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A new palladium coordination compound based on gliclazide with
the chemical formula [Pd(glz),] (where glz = gliclazide) has been
synthesized and characterised. The structural characterization
reveals that this material consists of mononuclear units formed by
a Pd?* ion coordinated to two molecules of the glz ligand, in which
palladium ions exhibit a distorted plane-square coordination
sphere. This novel material behaves like a good and selective
inhibitor of butyrylcholinesterase, one of the most relevant ther-
apeutic targets against Alzheimer's disease. Analysis of the enzyme
kinetics showed a mixed mode of inhibition, the title compound
being capable of interacting with both the free enzyme and the
enzyme-substrate complex. Finally, the palladium compound
shows promising protective activity against Ap-induced toxicity in
the Caenorhabditis elegans model, which has never been reported.

Growing evidence suggests that diabetes mellitus (DM) is one
of the strongest risk factors for developing Alzheimer’s disease
(AD)." However, it remains unclear why DM accelerates AD
pathology. Recently, some studies regarding histopathological
and biochemical analyses of brain tissues in cynomolgus
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monkeys with type 2 DM have clarified the relationship
between DM and AD pathology.*” In particular, DM is a chronic
disease characterized by an inefficient metabolism of glucose,
which increases its concentration in the blood and could
damage some tissues, such as nerves or blood vessels. The
current treatments have various limitations such as gastroin-
testinal discomfort, an increased risk of bladder cancer, edema
or distal bone fractures in postmenopausal women, among
others. Therefore, research on new pharmacological strategies
has exponentially gained attention; specifically, drugs based on
organometallic compounds have been demonstrated to be a
successful strategy against type 2 DM." In this regard, metals
such as V, Cr, Mo, Zn, Cu and Mn have been demonstrated to
participate in glucose metabolism, but their translation into
clinics remains unexplored.’

On the other hand, protein misfolding is associated with a
wide number of pathological states in humans and other
animals. Concretely, abnormal aggregation of the amyloid-§
(AP) peptide, a-synuclein, and the human islet amyloid poly-
peptide (hIAPP) is correlated with AD, Parkinson’s disease, and
type 2 diabetes, respectively.® Although these diseases have
different target proteins, their molecular mechanisms of action
are similar and involve the accumulation of large deposits, this
process being generally referred to as amyloidogenesis. Some
research studies have demonstrated that metal complexes,
such as those formed by Pt and Ru, can act as inhibitors
against peptide aggregation primarily through metal
coordination.” Thus, the development of novel coordination
compounds may offer novel therapeutic strategies to fight
against amyloid protein disorders. Considering all of the above,
our research has focused on the preparation of novel action
drugs that can interfere with amyloid formation and eliminate
misfolded aggregates. Coordination chemistry offers a huge
advantage in the design of new therapeutic agents. The synth-
esis and application of these novel crystalline compounds is
feasible due to the possibility to select adequate metal ions and
organic ligands to obtain the desired structures. Certainly,

This journal is © The Royal Society of Chemistry 2022
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metal complexes, such as those of Pt, Ru, V and Cu, show a
potential effect against amyloid protein aggregation due to the
dual metal coordination-ligand effect. It should be noted that
although Pd-based complexes have shown their potential
against other important diseases (i.e. cancer or diabetes), their
potential against AD remains unexplored.® Recently, our
research group have shown that the synthesis of new coordina-
tion compounds with interesting structures and fascinating
physical and antidiabetic properties is possible.” This has
opened up new possibilities to design novel multifunctional
materials that could be applied in the Alzheimer’s research
field. In this work, we present a novel coordination compound
[Pd(glz),] based on gliclazide (glz) and Pd. Moreover, we have
obtained the first coordination compound with this interesting
antidiabetic ligand. In this case, gliclazide is selected here as an
ideal drug and moiety due to its nitrogen atoms, which can
form coordination bonds with planar-square ions. We have
selected both starting building blocks (glz and Pd) considering
their potential activity against AD: glz is a normally used
antidiabetic drug, while Pd has been demonstrated to be active
against diabetes and other important diseases. Glz, a second-
generation sulfonylurea, possesses an appropriate antidiabetic
activity through the stimulation of the synthesis of insulin in
the pancreas. Indeed, this drug blocks the K channels located at
the membrane of pancreatic cells and promotes the depolar-
ization and the entry of calcium and, consequently, the insulin
secretion. Some alternatives that decrease the side effects and
increase the efficacy are the conjugation of the drug with
metals to improve its solubility. Furthermore, we have chosen
Pd as a metallic ion, since it usually presents square plane
coordination and this would be optimal to coordinate with two
gliclazide ligands through its nitrogen atoms. Then, in vitro
antidiabetic (glucose uptake in C2C12 muscle cells) and anti-
Alzheimer studies (inhibition of acetylcholinesterase-AChE and
butyrylcholinesterase-BuChE) of this novel compound have
been carried out. Finally, the potential effect of the synthesized
compound in Alzheimer’s disease was tested in vivo using the
Caenorhabditis elegans animal model (lethality tests, growth
measurements, evaluation of pharyngeal pumping, and analy-
sis of paralysis at the muscle level).

[Pd(glz),] has been synthetized using a simple route in
which the glicazide ligand was reacted with palladium(u)
nitrate in ethanol. The palladium compound crystallizes in
the monoclinic space group P2,/c. Its structure is composed
of mononuclear units formed by a Pd** ion coordinated to two
molecules of the gliclazide ligand (Fig. 1). Table S1 (ESIt) shows
the crystallographic data for this material. The palladium ion
coordinates to the N1 and N3 nitrogen atoms of two different
g1z molecules, obtaining a distorted plane-square coordination
sphere. The Pd-N bond distances and angles are in the normal
range for this type of materials and are listed in Table S2 (ESIT).

There are no crystallization solvent molecules in the structure,
but the monomers interact with each other through strong hydro-
gen bonds N-H.- - -O involving the —NH groups of the sulfonyl and
C—0 of the amide of the neighboring ligand molecules, with values
of 2.082 A (N2B-H2BA. - -O1A) and 2.273 A (N2A-H2AA. - -O1B).

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Perspective view of [Pd(glz),]. Hydrogen atoms are omitted for
clarity.

ool
G

Thus, one-dimensional supramolecular chains are formed,
which propagate along the crystallographic ¢ axis (Fig. S1, ESIT).
The distances of the hydrogen bonds are shown in Table S3
(ESIT).

Once the material was designed, synthesized and fully
characterized, we decided to analyze its in vitro antidiabetic
properties concluding that the treatment with [Pd(glz),] did not
affect the glucose uptake, suggesting the biocompatibility of
this compound.

In parallel, and in order to study the potential of [Pd(glz),] in
AD, this novel compound was evaluated as an inhibitor of
cholinesterases (ChEs), and hydrolases that catalyze the break-
down of the neurotransmitter acetylcholine (ACh) at the synap-
tic cleft, selected in this study as targets. Despite the complexity
of Alzheimer’s disease, with a clear multifactorial aetiology, the
modulation of the activity of AChE and BuChE is currently
considered as one of the most relevant therapeutic targets to
tackle Alzheimer’s disease. In fact, three out of the four avail-
able drugs (donepezil, rivastigmine and galantamine) are inhi-
bitors of these enzymes."® The reason is that ACh, correlated
with the cognitive functionality, exhibits low levels in the brain
of patients; as a result, cognitive impairment is one of the most
recognizable hallmarks of Alzheimer’s disease.'' It has there-
fore been stated that inhibition of cholinesterases can restore
the levels of the neurotransmitter and contribute to the
improvement of the cognitive functionality as a palliative
treatment of the disease (cholinergic hypothesis)."*

When exposed to [Pd(glz),] (100 uM), an almost complete
blockade of BUChE (91% inhibition) is observed. The ICs,
calculation against BuChE (Fig. S3, ESIt) revealed that,
although [Pd(glz),] did not improve the activity found for
the drug galantamine (ICso = 5.5 pM), it exhibited a remark-
able activity (ICso = 27 & 1 pM). The title compound exhibited
a good selectivity against BuChE, as it only showed 58%
inhibition when tested against AChE at the same concen-
tration; moreover, it is also worth mentioning that the
ligand, glz, completely lacked activity against both enzymes.
It should be noted that the selectivity towards the inhibition
of BuChE can be of interest for the treatment of Alzheimer’s
disease in more advanced stages, as the activity of AChE is
decreased with the evolution of the disease, whereas BuChE
remains unchanged or even slightly increases.’® Then, in
order to further understand these results, the inhibition
constant (K;) and the mode of inhibition were obtained (see
further details in the ESIt).

Chem. Commun., 2022, 58, 1514-1517 | 1515
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Fig. 2 Studies in C. elegans. (A) 24 h lethality assay in the N2 wild strain
exposed to glz or the [Pd(glz),] compound. (B) Effect of glz or [Pd(glz),] on
the pharyngeal pumping after 96 h. (C) Effect of glz or [Pd(glz),] on size
automatically assayed in a COPAS Biosorter according to the time of flight
(TOF) of the worms. (D1-3) Temporal representation of the paralysis
phenotype that showed the effect of glz or [Pd(glz),] 1-42 B-amyloid
peptide production in muscle cells of the CL4176 strain at 30, 32 and 34 h
after the temperature increasing from 16 °C to 25 °C, respectively. The
negative control is performed in the CL802 strain. Statistics: when present
in a parameter, for each group (glicazide or compound), columns with
different superscript letters are statistically different (P < 0.05).

Cornish-Bowden plots™* (1/V vs. [1], Fig. S4A, ESIt; [S]/V vs.
[I], Fig. S4B, ESIt) revealed a mixed-type inhibition. The
[Pd(glz),] complex is, therefore, capable of interacting with
the catalytic site of the free BuChE (Kj, = 21 + 4 pM), but also,
with a lower potency, with the enzyme-substrate complex
(Kib =49+ 9 }J.M)

In order to evaluate the potential effect of the synthesized
compound in Alzheimer’s disease in vivo, Caenorhabditis ele-
gans as an experimental model was used. First, the short-term
toxicity of the new compound was evaluated by exposing worms
to concentrations of [Pd(glz),] of 0, 0.1, 1, 10 and 100 pug mL ™"
during 24 h. As shown in Fig. 2A, in all the assays, the
concentrations of [Pd(glz),] and glz were not lethal to the
worms. The next approach to the toxicity investigation was
the measurement of the body length and pharyngeal pumping
as an overview of the metabolism of the worms and adequate
food intake. While the administration of [Pd(glz),] does not
alter the body length of the worms, glz-treated worms were
significantly larger than the untreated worms at all dosages
(Fig. 2C). Glz is a well-known hypoglycaemic drug that favours
insulin secretion, which has been described to have anabolic
properties. Although there are no studies evaluating the role of
glz in C. elegans, it has been reported that glibenclamide,
another member of the sulfonylurea family, loaded into

1516 | Chem. Commun., 2022, 58, 1514-1517
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nanoparticles increases insulin like peptide secretion, such as
DAF-28."°

DAF-28 acts through a conserved signalling pathway involv-
ing the insulin/IGF1 receptor homologue DAF-2, which pro-
motes growth in C. elegans.'® Notwithstanding, worms cultured
under high glucose conditions (20-100 pM) have shown a
higher body length in comparison with unexposed worms."”
This effect could mask the potential anabolic effect of insulin
in the above-mentioned research.

According to this, in the present study, glz treatment could
act similarly as glibenclamide or glucose by increasing the body
length of worms due to a possible enhancement in the insulin
like peptide secretion which could increase the absorption of
nutrients under basal conditions.

On the other hand, the pharyngeal pumping rate was
slightly reduced when compared with untreated and glz treated
worms (Fig. 2B). It is well known that worms with lower
pumping rates are smaller than those with higher rates because
feeding is one of the most important determinants of growth in
C. elegans.®

Once the absence of the lethal toxicity of [Pd(glz),] was
confirmed, its potential neuroprotective effect was assayed in
CL4176 transgenic strains of C. elegans. Among the histopatho-
logical events in AD, AP peptide accumulation is one of the
most studied features. In this context, the transgenic CL4176
C. elegans strain has proven to be an interesting model for the
screening of drugs with neuroprotective activities. CL4176
expresses human 1-42 AP in muscle cells which causes a
progressive paralysis of nematodes. As shown in Fig. 2D.1,
the percentage of non-paralysed worms was significantly higher
in the compound-treated group but only in the highest concen-
tration at 30 h after the temperature increased.

Similarly, the protective effect of the compound against AB-
induced paralysis was observed at 32 h (Fig. 2D.2) and 34 h
(Fig. 2D.3) at all the assayed concentrations. In contrast, the
unconjugated gliclazide only showed a protective effect in the
highest dosage at 34 h after the increased temperature.

In accordance with the paralysis assay, the thioflavin
T staining assay showed a lower accumulation of the AP
oligomer in C. elegans muscle cells with both the studied
compounds (glz and [Pd(glz),]) (Fig. 3 and Fig. S5, ESIt).

Although there is no previous research evaluating the effect
of glz in the C. elegans AD model, some authors employed other
animal models to preliminarily determine the possible applica-
tion of the sulfonylurea family in AD with promising results.
The sulfonylurea family modulate ATP-sensitive potassium
channels, which are involved in AB-induced pathology.'® In
this context, glibenclamide treatment has been shown to
reduce affective disorders,”® memory impairment and
neuroinflammation®" as well as AB deposition®* in different
rodent models of AD.

Similarly, our experiments have proven that glz is an effec-
tive treatment against AP toxicity and accumulation in
C. elegans. Nonetheless, interesting differences were found
between [Pd(glz),] and glz. In this sense, the neuroprotective
effect of the organometallic compound against AB-toxicity was

This journal is © The Royal Society of Chemistry 2022
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remarkably higher than the free glz. The coordination of glz to
Pd led to a flat-square structure, which might facilitate its
interaction with AB peptides. In fact, the anti-Alzheimer effect
of Pd as the facilitator has previously been reported using
Au-Pd nanoparticles loaded with quercetin in a human neuro-
blastoma cell line.*® These results could explain, at least in
part, the improved protective activity of gliclazide against AB-
toxicity once coordinated to Pd, showing interesting prospects
to continue studying the role of this compound in AD.

In summary, we have synthesized a new Pd coordination
compound based on glz [Pd(glz),], in which Pd ions exhibit a
distorted plane-square coordination sphere. This novel com-
pound behaves like a good and selective inhibitor of BuChE
(ICs0 = 27 uM), one of the most relevant therapeutic targets
nowadays against AD. Analysis of the enzyme kinetics revealed
a mixed mode of inhibition, indicating that the title compound
is capable of interacting with both the free enzyme and the
enzyme-substrate complex. According to in vivo tests, [Pd(glz),]
did not produce lethal toxicity. The treatment with glz showed
for the first time a promising effect against AB-induced toxicity
in C. elegans. Moreover, the newly synthesized coordination
compound [Pd(glz),] exceeded the protective activity of glz
against AB-toxicity, opening the possibility for further studies
to deepen the characterization and interaction of the com-
pound with other in vivo AD models.

This journal is © The Royal Society of Chemistry 2022
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