1' frontiers
in Neurology

OPINION
published: 16 February 2022
doi: 10.3389/fneur.2022.828654

OPEN ACCESS

Edited by:
Emel Koseoglu,
Erciyes University, Turkey

Reviewed by:

Marcos Dias Pereira,
Federal University of Rio de
Janeiro, Brazil

Mukerrem Betul Yerer Aycan,
Erciyes University, Turkey

*Correspondence:
Nicolas A. Rey
nicoarey@puc-rio.br

Specialty section:

This article was submitted to
Neuroepidemiology,

a section of the journal
Frontiers in Neurology

Received: 03 December 2021
Accepted: 14 January 2022
Published: 16 February 2022

Citation:

Cukierman DS and Rey NA (2022)
Tridentate N-Acylhydrazones as
Moderate Ligands for the Potential
Management of Cognitive Decline
Associated With Metal-Enhanced
Neuroaggregopathies.

Front. Neurol. 13:828654.

doi: 10.3389/fneur.2022.828654

Check for
updates

Tridentate N-Acylhydrazones as
Moderate Ligands for the Potential
Management of Cognitive Decline
Associated With Metal-Enhanced
Neuroaggregopathies

Daphne S. Cukierman and Nicolas A. Rey*
Department of Chemistry, Pontifical Catholic University of Rio de Janeiro, Rio de Janeiro, Brazil

Keywords: N-acylhydrazones, cognitive decline, biometals, metallophores, Metal-Protein Attenuating Compounds
(MPACs)

INTRODUCTION

The relevance of some endogenous metals, such as the redox-active copper and iron, and the
putative neuromodulator zinc, to neurodegeneration is quite well documented in the scientific
literature (1, 2). One of the pharmacological strategies that have been suggested for a chemical
intervention on the bioinorganic aspects of cognitive decline involves the use of the so-called
Metal-Protein Attenuating Compounds (3), or metallophores (4). These are ligands with a
moderate affinity for biometals employed to prevent the oligomerization of proteins or peptides
implicated in the pathophysiology of these illnesses via competition for binding, in vivo, to
physiological metal ions, with redistribution and normalization of their basal levels. This approach
is thus associated with metal homeostasis restoration and reduction of the oxidative stress caused
by copper- or iron-containing species. On the other hand, hydrazones constitute a versatile
chemical class, with a rich solution chemistry and the ability to moderately bind to transition
biometals, a property that can be modulated, in terms of both affinity and specificity, by choosing
the adequate substituents during the ligand planning and synthesis steps (5). Moreover, a vast
range of biological activities related to this group of compounds were already described, such as
antibiotic, antiviral, anticancer, vasodilator, analgesic, antidepressant, and anti-inflammatory (6-9).
Interestingly, until the middle of the last decade, there were no reports about the potential use
of N-acylhydrazones for the treatment of neurodegenerative diseases. In this opinion article, we
discuss the emergence of this class as promising agents for the management (prevention and/or
treatment) of cognitive decline associated with metal-enhanced aggregopathies and compare
some pharmacologically important physicochemical parameters to those of other metal chelators
containing the 8-hydroxyquinoline moiety proposed for the same purpose. Effectiveness of the
N-acylhydrazone INHHQ in an animal model of Alzheimer’s disease is also discussed in light of
those reported for Clioquinol, PBT2 and M30 ligands.

N-ACYLHYDRAZONES AND NEUROAGGREGOPATHIES: A
TIMELINE

Figure 1 shows the structures of the main compounds mentioned in this section.

As far as we know, the first references to the potential application of N-acylhydrazones in
the treatment of Alzheimer’s disease appeared between 2013 and 2015, in works by our group
(10, 11) and those of Storr and Beraldo (12). The compounds studied by these authors (INHHQ
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and 8-H,QH, respectively) still contained, in addition to the
newly proposed hydrazonic moiety, an 8-hydroxyquinoline
group as a legacy of pioneering metallophores Clioquinol (13)
and PBT2 (14). INHHQ was shown to be able to disrupt
in vitro Zn?>T and Cu?' interactions with ABj_4 by a
mechanism that most likely involves metal ion sequestering.
The compound was not toxic to healthy Wistar rats at acute
ip. doses up to 300mg kg=! (11). On the other hand, 8-
H,QH, which was described altogether with thiosemicarbazone
and semicarbazone derivatives, is a potent antioxidant and acts
inhibiting ABj_49 aggregation in the presence of Cu®" ions.
Native gel electrophoresis, Western blot and TEM analyses
suggest that the compound also limits AB;_4, oligomerization by
sequestering copper (12).

In 2017, the scope of INHHQ application was extended by
us to synucleinopathies, such as Parkinson’s disease and Lewy
body dementia. Under this perspective, the compound presented
the capacity of efficiently competing, when in an in vitro three-
fold excess or more, with a-Syn for the binding of both reduced
and oxidized forms of copper. INHHQ was non-toxic to human
neuroglioma H4 cells expressing this intrinsically disordered
protein and partially inhibited its intracellular oligomerization.
Experiments in healthy Wistar rats demonstrated that the N-
acylhydrazone can cross the blood-brain barrier and does not
modify GSH and biometal levels in the brain, liver, kidneys and
heart under a normal homeostasis condition (15). The following
year, and employing the already known aroylhydrazonic iron
chelator HPCIH (16) as a phenol lacking simplified chemical
model for INHHQ, we concluded that the presence of the 8-
hydroxyquinoline group in the ligand is not necessary for its
activity as a metallophore, which seems to be only related to
the ortho-pyridine-N-acylhydrazone tridentate chelating system
(17). Our proof-of-concept was based on the disruption of
interactions between zinc(II) ions and AB;_40 monomers.

At the time, sporadic reports by other authors on the use
of this chemical class in the context of cognitive pathologies
began to appear in literature. Some of them cite the works
previously mentioned in here. Others look as if they were
developed independently.

A publication by the Ruml and Kral groups reported
a new series of chelators combining metal binding and
transport properties for the treatment of Alzheimer’s disease.
The most promising compound was Px-CAH, a tridentate N-
acylhydrazone derived from the cholic acid hydrazide (18). On
the other hand, Richarson, Kalinowski and co-workers presented
novel semicarbazone and hydrazone families of adamantane-
containing chelators aiming to target multiple Alzheimer’s
hallmarks (19). Among these, pyridine-2-carboxaldehyde (N-
adamantan-1-yl)benzoyl-4-amidohydrazone, namely 10, was
identified as a lead compound. One year later, the group of
Alptuzun described a set of piperidinehydrazide-hydrazones
as potential anti-Alzheimers agents (20). Although the N-
acylhydrazones evaluated by these authors are not tridentate
ligands, so their affinity for biometals is probably low and was
not verified, their acetylcholinesterase and butyrylcholinesterase
inhibitory activities, as well as the ability to prevent AB;_4

self-aggregation, illustrate the versatility of the class and certainly
make them worthy of reference.

A contribution from us to the Journal of Biological Inorganic
Chemistry special issue “Metal Ions and Degenerative
Diseases” showed that pyridine-2-carboxaldehyde-derived
aroylhydrazones, as HPCFur, can play the role of peptide
protecting agents toward the deleterious methionine and
histidine copper-catalyzed oxidation in a mutant fragment of
human PrP (21), a protein involved in a series of neurological
conditions, such as the Creutzfeldt-Jakob disease. Interestingly,
our experimental evidence seems to point to a mechanism
different from the traditionally proposed metal ion sequestering
in this case: the formation of a peptide-Cu?*-N-acylhydrazone
ternary complex.

In 2020, another work from the Richardson group reported
novel multifunctional iron chelators belonging to the nicotinoyl
hydrazones’ family for the treatment of Alzheimer’s disease
(22). Among them, there is an isomer of our lead compound
INHHQ: 8-OH-QNH. According to the authors, the most
promising substance, i.e., 6-methoxysalicylaldehyde nicotinoyl
hydrazone (SNH6), markedly enhanced cellular NADT/NADH
ratios, promoting increased lifespan in C. elegans. Higher NAD™
concentrations are related to non-amyloidogenic APP processing
(23) and protection against axonal degeneration (24) through
sirtuin activation. The same year, the groups of da Silva and
de Souza published data concerning the syntheses of a set of
15 isonicotinoyl hydrazones and their evaluation as potential
anti-Alzheimer’s drugs based on radical scavenging activities,
myeloperoxidase/acetylcholinesterase inhibition and biometals
chelation (25). The chromone derivative 1m was considered the
best of them. By this time, we disclosed the first account about
the effect of an N-acylhydrazone on the protection of cognitive
capacities in an experimental mammal model of sporadic
Alzheimer’s disease. The compound INHHQ demonstrated the
ability to prevent memory impairment induced by amyloid-B
oligomers in mice (26).

To further improve the physicochemical characteristics
of INHHQ, with the consequent enhancement in its
pharmacological properties, a qualitative structure-activity study
was carried out by our group. As a result of this investigation,
a set of new N-acylhydrazones derived from 1-methyl-1H-
imidazole-2-carboxaldehyde was selected due to their notable
performance in terms of solubility, stability, safety and efficacy as
metallophores. Among those ligands, it is worth noting X1INH
(27), which presents a higher affinity for Cu™ than for Cu** and
modulates a-Syn aggregation in a cell model of synucleinopathy.
Finally, in a very recent publication, Yadav and co-workers
presented a great number of carbazole-based semicarbazones
and hydrazones as multifunctional anti- Alzheimer’s agents (28).

DISCUSSION

Despite the initial progress obtained with the 8-hydroxyquinoline
derivatives Clioquinol (PBT1) and PBT2 in preclinical models
of Alzheimer’s, bursting the scientific interest in the field,
only marginal success regarding symptom improvement was
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FIGURE 1 | Structures of some relevant N-acylhydrazonic metallophores mentioned in this section, in which the characteristic functional group is highlighted in red.
Clioquinol and PBT2 were included for the sake of comparison. For each compound, the calculated physicochemical parameters log P and PSA are also presented.
Putative donor atoms of the N-acylhydrazones are emphasized in bold.
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observed during the clinical trials phases: overall, there was
no significant difference in cognition or memory between
the active treatment and placebo groups (29, 30). For this
reason, most of those studies were discontinued. It is our
firm opinion that the previous failures of other research
efforts reflect an inappropriate chelator choice rather than
a valid motive for rejecting the therapeutic metal chelation
hypothesis in Alzheimer’s and other forms of cognitive decline
associated with neuroaggregopathies. Surprisingly, to date, many
of the metallophores under investigation are still based on that
archetypical pharmacophore.

Known for more than a 100 years, N-acylhydrazones present
a bidentate chelating system constituted by the imine nitrogen
and the carbonyl oxygen atoms, which can be converted into
tridentate by the adequate choice of the aldehyde precursor.

N-acylhydrazones are well-known iron chelators and, due
to this attribute, were originally proposed as agents for the
treatment of iron overload diseases, including conditions such
as Friedreich’s ataxia, and cancer (16, 31, 32). In the context
of neuroaggregopathy-related metal-triggered oxidative stress,
however, copper seems to be more relevant, since in vitro
ROS production by iron-amyloids is less efficient than that
mediated by copper-amyloids. Nevertheless, N-acylhydrazones
have proven to be efficient copper chelators as well.

Although it may seem obvious, it is important to point
out that, for a drug to act in the brain, it must be able to
cross the blood-brain barrier. In this sense, there are two main
physicochemical parameters of interest: log P and PSA, the polar
surface area.

Concerning the octanol-water partition coeflicient, optimal
values for BBB penetration are between 0 and 3 (33). On the other
hand, drugs targeted to the central nervous system should exhibit
a PSA of either less than 90 A% (34) or, preferentially, lower
than 60-70 A2 (35). Most of the N-acylhydrazones mentioned
in the present article fit these criteria (see Figure 1). On this
matter, once again, the skilled selection of the (aldehyde and
hydrazide) precursors allow fine-tuning of properties, preserving
the N-acylhydrazone functionality. For example, by including
the 1-methylimidazole group in the structure of ligand X1INH,
we were able to dramatically increase the water solubility of the
compound conserving a more than acceptable experimental log
P-value of 0.67 (27).

It is our belief that a lack of attention to these restrictions
in the development of potential chelators for the treatment of
neurodegenerative diseases might be one of the reasons behind
the great number of failures observed when translating therapies
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