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ABSTRACT
The growing prevalence of Alzheimer’s disease calls for a drug that can simultaneously act towards several 
targets involved in the pathophysiology of the disease. In our study, we evaluated the potential of hydrazone 
and N-acylhydrazone derivatives of vitamin B6 and pyridine-4-carbaldehyde to be used as multi-target 
directed ligands targeting cholinergic system by inhibiting acetyl- and butyrylcholinesterase, lowering the 
accumulation of β-amyloid plaques by inhibiting both the β-secretase activity and amyloid self-aggregation, 
and maintaining the biometal balance by chelating certain biometals. Our results showed that all of the 
tested hydrazones were potent inhibitors of human cholinesterases with inhibition constants (Ki) in 
micromolar range able to lower the activity of β-secretase, inhibit amyloid aggregation, chelate biometals 
and act as antioxidants. Also, most of them were estimated to be able to cross the blood–brain barrier by 
passive transport and to be absorbed in human intestines as well as with moderate metabolic stability in 
liver microsomes.

GRAPHICAL ABSTRACT

Alzheimer’s disease (AD) is a progressive neurodegenerative dis-
ease and the most common type of dementia, making up 70% of 
all dementia cases1. It is typically manifested through the progres-
sive loss of short-term memory and cognitive functions accompa-
nied by language and visuospatial skills impairments, motor 
dysfunctions and changes in personality and behaviour1,2. The two 
major pathological hallmarks of AD are presence of extracellular 
amyloid plaques and neurofibrillary tangles in the neuronal cyto-
plasm. Amyloid plaques are a result of accumulation and 
self-aggregation of amyloid β (Aβ) peptides of various lengths 
(36–43 amino acids) generated from the amyloid precursor protein 
(APP) after consecutive proteolytic cleavage by two aspartyl prote-
ases, β-secretase (BACE1) and γ-secretase3. Another biochemical 
feature of AD is the loss of cholinergic neurons, which leads to 
alterations in acetylcholine neurotransmission and consequently to 

cognitive dysfunctions4. Three out of six FDA-approved and cur-
rently used anti-Alzheimer drugs are acetylcholinesterase inhibitors 
that alleviate symptoms of AD by increasing acetylcholine concen-
trations in synapses thus enhancing neurotransmission and 
improving memory deficits5. Recently, two monoclonal antibodies 
have been designed and approved for use in AD6,7. The major 
drawback of all these drugs is that they act only on a single target 
involved in the mechanism of development or progression of AD, 
and as such they cannot meet the growing clinical needs. Apart 
from the major pathological hallmarks, the pathophysiology of AD 
also includes neuroinflammation8, biometal dyshomeostasis9 and 
overproduction of reactive oxygen species (ROS) that cause oxida-
tive stress10. This complex network of various disease-promoting 
agents calls for the development of more effective drugs by using 
single molecules that contain more than one pharmacophore 
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capable of modulating different targets relevant for the disease11. 
Following this idea, numerous structural scaffolds and pharmaco-
phores with the potential to affect some of the mechanisms 
involved in AD development have been used and tested12–15.

It has been reported that compounds containing a hydrazone 
functional (=N–NH2) group show antimicrobial, antibacterial, 
anti-inflammatory and antitumoral activity16, as well as antioxidant, 
anticholinesterase, anti-monoamine oxidase, anti-BACE1 activity 
and inhibitory activity against fibril formation16–20. Moreover, some 
hydrazone derivatives have shown the potential to act as 
metal-protein attenuating compounds able to prevent protein 
aggregation, restore biometal homeostasis and decrease oxidative 
stress21,22. Furthermore, hydrazone derivatives were studied as 
potential PET (positron emission tomography) imaging agents for 
amyloid-β plaques23. Vitamin B6 represents a group of six com-
pounds (pyridoxine, pyridoxal, pyridoxamine and their phosphory-
lated forms), all with an important biological role in living 
organisms acting as a coenzyme in numerous enzyme reactions24. 
Various structurally modified derivatives of vitamin B6 with poten-
tial biological activity have been synthesised and tested25. 
Hydrazone derivatives of vitamin B6 have been investigated as 
potential angiogenesis inhibitors26 and anti-tuberculosis drugs27, 
while the pyridyl-hydrazone derivative of vitamin B6 has been 
described as a potential antimalarial and antitumor agent25. 
N-acylhydrazone moiety has been identified as a very promising 
motif in drug design and medicinal chemistry due to its presence 
in compounds acting on many different targets displaying antibac-
terial, antimycobacterial, antiviral, antitumor, analgesic and 
anti-inflammatory properties28,29. Pyridoxal isonicotinoyl hydrazone 
(PIH) and its analogues were shown to possess iron-chelating abil-
ity, a feature that is very desirable in designing anti-AD drugs, as 
iron plays a key role in the formation of harmful oxygen radicals 
and is also involved in a wide range of essential biological func-
tions such as oxygen transport, electron transport and DNA syn-
thesis30. As it is estimated that global dementia cases will triple by 
2050 due to population growth and ageing, which will undoubt-
edly present a heavy burden on health systems globally31, the 
ongoing search for a drug more effective than the existing ones is 
very intense. It is desirable that new compounds be synthesized in 
a safe and energy-efficient way using chemicals whose use 
assumes a compromise between the economic, social and ecolog-
ical requirements of the production itself. In line with that, organic 
synthesis is increasingly oriented towards the development of 
environmentally friendly processes that use microwave or dielec-
tric heating as an alternative to classical heating31,32. The basic 
advantages of microwave-assisted (MW) synthesis compared to 
conventional synthesis is the significant shortening of reaction 
time (from several hours or days to few minutes) and higher reac-
tion yields33. Recent studies in the field of green chemistry demon-
strated that microwave-assisted synthesis can be used for the 
preparation of pyridine and vitamin B6 derivatives34,35, as well as 
for the synthesis of hydrazone derivatives of vitamin B6, 
pyridine-4-carbaldehyde and quinoline-2-carbaldehyde in deep 
eutectic solvents34.

In this study, we synthesised eight hydrazone derivatives of 
pyridoxal and pyridine-4-carbaldehyde and eight N-acylhydrazone 
derivatives of pyridoxal and evaluated their biological potential 
against multiple AD hallmarks: inhibitory potential against acetyl-
cholinesterase (AChE), butyrylcholinesterase (BChE), BACE1 and 
amyloid self-aggregation, as well as their chelating ability against 
biometals (Zn(II), Fe(II), Cu (II)), and their antioxidant activity. These 
groups of compounds were chosen based on the structural simi-
larity of their hydrazone moiety with amidine moiety in BACE1 

inhibitors Verbecestat and Atabecestat, compounds which reached 
phase II clinical trials on AD patients or phase IIb/III clinical trials, 
respectively, whose high inhibition potency for BACE1 can be 
ascribed to formation of multiple hydrogen bonds between its 
amidine moiety and catalytic aspartates of the BACE1 active site36–

39. The inhibition potency and selectivity of cholinesterases were 
interpreted and visualised by molecular modelling. Hydrazone 
derivatives were synthesised using conventional and 
microwave-assisted synthesis. To additionally explore the possibil-
ity of using a more environmentally friendly synthetic route, 
microwave-assisted synthesis of hydrazone derivatives of pyridoxal 
and pyridine-4-carbaldehyde was performed in two different sol-
vents, and the yields obtained by all three routes were compared. 
Since potential drugs for treating neurodegenerative diseases have 
to reach the brain by penetrating the blood–brain barrier (BBB), 
we also made in silico predictions for a passive crossing of the 
BBB. Finally, to evaluate the potential of the tested compounds as 
drugs, the hydrazone derivatives displaying the most potent inhib-
itory activities were tested for their metabolic stability in human 
liver microsomes and in silico predictions of their human intestinal 
absorption were estimated.

Materials and methods

Materials

All solvents and reagents for synthesis were purchased and used 
without further purification: pyridoxal hydrochloride and 
pyridine-4-carbaldehyde (Aldrich, St. Louis, MO, USA), nicotinohydra-
zide, isonicotinohydrazide, benzohydrazide, 4-fluorobenzohydrazide, 
4-chlorobenzohydrazide, 4-methylbenzohydrazide, 
4-nitrobenzohydrazide, 2-hydroxybenzohydrazide, 
4-chlorophenylhydrazine hydrochloride, 4-fluorophenylhydrazine 
hydrochloride (Acros Organics, Antwerp, Belgium), phenyl-hydrazine 
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA), 
2,4-dinitrophenylhydrazine (Merck, Darmstadt, Germany). Fluorescent 
silica gel plates F254 (Merck, Darmstadt, Germany) and the solvent 
system chloroform: methanol (4:1) were used for thin-layer chroma-
tography under UV light and wavelengths 254 and 365 nm.

NMR spectra were recorded using a Bruker Avance 300 NMR 
spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) with 
a 5-mm probe head. The 1H and 13C APT NMR spectra were 
recorded at 300.130 and 75.468 MHz, respectively. The chemical 
shifts (δ/ppm) of the 1H and 13C spectra were referenced to the 
DMSO-d6 signals (1H: δ = 2.50 ppm; 13C: δ = 39.51 ppm). The assign-
ment of the 1H and 13C signals in the NMR spectra of the com-
pounds was confirmed by cross peaks in the 2D spectra: 1H–1H 
COSY (Correlation Spectroscopy),1H–13C HMQC (Heteronuclear 
Multiple Quantum Coherence) and 1H–13C HMBC (Heteronuclear 
Multiple Bond Correlation). A TFA-d solution was used as an exter-
nal reference for the 19F spectrum in compound 9 (19F: 
δ  =  11.50 ppm). The 19F NMR spectrum was recorded at 
282.231 MHz.

Acetylthiocholine (ATCh) and 5,5′-dithiobis (2-nitrobenzoic acid) 
(DTNB) were purchased from Sigma-Aldrich, St. Louis, USA. All 
measurements of cholinesterase activity were done in 0.1 M 
sodium phosphate buffer (pH 7.4). ATCh and DTNB were dissolved 
in sodium phosphate buffer. Stock solutions of compounds were 
prepared in DMSO and all further dilutions were done in water.

Sources of AChE and BChE were recombinant human AChE and 
purified native human BChE kindly provided by Dr Florian Nachon 
(Département de Toxicologie, Armed Forces Biomedical Research 



Journal of Enzyme Inhibition and Medicinal Chemistry 3

Institute, France). The AChE was diluted in a phosphate buffer con-
taining 1% BSA, while further dilutions were made in phosphate 
buffer with 0.01% BSA. The BChE was diluted in a phosphate buf-
fer containing 0.01% BSA.

For BACE1 activity measurements, a BACE1 Activity Detection 
Kit was used (Sigma Aldrich, St. Louis, MO, USA). Commercially 
available β-secretase Inhibitor III (EMD Millipore Corp., Billerica, 
MA, USA) was used as positive control.

For metal chelation studies, metal salts ZnCl2, CuCl2·2H2O and 
FeCl2·4H2O were used (Sigma Aldrich, St. Louise, SAD).

For amyloid self-aggregation inhibition measurements, HFIP 
(1,1,1,3,3,3-hexafluoropropan-2-ol) pre-treated human recombinant 
β Amyloid 1 − 42 (Aβ42) was used as a source of amyloid peptides 
(Sigma Aldrich, St. Louis, MO, USA). Lyophilised Aβ42 peptides were 
solubilised in 1% NH4OH and resuspended in 1× phosphate-buffered 
saline (PBS) buffer (pH 7.2). Thioflavin T (Sigma Aldrich, St. Louis, 
MO, USA) was used as a fluorescence dye, while curcumin (Sigma 
Aldrich, St. Louis, MO, USA) was used as a positive control.

All chemicals for antioxidant activity measurements were pur-
chased from Sigma Aldrich (St. Louis, MO, USA), except for FeCl3 
(Kemika, Zagreb, Croatia) and tripyridyltriazine (TPTZ) (Fluka, Buchs, 
Switzerland). Evaluation of microsomal stability was done by DMPH 
service at Selvita Ltd., Zagreb, Croatia, using commercially avail-
able human liver microsomes (Cat. No. 452117, Corning, USA).

Synthesis

General procedures
To synthesise the target hydrazones (compounds 1–8), a solution of 
either pyridoxal hydrochloride or pyridine-4-carbaldehyde (0.74 mmol) 
was combined with the corresponding phenylhydrazine (1.1 equiva-
lents, 0.81 mmol) in a selected solvent, either ethanol or acetone, fol-
lowing Scheme 1A. The reaction mixture was subjected to heating, 
either conventionally or using microwave irradiation, until product 
formation was observed. The resulting crude products were purified 
by removing residual raw materials and subsequently recrystallised 
from ethanol. To synthesise N-acylhydrazones, we applied the same 
methodology used for the previously discussed hydrazones. Pyridoxal 
hydrochloride reacted with either benzohydrazide (yielding com-
pounds 9–14), nicotine (yielding compound 15), or isonicotinohydra-
zide (yielding compound 16), as illustrated in Scheme 1B.

Conventional synthesis
The solution of pyridoxal hydrochloride or pyridine-4-carbalde-
hyde and the appropriate phenylhydrazine or N-acylhpenylhydrazine 
in abs. ethanol (10 ml) was mixed on a magnetic stirrer at room 
temperature for 3 h. The crude product was separated by filtration 
and purified by washing with cold ethanol and cold diethyl ether 
and recrystallised from the ethanol to yield products 1−16.

Scheme 1.  General procedure for the synthesis of hydrazone derivatives of pyridoxal hydrochloride (1−4) and pyridine-4-carbaldehyde (5–8) (panel A) and for the 
synthesis of N-acylhydrazone derivatives of pyridoxal hydrochloride (9−16) (panel B).
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Microwave-assisted synthesis
Microwave-assisted synthesis was performed on a Milestone 
flexiWAVE (Milestone Srl, Italy). The solution of pyridoxal hydro-
chloride or pyridine-4-carbaldehyde and the appropriate phenyl-
hydrazine in 10 ml of solvent (ethanol or acetone) was irradiated 
at 80 °C for 5 min with 500 W. The crude product was separated 
by filtration and purified by washing with cold ethanol and 
cold diethyl ether and recrystallised from the ethanol to yield 
products 1−8.

Biological activity studies

Inhibition of cholinesterase activity
Enzyme activity was measured spectrophotometrically using a 
slightly modified Ellman method40, as described earlier41. Briefly, 
AChE and BChE activities were measured at five different ATCh 
concentrations (up to 0.50 mM in the absence (v0) and presence 
(vi) of different hydrazone concentrations (i; final concentrations of 
5 − 300 µM, depending on the compound) needed to obtain 
20–80% inhibition of enzyme activity. At least three concentrations 
of inhibitors for each substrate concentration were used in at least 
three experiments. To calculate the enzyme-inhibitor dissociation 
constants (Ki), the Hunter–Downs equation and the linear regres-
sion analysis41 were used:
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where Ki,app stands for the apparent inhibition constant, and KS for 
enzyme–substrate dissociation constant. As relatively low substrate 
concentrations (up to 0.5 mM) were used in the experiments, the 
equation was used with the assumption that only the substrate 
binds to the catalytic anionic site (CAS), while the inhibitor can 
bind to both the CAS and peripheral anionic site (PAS). In the 
graphical presentation of the Hunter–Dawns equation, the linear 
dependence of Ki,app on the concentration of the substrate shows 
the competition of the inhibitor with the substrate for binding to 
the CAS of the enzyme (competitive type; c). In the case of 
non-competitive binding (n), when the inhibitor binds only to the 
PAS of the enzyme, Ki,app does not depend on the concentration of 
the substrate. The curve on the Hunter–Downs plot shows mixed 
inhibition (m) indicating that the inhibitor binds simultaneously to 
the CAS and PAS.

The final content of DMSO in measurements was up to 3%, and 
for inhibitory reactions containing more than 0.1% of DMSO and 
corrected for control reactions containing a corresponding concen-
tration of DMSO. No side interactions of the tested compounds 
with ATCh or DTNB were detected. Measurements were done at 
25 °C on a Tecan Infinite M200Pro (Tecan Austria GmbH, Salzburg, 
Austria) and SpectraMax iD3 plate reader (Molecular Devices, LLC, 
San Jose, California, USA) at the wavelength λ = 412 nm. For all cal-
culations, the statistical package GraphPadPrism 8 (Graph Pad Inc, 
San Diego, USA) was used.

Inhibition of BACE1 activity
Activity of BACE1 was determined using a slightly modified proce-
dure from BACE1 activity Detection Kit42 as described in a previous 
work43. All hydrazones were dissolved in DMSO (10 mM), and fur-
ther dilutions were done in FAB (fluorescence assay buffer). The 
ability of compounds to inhibit BACE1 activity was determined as 
a percentage from the ratio of fluorescence signals obtained from 
inhibition reaction (FAB, BACE1, substrate and tested hydrazones 

with final concentrations of 10 µM and 50 µM, respectively) and 
control reaction (FAB, BACE1 and substrate only). Non-enzymatic 
reactions (FAB, substrate and hydrazones) as well as blanks (FAB 
and substrate only) were also measured and subtracted from inhi-
bition and control reaction, respectively, to eliminate the potential 
influence of tested hydrazones alone and/or FAB on the intensity 
of the fluorescence signal. β-secretase Inhibitor III (EMD Millipore 
Corp., Billerica, MA, USA) (5 µM), used as a positive control, inhib-
ited up to 90% of BACE1 activity, which is in accordance with the 
manufacturer’s data44. After the initiation of the enzymatic reaction 
by addition of BACE1, fluorescence signal readouts were taken at 
room temperature (25 °C) at zero and two hours after incubation 
at 37 °C. All readouts were taken with a plate reader (Infinite 
M200PRO, Tecan Austria GmbH, Salzburg, Austria and SpectraMax 
iD3, Molecular Devices, LLC, San Jose, CA, USA) with excitation set 
to 320 nm and emission at 405 nm.

Inhibition of amyloid (Aβ42) self-aggregation
The ability of hydrazones to inhibit the self-aggregation of Aβ42 
peptides was measured using the Thioflavin T assay, based on 
monitoring the change in the fluorescence intensity of Thioflavin T 
(ThT)45. In the presence of compounds that have the ability to 
interfere with Aβ42 self-aggregation, a decrease in ThT fluores-
cence occurs46. A solution of Aβ42 peptides (final concentration 
8 µM) was incubated in the presence (inhibition reaction) and 
absence (control reaction) of the tested compounds (concentration 
ratio of Aβ42 peptides and tested compounds in inhibition reac-
tion was 1:1) for 24 h at 37 °C47,48. After initial incubation, freshly 
prepared ThT solution (50 mM glycine–NaOH buffer, pH 8.0) was 
added (final concentration 20 µM). Reaction mixtures were addi-
tionally incubated for 15 min at 25 °C before spectrofluorimetric 
reading. To determine the potential effect of solvents and com-
pounds on ThT fluorescence, ThT fluorescence was also measured 
alone with 1× PBS  +  NH4OH  +  DMSO (blank 1) and in the pres-
ence of tested compounds and 1× PBS  +  NH4OH only (blank 2). All 
control reactions contained DMSO in concentrations correspond-
ing to the final concentration of the tested compounds. The 
obtained data was used for background corrections of control and 
inhibition reactions, respectively. Along with hydrazones, the inhib-
itory potential of curcumin was also measured as a positive con-
trol49. Percentage of amyloid self-aggregation inhibition by 
hydrazones was calculated from a ratio of fluorescence signal of 
inhibition reaction and of control reaction.

All measurements were performed in 96-well black microplates 
and readouts were taken with a SpectraMax iD3 plate reader 
(Molecular Devices, LLC, San Jose, California, USA) with excitation 
set to 450 nm and emission at 490 nm wavelength.

Metal chelation
The ability of hydrazones to chelate iron, copper and zinc was 
tested using metal salts ZnCl2, CuCl2·2H2O and FeCl2·4H2O, accord-
ing to a previously published protocol50,51. Briefly, the absorption 
spectra of hydrazones (30 µM), metal salt (60 µM), and of the mix-
ture of hydrazones (30 µM) and metal salt (60 µM) were recorded 
at three time points (1, 30 and 60 min). Changes in the spectra of 
hydrazone–metal mixture, compared to the spectra of hydrazone 
and metal alone, indicated the formation of a hydrazone–biometal 
complex. Additional confirmation of complex formation was done 
by determining differential UV/VIS spectra as described earlier50,51. 
All spectra recordings and calculations were performed using a 
UV–Vis spectrophotometer (Cary 300 spectrophotometer Varian, 
Inc., Australia) as described earlier50,51.
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Antioxidant activity
The antioxidant power of the tested hydrazones was evaluated 
using the ferric reducing antioxidant power (FRAP) assay according 
to a slightly modified method by Benzie and Strain52,53. The 
water-soluble derivative of vitamin E (Trolox) and butylated hydroxy-
toluene (BHT) were used as standard antioxidants. The absorbance 
was read out at 593 nm using a microplate reader (SpectraMax iD3, 
Molecular Devices, LLC, San Jose, CA, USA). The reducing capacity 
was determined for 50 µM hydrazone, the concentration selected 
according to the value of Ki constants determined for AChE and 
BChE. All readouts were done against a blank and corrected for the 
value of absorbance of corresponding hydrazone alone. All mea-
surements were done in three independent experiments. FRAP val-
ues were calculated using a standard curve for Fe2SO4·7H2O.

Docking

For docking ligands into AChE and BChE, crystal structures of 
recombinant human AChE (PDB ID: 4EY4)54 and human BChE in 
the Apo state (PDB ID: 1P0I)55 were chosen as template structures 
and typical representatives of the crystal structures of the enzymes 
in question. The selected PDB structures are optimal since a flexi-
ble docking procedure was used where residues freely rotate and 
numerous different enzyme conformations are generated prior to 
the docking of compounds. The flexible Docking protocol was 
used as described earlier56. Ligands were minimised and prepared 
utilising the corresponding protocols implemented in Biovia 
Discovery Studio Client v21. (Dassault Systèmes, Vélizy-Villacoublay, 
France). For more details, the reader is referred to SI.

ADME properties

In silico prediction of blood–brain barrier penetration
The potential of all hydrazones to passively cross the blood–brain 
barrier (BBB) after oral intake was evaluated based on the values 
of in silico determined molecular descriptors: the calculated loga-
rithm of the octanol/water partition coefficient (logP), the molecu-
lar weight of hydrazone molecule (MW), the polar surface area 
(PSA), the number of hydrogen bond donors (HBD), the number of 
hydrogen bond acceptors (HBA) and the number of rotatable 
bonds (RB). All data were determined using the Chemicalize 2018 
platform57 and compared to recommended physicochemical prop-
erties for successful central nervous system drugs58.

In silico evaluation of human intestine absorption
The human intestinal absorption prediction was done using the 
pkCSM online platform59, which discriminates between intestinally 
well-absorbed and poorly absorbed molecules. This prediction is 
based on the lipophilicity of chemicals, evaluated from a 
partition-coefficient (LogP) value calculated according to the 
Wildman–Crippen method (WLogP) and their polarity, determined 
by a calculated topological polar surface area (tPSA) value59.

Metabolic stability
As a measure of metabolic stability of hydrazones in human liver 
microsomes, in vivo determined hepatic clearance (% LBF) and cor-
responding clearance classification were used. The source of human 
microsomes was a commercial product that provides the best rep-
resentation of an “average patient” fully characterised for many 
important cytochrome P450, UGTs and other enzymes. According 

to that classification, compounds with an LBF lower than 30% are 
classified as compounds with high, 30–70% as moderate and those 
>70% as compounds with low metabolic stability60.

In silico evaluation of cytochrome P-450 sub-types inhibition
To additionally elucidate the ability of compounds to affect the 
drug metabolism through their interaction with cytochrome P450 
enzyme superfamily, prediction of compounds’ ability to inhibit 
CYP450 family was estimated in silico using online platform pkCSM. 
Models for different P450 isoforms (CYP1A2, CYP2C19, CYP2C9, 
CYP2D6 and CYP3A4) were built using data from 18000 com-
pounds whose ability to inhibit CYP P450 has been experimentally 
determined61.

Results and discussion

Synthesis

In this paper, four hydrazone derivatives of pyridoxal (1−4) and 
four hydrazone derivatives (5−8) of pyridine-4-carbaldehyde were 
prepared (Table 1) by conventional synthesis and MW synthesis in 
order to determine whether the compounds can be prepared over 
a shorter time and with higher yields. The yields obtained ranged 
11–98%, depending on the compounds and the method used. 
(Table 1).

Generally, yields for 1–4 obtained by both conventional and 
MW synthesis (in EtOH and acetone) were very close. A slightly 
higher yield by MW route in EtOH compared to the conventional 
route and MW synthesis in acetone was observed for 4. Although 
the yields were fairly similar, the MW synthesis can be the route of 
choice because the reaction time was reduced from 3 h for con-
ventional synthesis to only 5 min needed for synthesis using a 
microwave reactor. Contrary to this, yields for 5–8, the hydrazone 
derivatives of pyridine-4-carbaldehyde, obtained in acetone using 
a microwave reactor were much lower (14–24%) compared to con-
ventional synthesis (77–93%). The exception was 6, with a –NO2 
group on the phenylhydrazone moiety, which was obtained in 
higher yield in the MW synthesis (71% in EtOH and 63% in ace-
tone) compared to conventional synthesis (55%). It was observed 
that the yields in MW synthesis were lower for all compounds 
when acetone was used compared to ethanol, which is in accor-
dance with the fact that acetone is a medium microwave absorb-
ing solvent compared to the highly absorbing ethanol. The 
structures of the 1−8 were confirmed on the basis of 1H and 13C 
one- and two-dimensional spectra and MS spectra in our previ-
ous work62.

Eight N-acylhydrazone derivatives of pyridoxal (9−16) were suc-
cessfully prepared by conventional synthesis in high yields ranging 
from 80 to 98%, therefore an MW-assisted synthetic route was not 
performed (Table 1). N-acylhydrazones (9−16) were characterised 
using 1D and 2DNMR spectroscopy. The cross signals obtained by 
the HMBC NMR technique confirmed the desired structure of the 
compounds in the DMSO-d6 solution. All of the recorded spectra, the 
numbering schemes of the atoms and the tables of chemical shifts, 
multiplicities and coupling constants are given in Supplementary 
Information (Scheme S1, Tables S1−S3, and Figures S1–S36).

Inhibition of cholinesterases

Fifteen compounds were tested for their ability to inhibit the 
action of AChE and BChE. Compound 6 (hydrazone derivative of 
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pyridine-4-carbaldehyde and 2,4-dinitrophenylhydrazine) was not 
tested due to its poor solubility and very fast precipitation in 
water containing medium. The tested compounds were divided 
into three groups: the first group consisting of four derivatives of 
pyridoxal and the second of three pyridine-4-carbaldehyde deriva-
tives, while the third group consisted of eight N-acylhydrazone 
derivatives of pyridoxal.

Generally, all of the tested compounds reversibly inhibited both 
cholinesterases, AChE and BChE, in micromolar range with inhibi-
tion constants (Ki) ranging from 10 to 301 µM (Table 2).

As for AChE, the hydrazones derived from pyridoxal-inhibited 
AChE, with inhibition constants (Ki) ranging from 16 to 77 µM, 
were generally more potent inhibitors compared to the hydra-
zones derived from pyridine-4-carbaldehyde and all of the tested 
N-acylhydrazones which inhibited AChE with a Ki ranging from 155 
to 301 µM, and 89 to 199 µM, respectively. The most potent inhib-
itor was 2, a hydrazone derivative of pyridoxal and 
2,4-dinitrophenylamine, with Ki  =  16 µM, which was about 5 times 
more potent compared to 1. Compared to Donepezil and 
Galantamine, drugs used today for the treatment of AD, com-
pound 2 was 670 and 31 times, respectively, a less potent inhibi-
tor of AChE. The difference in inhibition potency between 

compound 1 and 2 is a result of the different accommodation of 
the said compounds in the AChE active site which we assessed 
using molecular docking (Figure 1). Compound 1 was predicted to 
accommodate in the catalytic site and is well-stabilised by electro-
static interaction with Glu202, an amino acid located next to the 
catalytic Ser203, and multiple hydrogen bonds and electrostatic 
ᴨ-cation and ᴨ-anion interactions with surrounding amino acid 
residues. On the contrary, 2 partially occupied the catalytic and 
peripheral site, but achieved a significantly higher number of 
interactions with PAS (Tables S4 and S5). A list of all of the inter-
actions between the tested compounds 1–16 and AChE is dis-
played in Tables S4–S19.

Among the hydrazones derived from pyridine-4-carbaldehyde, 
the most potent AChE inhibitor was 8, with 4-fluorophenylamine. 
Although each of the two groups were represented by a small 
number of compounds, a certain trend in inhibition potency could 
be observed. For both groups of hydrazones, the introduction of a 
substituent on the phenylhydrazone part of the molecule increased 
the inhibition power of the molecule compared to its unsubsti-
tuted analogues, 1 and 5.

Additionally, it seems that an increase in the volume of the 
electron withdrawing group followed the increase in inhibition 
potency. In the group of N-acylhydrazones, a similar effect of the 
introduction of substituents on the inhibition potential was 
observed, although more discrete than in the previous two groups 
of hydrazones. From that group of compounds, the most potent 
inhibitor was 12, a 4-chlorohydrazone derivative of pyridoxal, 
which was twice more potent than its parent 9. Additionally, the 
introduction of nicotinic or isonicotinic moiety in the structure of 
N-acylhdrazones, as it is in 15 and 16, did not have any noticeable 
effect on their inhibition potency compared to other 
N-acylhydrazones in the group. The inhibition potency of the 
N-acylhydrazones tested here was about two orders of magnitude 
less potent compared to the hydrazone derivatives of 
3-chlorobenzohydrazide64.

To evaluate the ability of compounds to prevent the formation 
of the stable AChE-Aß complex through interactions with amino 
acids from the AChE PAS and form toxic Aß peptide aggregates, 
compounds which displayed non-competitive or mixed inhibition 
were singled out (Table 2). Most of the tested compounds inhib-
ited AChE, displaying non-competitive and mixed inhibition with-
out clear connections with their structure. A non-competitive 
inhibition was displayed by 2, 7 and 8, while compounds 1, 3–5, 
10 and 12 exhibited mixed inhibition. In line with that, docking 
results supported our kinetic results in terms of accommodation of 
the compounds into the AChE active site gorge and formation of 
favourable interactions with amino acids from CAS and PAS. 
However, the purpose of the molecular modelling tools used in 
this work was to provide an explanation for the observed kinetic 
differences among the tested compounds by illustrating binding 
modes and predicting nonbinding interactions of the compounds 
of interest, for which flexible molecular docking was used. In order 
to obtain more information about the mechanisms of action of 
the tested hydrazones and cholinesterases, it is necessary to apply 
more detailed in silico methods, including molecular dynamics sim-
ulations or density functional theory calculations65,66.

Inhibition of BChE was determined for 14 compounds with 
inhibition constants ranging from 10 to 254 µM, among which 
compound 1 was the most potent inhibitor of BChE. Compared to 
Donepezil and Galantamine, 1 was 4 and 9 times less potent in 
inhibiting BChE, respectively. As inhibition by the highest concen-
tration of 2 used in the assay (100 µM) was lower than 20%, and 
due to its precipitation in reaction medium, its inhibition constant 

Table 1. Y ields (%) obtained for the prepared compounds (1−16) in conven-
tional and microwave-assisted synthesis (MW).

Compound
Conventional 

synthesis
MW synthesis in 

EtOH
MW synthesis in 

acetone

1 78 69 60
2 78 79 63
3 66 73 62
4 74 88 71
5 93 35 24
6 55 71 63
7 77 14 11
8 77 24 14
9 97 – –
10 90 – –
11 90 – –
12 80 – –
13 95 – –
14 98 – –
15 94 – –
16 95 – –

Table 2. R eversible inhibition of hAChErec and hBChE by hydrazones.

Compound

AChE BChE

Ki(AChE)/Ki(BChE)Ki/µM Ki/µM

1 77 ± 9 (m) 10 ± 2 7.7
2 16 ± 1 (n) n.d. –
3 59 ± 6 (m) 87 ± 13 0.68
4 38 ± 5 (m) 25 ± 5 1.5
5 301 ± 34 (m) 32 ± 7 9.4
7 211 ± 23 (n) 254 ± 59 0.83
8 155 ± 12 (n) 51 ± 11 3.0
9 199 ± 17 (c) 135 ± 7 1.5
10 131 ± 13 (m) 121 ± 4 1.1
11 126 ± 1 (c) 58 ± 2 2.2
12 89 ± 5 (m) 68 ± 3 1.3
13 102 ± 3 (c) 38 ± 6 2.7
14 192 ± 12 (c) 90 ± 9 2.1
15 120 ± 8 (c) 98 ± 7 1.2
16 144 ± 6 (c) 63 ± 3 2.3
Galantamine63 0.52 ± 0.03 1.08 ± 0.08 0.48
Donepezil63 0.024 ± 0.007 2.33 ± 0.73 0.010

All data were obtained from at least three experiments.
n.d. not determined; c, n and m stands for competitive, non-competitive and 

mixed type of inhibition, respectively.
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was not determined. Contrary to AChE, no significant difference in 
inhibition potency between the two groups of hydrazone deriva-
tives was observed. Nevertheless, the results showed that the 
most potent inhibitors from each group were compounds without 
a substitution on the phenylhydrazone part of the molecule (1 
and 5), while compounds with fluorine on the phenylhydrazone 
part of the molecule (3 and 7) were the least potent, suggesting 
that the addition of electron withdrawing groups can cause a 
decrease in inhibition potency towards BChE. Compound 1 is pre-
dicted to be well stabilised with half a dozen conventional hydro-
gen bonds with surrounding water molecules and catalytic site 
amino acids, including both Ser198 and His438 from catalytic triad, 
compared to 3 which is bound more loosely with a smaller num-
ber of interactions, especially in the choline binding site (Figure 2; 
Tables S20 and S22).

Unlike the hydrazone groups, the inhibition potency of 
N-acylhydrazones increased with the addition of halogen substitu-
ents in the benzohydrazyde part of the molecule (11–13) com-
pared to their unsubstituted analogue, 9. Moreover, it seems that 
the inhibition of BChE by N-acylhydrazones was affected by the 
electronegativity of the substituent on the benzohydrazide part of 
the molecule, as the most potent inhibitor was the compound 
with an electron donating methyl group (13), while the addition 
of a strongly electron withdrawing—NO2 group (10) did not affect 
the inhibition potency compared to the unsubstituted 9. This 
agrees with an almost twofold increase in the number of 
non-bonding interactions of N-acylhydrazone 13 compared to 

N-acylhydrazones 9 and 10, with most of the additional interac-
tions being of hydrophobic-(π)-alkyl type and occurring through 
the methyl-substituted benzohydrazide part of the molecule 
(Figure 3, Tables S28, S29 and S32). A list of all of the interactions 
between tested compounds 1–16 and BChE is displayed in Tables 
S20–S35.

It can be noticed that the addition of a hydroxyl group (14) or 
introduction of nicotinic (15) or isonicotinic (16) moiety in the 
molecule caused a small, but noticeable increase of inhibition 
potency compared to 9.

According to recent studies on the pathophysiology of AD and 
development of drugs, compounds that are non-selective or even 
selective to BChE could be more effective in the treatment of mid-
dle and final stages of disease, in line with studies which showed 
that, with the progression of the disease, BChE activity increases, 
while that of AChE decreases67. In our paper, 1 and 5 (both with 
an unsubstituted phenylamino part of the molecule) were about 8 
times more selective to BChE. The rest of the compounds were up 
to three times more selective to one of the cholinesterases. 
Interestingly, compounds with fluorine (3 and 7) showed only a 
slight preference towards AChE.

Inhibition of BACE1

As inhibition of BACE1 represents a possible strategy for treatment 
of Alzheimer’s disease, we tested the ability of compounds to 

Figure 1. C omplex of AChE and 1 (carbon atoms and interactions in blue) and 2 (carbon atoms and interactions in red).
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inhibit its action. As a measure of inhibition potency, the percent-
age of inhibition of BACE1 by 10 and 50 µM of compounds was 
used (Figure 4). Concentrations were selected based on results of 
cholinesterase inhibition and corresponded to the determined Ki 
constants, also keeping in mind the solubility of the compounds.

Our results showed that all of the tested compounds inhibited 
activity of BACE1 at both concentrations by 10–69%. Only com-
pounds 15 and 16 inhibited BACE1 less than 10% at 10 µM. 
Although some of these percentages are high, from the viewpoint 
of developing drugs for the central nervous system, what interests 
us the most are compounds that inhibit BACE1 activity by less 
than 50%. This is because studies on BACE1 involvement in 
Alzheimer’s disease and results of clinical trials on drugs targeting 
primarily BACE1, showed that inhibition lower than 50%, as is the 
case for naturally occurring Icelandic APP mutation, can provide 
protection against AD without unwanted side effects in the ner-
vous system36,68,69. Percentages of inhibition by 10 µM compounds 
meet that criterion, as do most of the compounds at 50 µM. The 
only exception was 2, a derivative of pyridoxal and 
2,4-dinitrophenylhydrazine, which inhibited BACE1 by 69% at the 
50 µM concentration and could therefore be expected to cause 
side effects related to BACE1inhibition.

Inhibition of amyloid self-aggregation

All hydrazones, except for compound 6, were tested to evaluate 
their potential to inhibit self-aggregation of Aβ42 peptides. All 15 
compounds inhibited aggregation of Aβ42 peptides by 11–37% 
(Figure 5). The most potent inhibitors were N-acylhydrazones 10, 
12 and 14, which inhibited amyloid aggregation about 36%, fol-
lowed by 3 and 11 with about 30% of inhibition of amyloid 

self-aggregation. Those compounds were about 1.5 less potent 
than curcumin, which was used as a positive control. Less than 
10% of inhibition was seen only in 7. The inhibition percentages of 
the tested hydrazones are comparable with the IC50 values obtained 
for 1,4-substituted 4-(1H)-pyridylene-hydrazone-type of inhibitors of 
fibril building20, pointing to the importance of hydrazine moiety in 
inhibition of amyloid-β aggregation or fibril destruction.

In vitro antioxidant potential of hydrazones
The reducing capacity of newly-synthesised hydrazone derivatives 
was expressed as FRAP value, as presented in Figure 6. Generally, 
all compounds were very good reductants comparable to that of 
standard antioxidants Trolox and BHT. Most of the compounds 
showed better or similar reducing ability to that of BHT, while 7 
compounds (1, 3, 4, 5, 7, 8, 10) showed better reducing ability 
compared to Trolox. Hydrazone derivatives of pyridoxal and 
pyridine-4-carbaldehyde were generally very potent antioxidants, 
of which compounds 1, 3 and 4 were two times more potent than 
Trolox. The only exception was compound 2 with an NO2-substitued 
phenylhydrazone group, which was less potent than Trolox. When 
it comes to N-acylhydrazone derivatives, only compound 10 had a 
greater reducing ability compared to Trolox and BHT.

Metal chelation study

The ability of all of the hydrazones to chelate biometal ions Fe2+, 
Zn2+ and Cu2+ was tested. Only compound 6 was not tested due 
to its poor solubility in assay conditions. The absorbance spectra 
of hydrazones and biometals mixture were recorded at 1, 30 and 
60 min after mixing. The spectra recorded after a 30 min 

Figure 2. C omplex of BChE and 1 (carbon atoms and interactions in blue) and 3 (carbon atoms and interactions in red).
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incubation period (Figure 7(A)) were chosen for differential spectra 
analysis (Figure 7(B)), as after 30 min the spectra of the hydrazone–
metal mixture did not change. Differential spectra confirmed the 
chelating ability of hydrazone (Figures S37–S39).

For all of the hydrazone and biometal mixtures, changes in the 
spectra-like shifts of peaks in absorption spectra or intensity of 
absorption of hydrazone–metal mixtures compared to the spectra 
of hydrazones were observed, which is evidence of the formation 
of a metal–hydrazone complex51.

ADME properties

Ability to cross the BBB
The ability of all of the tested hydrazones to cross the BBB by 
passive transport was estimated by comparing the calculated val-
ues of six physicochemical descriptors of compounds (Table S36) 
with recommended values obtained for known central nervous 
system (CNS)-active drugs57,70–72. CNS-active drugs generally have a 
molecular weight lower than 500 g mol−1, moderate hydrophobic-
ity (logP < 5), less than five hydrogen bonds donors (HBD), less 

Figure 3. C omplex of BChE and 9 (carbon atoms and interactions in blue), 10 (carbon atoms and interactions in red) and 13 (carbon atoms and interactions in green).

Figure 4.  Inhibition of BACE1 activity.
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than five hydrogen bond acceptors (HBA), and less than ten rotat-
able bonds (RB) and are less polar (polar surface area (PSA)  <  90 
Å2) than drugs that are not active in the CNS. For six hydrazones 
(1, 3, 4, 5, 7 and 8), the in silico determined physicochemical 
descriptors were in the range of the upper recommended values 
(Figure 8), based on which it was estimated that they should be 
able to pass the BBB. Although hydrazones 9 and 11 have a larger 
PSA compared to the recommended value, it can be expected that 
these compounds would be able to pass the BBB since according 
to the literature, compounds that violate only one of the six phys-
icochemical properties, could cross the BBB57,72. Compounds 2, 10 
and 13–16 had two descriptors outside of the recommended 
value and it is not likely that they would cross the BBB by passive 
transport.

Evaluation of human intestine absorption
The percentage of hydrazones that would be absorbed through 
the human intestine was estimated in silico using the pkCSM pre-
diction model. According to the model, with the absorption per-
centage in the range between 72 and 93 (Table S37), all of the 

compounds would likely be very well-absorbed in the human 
intestines.

Metabolic stability
To determine whether and how fast the compound of interest is 
metabolised, a metabolic stability of compounds 1, 2, 4, 5, 8 and 
12, selected based on their high ability to inhibit the action of 
AChE, BChE, and BACE1, was determined in vitro in human liver 
microsomes (Table 3). According to the values of LBF clearance, 
the selected hydrazones are moderate or high metabolic stable 
compounds, which indicates their good bioavailability.

Inhibition of cytochrome P450 enzymes
Since microsomal CYP450 enzymes catalyse oxidative biotransfor-
mation of xenobiotics to facilitate their excretion, inhibition of 
P450 leads to toxic or other unwanted adverse effects. In silico pre-
diction of P450 sub-types (CYP1A2, CYP2C19, CYP2C9, CYP2D6 and 
CYP3A4) inhibition (Table S36) showed that majority of com-
pounds do not inhibit CYP enzymes. The exception was CYP1A2, 
which was estimated to be inhibited by as many as seven out of 
a total of 16 tested compounds.

Figure 5.  Inhibition of Aβ42 self-aggregation.

Figure 6. T he FRAP values. Columns denote FRAP values for a 50 µM compound.
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Conclusion

We have shown that hydrazone derivatives of vitamin B6 and 
pyridine-4-carbaldehyde are very promising molecules for the 
development of multi-target AD drugs targeting AChE and BChE, 
the enzymes involved in maintaining acetylcholine levels in the 

brain as a prerequisite action for the symptomatic treatment of 
AD, and simultaneously acting against the mechanisms involved in 
onset and progression of the disease by inhibition of BACE1, one 
of the regulatory enzymes involved in the accumulation of β- 
amyloid plaques, and inhibition of self-aggregation of β-amyloid 
fibrils itself. The additional beneficial action of our hydrazone 

Figure 7. U V–VIS spectra of 2 (purple) and after mixing with Cu2+ (green), Zn2+ (blue) and Fe2+ (red) (panel A). The differential spectra of 2-Cu2+ (green), 2-Zn2+ (blue) 
and 2-Fe2+ complexes (red) (panel B).

Figure 8. R adar plot of physicochemical properties (molecular weight (MW), lipophilicity coefficient (logP), number of hydrogen bonds donors (HBD) and acceptors 
(HBA), number of rotatable bonds (RB), polar surface area (PSA) of the tested hydrazones. The recommended values for the CNS-active drugs are presented by a red 
line.
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derivatives is their ability to provide an effective defence against 
oxidative stress and maintain the redox balance by chelating metal 
ions Fe(II), Cu(II) and Zn(II), and through their significant antioxi-
dant power equally or even more potent as that of standard anti-
oxidants. All of the compounds possessed at least four favourable 
activities against different causative mechanisms which they 
exerted in comparable concentration ranges. In addition, most of 
the compounds displayed a type of reversible inhibition that 
included interactions with AChE PAS suggesting that those com-
pounds could be able to prevent the formation of neurotoxic 
AChE–Aß complexes. This study singled out two compounds as 
the most promising multi-target drugs differing in selectivity 
towards cholinesterases: 1 as butyrylcholinesterase-selective and 4 
as a non-selective cholinesterase inhibitor, but all with high inhibi-
tion potency towards BACE1, ability to inhibit amyloid-β 
self-aggregation, to chelate all three metal cations and high ability 
to act as antioxidants. An in vitro assessment of the possibility of 
passing through the blood–brain barrier and good intestinal per-
meability also spoke in support of this. Additionally, the metabolic 
stability of those compounds should allow them to achieve and 
maintain sufficient concentrations at their sites of action and to be 
slowly removed from the body. The fact that these compounds 
can be successfully synthesised in conventional and environmen-
tally friendly ways highlights them, especially given their structural 
scaffold, as good models for structural and functional refinement 
in terms of multi-target drug development.
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