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












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






[image: image2]

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

Daphne S. Cukierman and Nicolás A. Rey*

Department of Chemistry, Pontifical Catholic University of Rio de Janeiro, Rio de Janeiro, Brazil

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: Nicolás 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



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.
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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.


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 and 8-H2QH, 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 Zn2+ and Cu2+ interactions with Aβ1−40 by a mechanism that most likely involves metal ion sequestering. The compound was not toxic to healthy Wistar rats at acute i.p. doses up to 300 mg kg−1 (11). On the other hand, 8-H2QH, which was described altogether with thiosemicarbazone and semicarbazone derivatives, is a potent antioxidant and acts inhibiting Aβ1−40 aggregation in the presence of Cu2+ ions. Native gel electrophoresis, Western blot and TEM analyses suggest that the compound also limits Aβ1−42 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 α-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 Aβ1−40 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 Král 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-Alzheimer's 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 Aβ1−42 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–Cu2+-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 NAD+/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-β 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 Cu2+ and modulates α-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 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 coefficient, 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 Å2 (34) or, preferentially, lower than 60–70 Å2 (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 from in vitro and in cellulo models to animal models and, particularly, to the human beings (clinical phase).

Regarding effectiveness in animal models, clioquinol, but especially PBT2, were found to improve learning and memory in a transgenic model of Alzheimer's disease, along with decrease in both insoluble protein content and soluble interstitial brain amyloid-β. Tests were performed with 30 or 10 mg kg−1 per day doses administered during 11 or 35 days, respectively (14). Another 8-hydroxyquinoline-derived chelator, the multifunctional M30 compound, is also able to attenuate anxiety and memory deficits in transgenic mice in doses of 1 or 5 mg kg−1 administered by gavage four times a week (36).

In contrast, with respect to the N-acylhydrazone INHHQ, we recently found that treatment with a single dose of only 1 mg kg−1 prevents both short- and long-term memory impairments in an experimental model of sporadic Alzheimer's disease (26). As far as we know, INHHQ is the first—and only—N-acylhydrazone evaluated regarding its efficacy in an animal model of cognitive decline so far.

Furthermore, the mechanism behind the protective activity of hydrazonic Metal-Protein Attenuating Compounds is not completely clear, and theory of simple metal abstraction is probably an oversimplification. In fact, our latest results seem to point to the formation of ternary hydrazone-metal-protein complexes as fundamental species in the prevention of protein oligomerization and redox deactivation of the metal (37). Given the facts summarized above, it is our opinion that N-acylhydrazones definitely deserve more attention from the researchers in the field, both for the synthesis of new derivatives with improved pharmacological profiles and, especially, for the testing of compounds belonging to this class on animal models of toxicity, efficacy and metabolism.



AUTHOR CONTRIBUTIONS

Both authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



ACKNOWLEDGMENTS

The authors are grateful to the Brazilian funding agencies Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ) and Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq).



REFERENCES

 1. Liu Y, Nguyen M, Robert A, Meunier B. Metal ions in Alzheimer's disease: a key role or not? Acc Chem Res. (2019) 52:2026–35. doi: 10.1021/acs.accounts.9b00248

 2. Acevedo K, Masaldan S, Opazo CM, Bush IA. Redox active metals in neurodegenerative diseases. J Biol Inorg Chem. (2019) 24:1141–57. doi: 10.1007/s00775-019-01731-9

 3. Scott LE, Orvig C. Medicinal inorganic chemistry approaches to passivation and removal of aberrant metal ions in disease. Chem Rev. (2009) 109:4885–910. doi: 10.1021/cr9000176

 4. Esmieu C, Guettas D, Conte-Daban A, Sabater L, Faller P, Hureau C. Copper-targeting approaches in Alzheimer's disease: how to improve the fallouts obtained from in vitro studies. Inorg Chem. (2019) 58:13509–27. doi: 10.1021/acs.inorgchem.9b00995

 5. Singh RB, Jain P, Singh PR. Hydrazones as analytical reagents: a review. Talanta. (1982) 29:77–84. doi: 10.1016/0039-9140(82)80024-6

 6. de Oliveira Carneiro Brum J, França TCC, LaPlante SR, Villar JDF. Synthesis and biological activity of hydrazones and derivatives: a review. Mini Rev Med Chem. (2020) 20:342–68. doi: 10.2174/1389557519666191014142448

 7. Thota S, Rodrigues DA, Pinheiro PSM, Lima LM, Fraga CAM, Barreiro JE. N-Acylhydrazones as drugs. Bioorg Med Chem Lett. (2018) 28:2797–806. doi: 10.1016/j.bmcl.2018.07.015

 8. Mohareb RM, El-Sharkawy K, Hussein MM, El-Sehrawi MH. Synthesis of hydrazide-hydrazone derivatives and their evaluation of antidepressant, sedative and analgesic agents. J Pharmaceut Sci Res. (2010) 2:185–96. 

 9. Kajal A, Bala S, Sharma N, Kamboj S, Saini V. Therapeutic potential of hydrazones as anti-inflammatory agents. Int J Med Chem. (2014) 2014:761030. doi: 10.1155/2014/761030

 10. de Freitas LV, da Silva CC, Ellena J, Costa LA, Rey AN. Structural and vibrational study of 8-hydroxyquinoline-2-carboxaldehyde isonicotinoyl hydrazone–a potential metal-protein attenuating compound (MPAC) for the treatment of Alzheimer's disease. Spectrochim Acta A Mol Biomol Spectrosc. (2013) 116:41–8. doi: 10.1016/j.saa.2013.06.105

 11. Hauser-Davis RA, de Freitas LV, Cukierman DS, Cruz WS, Miotto MC, Landeira-Fernandez J, et al. Disruption of zinc and copper interactions with Aβ(1-40) by a non-toxic, isoniazid-derived, hydrazone: a novel biometal homeostasis restoring agent in Alzheimer's disease therapy? Metallomics. (2015) 7:743–7. doi: 10.1039/C5MT00003C

 12. Gomes LM, Vieira RP, Jones MR, Wang MC, Dyrager C, Souza-Fagundes EM, et al. 8-Hydroxyquinoline Schiff-base compounds as antioxidants and modulators of copper-mediated Aβ peptide aggregation. J Inorg Biochem. (2014) 139:106–16. doi: 10.1016/j.jinorgbio.2014.04.011

 13. Cherny RA, Atwood CS, Xilinas ME, Gray DN, Jones WD, McLean CA, et al. Treatment with a copper-zinc chelator markedly and rapidly inhibits beta-amyloid accumulation in Alzheimer's disease transgenic mice. Neuron. (2001) 30:665–76. doi: 10.1016/S0896-6273(01)00317-8

 14. Adlard PA, Cherny RA, Finkelstein DI, Gautier E, Robb E, Cortes M, et al. Rapid restoration of cognition in Alzheimer's transgenic mice with 8-hydroxy quinoline analogs is associated with decreased interstitial Abeta. Neuron. (2008) 59:43–55. doi: 10.1016/j.neuron.2008.06.018

 15. Cukierman DS, Pinheiro AB, Castiñeiras-Filho SL, da Silva AS, Miotto MC, De Falco A, et al. A moderate metal-binding hydrazone meets the criteria for a bioinorganic approach towards Parkinson's disease: therapeutic potential, blood-brain barrier crossing evaluation and preliminary toxicological studies. J Inorg Biochem. (2017) 170:160–8. doi: 10.1016/j.jinorgbio.2017.02.020

 16. Becker E, Richardson RD. Development of novel aroylhydrazone ligands for iron chelation therapy: 2-pyridylcarboxaldehyde isonicotinoyl hydrazone analogs. J Lab Clin Med. (1999) 134:510–21. doi: 10.1016/S0022-2143(99)90173-7

 17. Cukierman DS, Accardo E, Gomes RG, De Falco A, Miotto MC, Freitas MCR, et al. Aroylhydrazones constitute a promising class of 'metal-protein attenuating compounds' for the treatment of Alzheimer's disease: a proof-of-concept based on the study of the interactions between zinc(II) and pyridine-2-carboxaldehyde isonicotinoyl hydrazone. J Biol Inorg Chem. (2018) 23:1227–41. doi: 10.1007/s00775-018-1606-0

 18. D'Acunto CW, Kaplánek R, Gbelcová H, Kejík Z, Bríza T, Vasina L, et al. Metallomics for Alzheimer's disease treatment: use of new generation of chelators combining metal-cation binding and transport properties. Eur J Med Chem. (2018) 150:140–55. doi: 10.1016/j.ejmech.2018.02.084

 19. Palanimuthu D, Wu Z, Jansson PJ, Braidy N, Bernhardt PV, Richardson DR, et al. Novel chelators based on adamantane-derived semicarbazones and hydrazones that target multiple hallmarks of Alzheimer's disease. Dalton Transactions. (2018) 47:7190–205. doi: 10.1039/C8DT01099D

 20. Parlar S, Sayar G, Tarikogullari AH, Karadagli SS, Alptuzun V, Erciyas E, et al. Synthesis, bioactivity and molecular modeling studies on potential anti-Alzheimer piperidinehydrazide-hydrazones. Bioorg Chem. (2019) 87:888–900. doi: 10.1016/j.bioorg.2018.11.051

 21. Cukierman DS, Bodnár N, Evangelista BN, Nagy L, Kállay C, Rey AN. Impact of pyridine-2-carboxaldehyde-derived aroylhydrazones on the copper-catalyzed oxidation of the M112A PrP. J Biol Inorg Chem. (2019) 24:1231–44. doi: 10.1007/s00775-019-01700-2

 22. Wu Z, Palanimuthu D, Braidy N, Salikin NH, Egan S, Huang MLH, et al. Novel multifunctional iron chelators of the aroyl nicotinoyl hydrazone class that markedly enhance cellular NAD. Br J Pharmacol. (2020) 177:1967–87. doi: 10.1111/bph.14963

 23. Verdin E. NAD? in aging, metabolism, and neurodegeneration. Science. (2015) 350:1208–13. doi: 10.1126/science.aac4854

 24. Khan JA, Forouhar F, Tao X, Tong L. Nicotinamide adenine dinucleotide metabolism as an attractive target for drug discovery. Expert Opin Ther Targets. (2007) 11:695–705. doi: 10.1517/14728222.11.5.695

 25. Santos DC, Henriques RR, Junior AAL M, Farias AB, Nogueira LDC T, Quimas JVF, et al. Acylhydrazones as isoniazid derivatives with multi-target profiles for the treatment of Alzheimer's disease: radical scavenging, myeloperoxidase/acetylcholinesterase inhibition and biometal chelation. Bioorg Med Chem. (2020) 28:115470. doi: 10.1016/j.bmc.2020.115470

 26. De Falco A, Kincheski GC, Atrián-Blasco E, Hureau C, Ferreira ST, Rey AN. The aroylhydrazone INHHQ prevents memory impairment induced by Alzheimer's-linked amyloid-β oligomers in mice. Behav Pharmacol. (2020) 31:738–47. doi: 10.1097/FBP.0000000000000578

 27. Cukierman DS, Lázaro DF, Sacco P, Ferreira PR, Diniz R, Fernández CO, et al. X1INH, an improved next-generation affinity-optimized hydrazonic ligand, attenuates abnormal copper(I)/copper(II)-α-Syn interactions and affects protein aggregation in a cellular model of synucleinopathy. Dalton Trans. (2020) 49:16252–67. doi: 10.1039/D0DT01138J

 28. Patel KB, Patel DV, Patel NR, Kanhed AM, Teli DM, Gandhi B, et al. Carbazole-based semicarbazones and hydrazones as multifunctional anti-Alzheimer agents. J Biomol Struct Dyn. (2021) 1–22. doi: 10.1080/07391102.2021.1942212

 29. Sampson EL, Jenagaratnam L, McShane R. Metal protein attenuating compounds for the treatment of Alzheimer's dementia. Cochr Database Syst Rev. (2012) 5:CD005380. doi: 10.1002/14651858.CD005380.pub4

 30. PranaBiotechnology Ltd. Prana Biotechnology Announces Top Line Results of Phase 2 IMAGINE Trial of PBT2 in Alzheimer's Disease. Melbourne: PranaBiotechnology Ltd (2014). 

 31. Ponka P, Borová J, Neuwirt J, Fuchs O. Mobilization of iron from reticulocytes. Identification of pyridoxal isonicotinoyl hydrazone as a new iron chelating agent. FEBS Lett. (1979) 97:317–21. doi: 10.1016/0014-5793(79)80111-8

 32. Richardson DR, Ponka P. Pyridoxal isonicotinoyl hydrazone and its analogs: potential orally effective iron-chelating agents for the treatment of iron overload disease. (1998) 131:306–15. doi: 10.1016/S0022-2143(98)90180-9

 33. Pajouhesh H, Lenz RG. Medicinal chemical properties of successful central nervous system drugs. NeuroRx. (2005) 2:541–53. doi: 10.1602/neurorx.2.4.541

 34. van de Waterbeemd H, Camenisch G, Folkers G, Chretien JR, Raevsky AO. Estimation of blood-brain barrier crossing of drugs using molecular size and shape, H-bonding descriptors. J Drug Target. (1998) 6:151–65. doi: 10.3109/10611869808997889

 35. Kelder J, Grootenhuis PD, Bayada DM, Delbressine LP, Ploemen PJ. Polar molecular surface as a dominating determinant for oral absorption and brain penetration of drugs. Pharm Res. (1999) 16:1514–9. doi: 10.1023/A:1015040217741

 36. Kupershmidt L, Amit T, Bar-Am O, Weinreb O, Youdim BM. Multi-target, neuroprotective and neurorestorative M30 improves cognitive impairment and reduces Alzheimer's-like neuropathology and age-related alterations in mice. Mol Neurobiol. (2012) 46:217–20. doi: 10.1007/s12035-012-8304-7

 37. Cukierman DS, Bodnár N, Diniz R, Nagy L, Kállay C, Rey AN. Full equilibrium picture in aqueous binary and ternary systems involving Copper(II), 1-methylimidazole-containing hydrazonic ligands, and the 103–112 human prion protein fragment. Inorganic Chem. (2022) 61:723–37. doi: 10.1021/acs.inorgchem.1c03598

Conflict of Interest: The Pontifical Catholic University of Rio de Janeiro holds granted patents in the United States of America (US 10,189,811 B2 and US 10,316,019 B2) related to the compound INHHQ, in which NR is the main inventor. Moreover, DC and NR are inventors of technology protected by the same institution through Brazilian (BR1020200054236) and international (PCT/BR2021/050107) patent applications involving 1-methylimidazole-containing N-acylhydrazones.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Cukierman and Rey. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



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



		Introduction



		N-Acylhydrazones and Neuroaggregopathies: A Timeline



		Discussion



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

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

Neuroaggregopathies





OPS/images/fneur-13-828654-g001.gif
Joc e oUN

[ s
g i
wrti s
(g\.m &(\
s e
) A

«
o e
i S
s
P ook 0 Ao
- -
= &
g N:‘-;uuv fovetid
s ot
& o
Py Rel.25

Soghs1ss Sogh=038









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





