas it increased up to 47.5 + 0.3 hours with
worms supplemented with complex 2. Complex 4 did not
increase the paralysis time in a significant manner (Fig. 5).

However, both complexes were able to significantly reduce
the number of amyloid aggregates in the body wall muscle of
the nematodes (Fig. 6). The CL2331 strain® contains a temp-
erature-inducible transgene that produces human A fused
with GFP upon induction. Hence, the protein aggregates can
easily be visualized under a microscope (Fig. 6a).°* Complex 2
reduced by 30% (Fig. 6b and d) the formation of human Ap
aggregates in the animal’s body, while 4 reduced the protein
plaques by 25% (Fig. 6¢c and d). Moreover, complex 2 also pro-
tected neurons against Ap-induced toxicity, as shown by the
chemotaxis assays performed with the mutant strain CL2355
(Fig. 7). This strain expresses human AP in the nematode’s
neurons that give rise to an alteration of the chemotaxis behav-
iour induced by the protein toxicity.®> The non-treated CL2322
nematodes, which were used as a control strain, had a chemo-
taxis index (C.I.) of 0.5 + 0.1, while the CL2355 strain had a C.I.
of 0.18 + 0.07, showing how impaired the strain is due to
amyloid accumulation in neurons. Treatment with complex 2

This journal is © the Partner Organisations 2024
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Fig. 5 Effect of metal complexes 2 and 4 (10 pM) on the strain CL4176
paralysis onset. (a) Paralysis time. (b) Paralysis curves. Data are rep-
resented as mean paralysis time + standard error; three plates per con-
dition were measured. * Significant at p < 0.05.

protected the neurons from A toxicity, as illustrated by the C.
L. of 0.52 + 0.03 of the treated CL2355 animals.

The differences between the in vitro results, in which the
amyloid protein is free, and those of a complete organism
such as C. elegans, where the protein is expressed inside a
tissue, could be due to the higher biological complexity of the
nematodes and differences in the experimental conditions.
Often, a combination of in vitro and in vivo studies is necessary
to understand biological processes or the effects of a treatment
fully. This is why we have used both approaches in this com-
prehensive study.

The discrepancy noted between C. elegans strains has been
reported before. Gioran et al reported that verbascoside
reduced the paralysis of the animals, but no reduction in Ap
aggregate formation was shown.®® The authors discussed that
the apparent discrepancy could be due to the different strains
used or that the mechanism of action did not necessarily
involve only the reduction in Af aggregation. Nevertheless, in
our study, complex 4 did not improve the PT50 but was able to
prolong the paralysis time of the last nematodes, as shown in
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the paralysis curves (Fig. 5b). The maximum paralysis time,
understood as the time in which the last worm was paralyzed,
for complex 4 was 65.47 hours, while the maximum time for
control nematodes was 60.34 hours. Thus, a tendency to
improve the paralysis of the animals is shown for complex 4,
though complex 2 performed better in the biological assays for
all the tested strains.

Experimental
Materials and methods

Common chemicals and solvents (HPLC grade or reagent
grade quality) were purchased from commercial sources and
used without further purification. Deuterated solvents were
purchased from Euriso-top. 'H and "*C{'H} NMR spectra were
carried out on a Bruker AV 400 or Bruker AV 600 NMR spectro-
meter and chemical shifts are reported in ppm and cited rela-
tive to SiMe, and using the residual proton impurities in the
solvents for "H and “C{"H} NMR spectroscopy. Peak multipli-
cities are abbreviated as: s = singlet, m = multiplet, d =
doublet, t = triplet, dd = doublet of doublet.

The C, H, and N analyses were performed with a Carlo Erba
model EA 1108 microanalyzer, with an EAGER 200 software.
The combustion of the samples was carried out in the pres-
ence of V,05 and MgO as additives. The duration of the ana-
lysis was 15 minutes.

Direct insertion probe-mass spectrometry (MS-DIP). Mass
spectra were recorded on an Agilent Q-TOF 6550 hybrid
spectrometer with JetStream electrospray + i-Funnel ionization
source. Mass spectrometry data were acquired in the positive
ionization mode. The isotopic distribution of the heaviest set
of signals matched very closely that of the calculated ones for
the formulation of the complex cation in every case.

ESI-MS spectra of Ap-containing samples were recorded on
a Bruker timsTOF Pro2 instrument, equipped with an HPLC
Bruker pump for sample injection, and calibrated with ESI-L
Low Concentration Tuning Mix (Agilent Technologies). The
measuring conditions were: 10 pL of sample injected at
50 pL-min~" at 3.5-5.0 kV capillary-counter voltage, 90-110 °C
of desolvation temperature, and dry gas at 6 L-min~'. The
liquid carrier was a mixture of water: methanol (90:10) to
avoid interaction with conventional ammonia buffers. Samples
were prepared in PBS.

The UV-Vis spectra were registered using a PerkinElmer
Lambda 750 S spectrometer. Fluorescence spectra were regis-
tered at room temperature with a HORIBA Jobin-Yvon iHR320
spectrofluorometer. The instrument excitation and emission
slits were both set at 5 nm.

Synthesis of complexes 1-4

[RuCl(n°-p-cym)L1]PF, (1). L1 (359.4 mg, 1.0 mmol) was dis-
solved in freshly distilled methanol (30 mL) in a dry round-bot-
tomed flask under a nitrogen atmosphere. [(n°-p-cymene)
RuCl;], (306.2 mg, 0.5 mmol) was added with constant stir-
ring. The resulting reaction mixture was stirred at room temp-

Inorg. Chem. Front,, 2024, 11, 6089-6102 | 6095


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi01460j

Open Access Article. Published on 30 July 2024. Downloaded on 4/2/2026 4:12:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

a)

Average number of aggregates
o

View Article Online

Inorganic Chemistry Frontiers

o

w
o

N
(4]

n
o

=
o
"

o

o

DMSO 2 4

Fig. 6 Effect of metal complexes 2 and 4 ([complex] = 10 pM) on the aggregation of human amyloid protein in vivo. (a—c) Representative images of
CL2331 worms treated with (a) DMSO (0.4%), (b) complex 2 and (c) complex 4. (d) Results of the image analysis. Data are represented as mean values
+ standard deviation. Two independent experiments were performed with n > 15. * Significant at p < 0.05 vs. DMSO control. Scale bar = 50 pm.

erature overnight. Then, the solution was concentrated to
15 mL and Bu,NPF, in methanol (387.4 mg, 1.0 mmol) was
added. The mixture was stirred for 30 minutes, producing a
precipitate which was isolated by filtration, and washed with
methanol and diethyl ether. The final product 1 was obtained
with a yield of 52%. *H NMR (400 MHz, CDCl;) 5 8.99 (d, J =
8.5 Hz, 1H), 8.71 (d, J = 8.5 Hz, 1H), 8.64 (s, 1H), 8.40 (d, ] = 8.7
Hz, 1H), 8.29 (dd, J = 8.7, 1.2 Hz, 1H), 8.09-8.01 (m, 2H),
7.88-7.83 (m, 1H), 7.72 (d, J = 8.7 Hz, 1H), 5.86-5.84 (m, 2H),
5.74-5.72 (m, 2H), 5.14-5.04 (m, 1H), 4.76-4.66 (m, 1H), 4.04
(s, 3H), 2.79-2.70 (m, 1H), 1.99 (s, 3H), 1.94-1.84 (m, 2H),
1.50-1.40 (m, 2H), 1.18-1.14 (m, 6H). 0.97 (t, J = 7.2 Hz, 3H)
ppm (Fig. S81). *C NMR (151 MHz, CDCl;) § 167.1, 151.5,
150.8, 149.0, 142.4, 141.4, 140.4, 133.7, 131.0, 130.3, 130.1,
129.0, 128.8, 121.2, 120.8, 113.5, 108.9, 101.8, 86.8, 86.5, 85.8,
83.2, 53.7, 47.6, 32.8, 32.3, 24.1, 22.2, 21.1, 18.9, 14.6 ppm
(Fig. S8t). ESI-MS (positive mode, CH,Cl,): m/z = 630.1474 ([M
— PFe])" (Fig. S91); anal. caled for Cz;,H;5ClFeN;0,PRu
(775.12): C, 49.58; H, 4.55; N, 5.42; found: C, 49.32; H, 4.21; N,
5.67 (%).

[0sCl(n°-p-cym)L1]PF¢ (2). L1 (359.4 mg, 1.0 mmol) was dis-
solved in freshly distilled methanol (30 mL) in a dry round-bot-
tomed flask under a nitrogen atmosphere. [(n°-cymene)OsCl,],
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(395.4 mg, 0.5 mmol) was added with constant stirring. The
resulting reaction mixture was stirred at room temperature
overnight. Then, the solution was concentrated to 15 mL and
BuyNPF¢ in methanol (387.4 mg, 1.0 mmol) was added. The
mixture was stirred for 30 minutes, producing a precipitate
which was isolated by filtration, and washed with methanol
and diethyl ether. The final product 2 was obtained with a
yield of 87%. 'H NMR (400 MHz, CDCl) 5 8.82 (d, J = 8.7 Hz,
1H), 8.67 (d, J = 8.7 Hz, 1H), 8.54 (d, J = 1.1 Hz, 1H), 8.46 (d, J =
8.7 Hz, 1H), 8.32 (dd, J = 8.7, 1.4 Hz, 1H), 8.08 (dd, J = 8.1, 1.0
Hz, 1H), 7.99 (ddd, J = 8.7, 6.8, 1.4 Hz, 1H), 8.821 (ddd, J = 8.1,
6.8, 1.0 Hz, 1H), 7.74 (d, J = 8.7 Hz, 1H), 6.10-6.07 (m, 2H),
6.02 (d, J = 5.6 Hz, 1H), 5.96 (d, J = 5.6 Hz, 1H), 5.16-5.11 (m,
1H), 4.84-4.79 (m, 1H), 4.04 (s, 3H), 2.55-2.48 (m, 1H), 2.19 (s,
3H), 1.96-1.88 (m, 2H), 1.54-1.41 (m, 2H), 1.05 (d, J = 6.9 Hz,
3H), 0.99-0.94 (m, 6H) ppm (Fig. S107). **C NMR (151 MHz,
CDCl;) 6 167.0, 153.4, 151.0, 148.1, 142.6, 140.7, 139.9, 134.0,
131.23, 131.1, 130.3, 130.2, 129.3, 129.0, 120.8, 120.7, 113.7,
99.6, 95.9, 77.3, 77.0, 76.0, 75.6, 53.7, 47.4, 33.0, 32.2, 24.3,
22.3, 21.0, 19.1, 14.6 ppm (Fig. S107). ESI-MS (positive mode,
CH,Cl,): m/z = 720.1951 ([M — PF])" (Fig. S117); anal. caled for
C3,H;,5CIFgN;0,0sP (865.16): C, 44.47; H, 4.08; N, 4.86; found:
C, 44.76; H, 4.24; N, 4.76 (%).
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Fig. 7 Effect of 2 and 4 on the chemotactic behaviour of the C. elegans
strains CL2122 and CL2355. (a) Chemotaxis assay scheme, C being the
control quadrants and T the attractant quadrants. (b—d) Representative
images of a clean chemotaxis plate (b), a plate once the worms were
placed (c), and (d) a plate at the end of the experiment. (e) Calculated
chemotaxis indexes. Data are represented as mean values + standard
deviation. Three C.I. plates were assayed for each condition; two inde-
pendent trials were performed. *Significant at p < 0.05.

[IrCl(n’>-Cp*)L1]PF, (3). L1 (359.4 mg, 1.0 mmol) was dis-
solved in freshly distilled methanol (30 mL) in a dry round-bot-
tomed flask under a nitrogen atmosphere. [(1°-CsMes)IrCl,],
(398.4 mg, 0.5 mmol) was added with constant stirring. The
resulting reaction mixture was stirred at room temperature
overnight. Then, the solution was concentrated to 15 mL and
Bu,NPFy in methanol (387.4 mg, 1.0 mmol) was added. The
mixture was stirred for 30 minutes producing a precipitate
which was isolated by filtration, and washed with methanol
and diethyl ether. The final product 3 was obtained with a
yield of 67%. "H NMR (400 MHz, CDCl,) 6 8.69 (d, J = 8.5 Hz,
2H), 8.47-8.45 (m, 2H), 8.27 (dd, J = 8.8, 1.5 Hz, 1H), 8.06 (d, J
= 8.2 Hz, 1H), 7.95-7.90 (m, 1H), 7.81 (t, J = 7.6 Hz, 1H), 7.71
(d, J = 8.8 Hz, 1H), 5.28-5.19 (m, 1H), 4.77-4.69 (m, 1H), 4.02
(s, 3H), 1.91-1.82 (m, 2H), 1.58 (s, 15H), 1.51-1.41 (m, 2H),
0.98 (t,J = 7.3 Hz, 3H) ppm (Fig. $127); ">*C NMR (100.60 MHz,
CDCl;) 5 166.8, 153.8, 148.5, 148.1, 142.7, 140.1, 138.0, 133.8,
131.1, 130.9, 130.4, 129.9, 128.8, 128.3, 121.2, 120.7, 113.7,
90.5(5C), 53.6, 47.3, 32.6, 21.0, 14.5, 10.2(5C) ppm (Fig. S12).
ESI-MS (positive mode, CH,CL): m/z = 722.2123([M — PF¢])"
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(Fig. S131); anal. caled for Cz,HzsCIF6IrN;O,P (867.17): C,
44.32; H, 4.18; N, 4.85; found: C, 44.56; H, 4.32; N, 4.62 (%).

[RhCl(n’-Cp*)L1]PF, (4). L1 (359.4 mg, 1.0 mmol) was dis-
solved in freshly distilled methanol (30 mL) in a dry round-bot-
tomed flask under a nitrogen atmosphere. [(n°-CsMe;)RhCl,],
(309 mg, 0.5 mmol) was added at room temperature with con-
stant stirring. Then, the solution was concentrated to 15 mL
and Bu,NPF, in methanol (1.0 mmol) was added in it. The
mixture was stirred for 30 minutes producing a precipitate
which was isolated by filtration, washed with methanol and
diethyl ether. The final product 4 was obtained with a yield of
42%. *H NMR (400 MHz, CDCl;) 6 8.74 (dd, J = 14.1, 8.8 Hz,
2H), 8.52 (d, ] = 0.7 Hz, 1H), 8.46 (d, J = 8.8 Hz, 1H), 8.24 (dd, J
= 8.8, 1.5 Hz, 1H), 8.07 (d, J = 8.1 Hz, 1H), 7.98-7.94 (m, 1H),
7.84-7.78 (m, 1H), 7.69 (d, J = 8.8 Hz, 1H), 5.23-5.16 (m, 1H),
4.70-4.63 (m, 1H), 4.02 (s, 3H), 1.88-1.81 (m, 2H), 1.56 (s,
15H), 1.49-1.40 (m, 2H), 0.99 (t, / = 7.3 Hz, 3H) ppm
(Fig. S147); >C NMR (100.60 MHz, CDCl;) § 167.0, 151.0,
148.7, 148.6, 142.5, 140.8, 138.8, 133.5, 130.9, 130.5, 130.3,
129.7, 128.5, 128.2, 121.6, 121.2, 113.5, 98.4, 98.3, 53.6, 47.5,
32.5, 21.1, 14.5, 10.4(5C) ppm (Fig. S14t). ESI-MS (positive
mode, CH,Cl,): m/z = 632.1527 (M — PF¢])" (Fig. S15%); anal.
caled for Cs,H3¢ClF¢N;0,PRh (777.11): C, 49.40; H, 4.66; N,
5.40; found: C, 49.58; H, 4.87; N, 5.64 (%).

X-ray studies

Data for compound 4 was collected on a Bruker APEX II
QUAZAR diffractometer equipped with a microfocus multilayer
monochromator with Mo Ka radiation (4 = 0.71073 A). Data
reduction and absorption corrections were performed by using
SAINT and SADABS, respectively.®”®® The structure was solved
using SHELXT and refined with full-matrix least squares on F
by using SHELXL.®® Details can be found in CCDC 2359733+
which contains the supplementary crystallographic data for
this structure.

In vitro evaluation of the anti-amyloid properties

Preparation of AP monomer samples. Ap(1-40) and Af(1-42),
herein referred to as AP40 and AP42, respectively, were
acquired from Bachem (Germany) as a trifluoroacetate salt. For
the preparation of aggregate-free Ap aliquots, a 5 mg-vial of Ap
was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
1 mL) under vigorous shaking at room temperature for 1 h,
after which it was sonicated for 30 min. The solution was
further shaken for 1 h and cooled at 4 °C to minimise solvent
evaporation during aliquotation. Aliquots of soluble Af were
collected and left open to air overnight for HFIP evaporation.
The resulting films of Ap were stored at —20 °C. The amount of
protein per sample was checked by spectrophotometry in
100 mM HEPES (pH 7.4) using the molar absorptivity ey,
280 nm) = 1490 M~ " em ™.

In vitro AB40 aggregation kinetics monitored by ThT fluo-
rescence. A FLUOstar Omega plate reader (BMG Labtech) in
top optics configuration was used in fluorescence mode with
ex440/em490 filters. The samples were measured in 96-well
plates with black bottom. AP40 aliquots (see preparation
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above) were dissolved in 30 pL of DMSO and sonicated for
15 min. In the plates, the samples were brought to 200 pL with
PBS pH 7.4, giving final concentrations of 10 pM Af40, 14 pM
ThT, and complex concentrations from 0 to 10 puM, unless
stated otherwise. Stock solutions of 1 mM for ThT and metal
complexes in DMSO were used. Kinetic measurements were
initiated in the plate reader immediately after sample prepa-
ration. Endpoint measurements were performed at 37 °C every
5 min with continuous shaking (700 rpm, double-orbital
mode).

Dynamic light scattering (DLS) assays. The hydrodynamic
size distribution of protein aggregates was determined by
dynamic light scattering with a Zetasizer Nano (Malvern, UK)
at 25 °C. Solutions containing 10 pM of Ap40 and 10 pM of
compounds 1-4 in PBS were used and vortexed 30 s before
measurements.

Transmission electron microscopy (TEM). Carbon-coated
copper grids of 200 mesh were activated through glow discharge
for 30 s. Immediately after that, the samples were deposited
onto the grids, which were thoroughly washed with Milli-Q
water. Then, the grids were treated with uranyl acetate 2% and
left drying in a desiccator for at least 24 h before visualization.
The samples were visualized at the Centres Cientifics i
Tecnologics of the Universitat de Barcelona (CCiTUB), using a
Tecnai Spirit TWIN (FEI) 120 kv TEM microscope equipped
with a LaB, emitter and a Megaview 1k x 1k CCD.

Fitting of kinetic curves of in vitro AB40 aggregation. To
determine the kinetic and thermodynamic parameters, the
amyloid aggregation was approached mathematically as an
autocatalytic reaction using eqn (1):

plexpl(1 + p)ke] — 1}
1+ pexpl(1+ p)kt]

f= (1)
where f'is the fraction of peptide in fibrillar form, the constant
rate k includes the kinetic contributions of the nucleation (rate
constant k,) and elongation (rate constant k.) processes of the
fibrils, and p is a dimensionless parameter describing the
relationship between k, and k. eqn (1) was obtained under the
boundary conditions of ¢ = 0 and f = 0, where k = k.a (a being
the peptide concentration). By non-linear regression of f
against ¢, the values of p and k were obtained, and from them,
the rate constants k, and k.. The extrapolation of the linear
portion of the sigmoid curve to the abscissa (f = 0) and the
highest ordinate value of the fitted plot affords 2 time values,
corresponding to the lag time (¢,) and the end time (¢,); the
time of half-aggregation (¢;,,) was considered to be the time
when f = 0.5.°®7° The analysis was performed using GraphPad
Prism 10 for Win.

In vivo experiments

C. elegans strains and culture conditions. The mutant
strains CL4176 (dvIs27 [myo-3p::A-Beta (1-42)::let-851 3'UTR) +
rol-6(su1006)]), CL2122 (dvis15 [(pPD30.38) unc-54(vector) +
(pCL26) mtl-2::GFP]), CL2355 (dvIs50 [pCL45 (snb-1:Abeta 1-
42::3' UTR(long) + mtl-2::GFP]) and CL2331 (dvIs37 [myo-3p::
GFP::A-Beta (3-42) + rol-6(su1006)]) were kindly donated by the
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Caenorhabditis Genetic Centre (CGC, St Paul, MN, USA),
which is funded by the NIH Office of Research Infrastructure
Programs (P40 OD010440). All the strains were maintained at
16 °C in solid nematode growth medium (NGM). The
Escherichia coli strain OP50 was used as a food source. E. coli
was grown overnight in LB (Luria-Bertani) medium at 37 °C
and was concentrated 10x in sterile M9 buffer.

All the worms used in the experiments were age-synchro-
nized. The eggs were left at 16 °C to hatch over 24 hours. Once
hatched, 25-30 L1 larvae were transferred to 50 mm analysis
plates (3-6 plates per condition), containing 8 mL of NGM agar,
the metal complexes at 10 pM and 100 pL of E. coli OP50. The
animals were maintained at 16 °C for 36 hours, and then the
temperature was increased to 25 °C for transgene induction.

The phenotypes were verified with the visible gene marker
rol-6 for the strains CL2331 and CL4176 and the fluorescent
constitutive mtl-2:GFP for the CL2355 and CL2122 strains.

Paralysis assay. The paralysis assay was monitored automati-
cally using the Lifespan machine. CL4176 L1 larvae were trans-
ferred into assay plates containing 8 mL of NGM agar, 10 pM
of the metal complexes, and 100 pL of E. coli OP50. The pre-
pared plates were placed in the Lifespan Machine scanners,
the temperature was maintained at 16 °C for 36 hours and sub-
sequently increased to 25 °C. The software was programmed to
obtain an image of every plate at one-hour intervals. The
experiment ended once all the worms in the plates were paral-
ysed. All the plates’ assays were done in triplicate, and four
control plates were included in every assay. The Lifespan
Machine was used following the constructor’s instructions
described by Stroustrup et al. with the modifications described
by Guerrero-Rubio et al.”"”>

Effect of the metal complexes on A accumulation in vivo.
The C. elegans strain CL2331 was used to study the potential of
the metal complexes to reduce the formation of Ap aggregates
in vivo. Worms were maintained in assay plates containing the
compounds, and after 36 hours at 16 °C the temperature was
raised to 25 °C for 24 hours. Then the animals were washed
with M9 buffer and mounted onto microscope glass slides con-
taining 10 mM sodium azide to reduce their movement.
Images were taken at 20x lens, using the GFP filter I3 in a fluo-
rescence microscope Leica DM 2500 LED fitted with a Leica
DFC550 camera (Leica Microsystems, Wetzlar, Germany). The
number of AP fluorescent aggregates was counted with ImageJ
software (NIH) 30. Briefly, each fluorescent image was split
into red, blue, and green channels, blue and red channels
were discarded, and the “Threshold” tool was applied only to
the green channel. With the tool “Analyze Particles”, the
number of aggregates present in each animal was counted.®*

C. elegans chemotaxis assay. The strain CL2355 was used as
a model of AP accumulation in neurons. This strain produces a
worm phenotype that fails in chemosensory behavioral assays.
Animals were maintained in plates supplemented with the
compounds for 36 hours at 16 °C and 24 hours at 25 °C; then,
the animals were washed three times in basal medium and
placed in chemotaxis plates. CL2122 worms were used as a
control strain.

This journal is © the Partner Organisations 2024
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The chemotaxis plates were prepared following the Margie,
Palmer, and Chin-Sang’s protocol.”® Then, the worms were
placed in the center of the plate in a drop of buffer, and the
plates were left in the dark at 25 °C for one hour. This pro-
cedure was done in triplicate for both strains treated with the
metal complexes and DMSO. Two independent experiments
were performed.

After one hour at 25 °C, the animals in each quadrant were
counted, and the chemotaxis index was calculated using the
eqn (2) obtained from established protocols:

__total number of worms in T — total number of worms in C

C.1 s
ntotal number of wormsin T + C

(2)

Data statistical analysis. Mathematical analysis of the data
obtained in the Lifespan Machine was performed using the
Sigmaplot 14.0 software (Systat Software Inc. Palo Alto,
California, United States) with the Kaplan-Meier estimator
and the F-test. The statistics of the aggregation assay were per-
formed with the Sigmaplot software using the ANOVA statisti-
cal test with a confidence interval of 95%. Meanwhile, for the
chemotaxis index, the F-test was used.

Conclusions

Four piano-stool complexes containing Ru(u) (1), Os(u) (2),
Ir(ur) (3) and Rh(m) (4) were prepared from the same ligand L1.
All the structurally related organometallic compounds were
stable in PBS solution and the crystal structure of the Rh(u)
compound confirmed the typical “three-legged piano-stool”
geometry for this type of metal complexes.

Investigation of the effect of 1-4 on the aggregation of Ap40
in vitro suggested that all of them favour an alternative folding
pathway, impeding the formation of mature fibres. However,
the metal centre seems to play a crucial role in their inhibiting
activities. Group 8 metal complexes 1 and 2 led to analogous
overall inhibition of amyloid aggregation (ca. 70%), but follow-
ing distinct mechanisms of action: Ru(i) compound 1 delayed
both the nucleation and the fibril elongation steps, while the
Os(u) complex 2 acted by accelerating the nucleation process
but slowing down the fibril elongation. Group 9 metal com-
plexes 3 and 4 inhibited almost completely the aggregation of
ApB40, Rh(m) complex 4 being slightly stronger than Ir(ur) com-
pound 3. Consequently, the aggregates formed with 3 and 4
were remarkably smaller than those formed with 1 and 2.
ESI-MS analysis revealed that AB40 displaces chloride and L1
ligand to bind the metal centre of compounds 1, 3 and 4, but
no evidence of such interaction was found for 2.

In vivo studies revealed that 2 and 4 were able to signifi-
cantly reduce the number of amyloid aggregates in the body
muscle wall of C. elegans nematodes. It can be noted that 2
was more efficient than 4 in vivo, in contrast to the in vitro
studies. For instance, treatment of the CL4176 strain of
C. elegans with 2 delayed the paralysis onset by up to 7 hours
while 4 did not rescue this paralysis phenotype. Remarkably,
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complex 2 also protected the nematode’s neurons against
Ap-induced toxicity, as shown by the chemotaxis assays per-
formed with the mutant strain CL2355. It can be stressed here
that the activity differences observed between the in vitro and
in vivo experiments should encourage carrying out both types
of studies when investigating the activity of a potential drug.
To the best of our knowledge, 2 is the first reported
osmium complex showing high efficacy in the inhibition of Ap
aggregation, both in vitro and in vivo. The promising data
achieved with this organoosmium compound indicate that
such metal complexes represent potential candidates for the
development of potential anti-AD agents targeting Ap.
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