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a b s t r a c t 

A new series of 6–chloro- N ’-(substituted benzylidene)nicotinohydrazide were synthesized via condensa- 

tion reactions between the corresponding hydrazides and aldehydes . All compounds were tested for their 

AChE and BuChE inhibitory activity. Compounds P5, P7, P9, P10 and P12 exhibited significant AChE in- 

hibition potencies. Among them, compound P5 having para nitro substituent was found to be the most 

effective derivative against AChE with an IC 50 value of 0.027 ± 0.001 μM. After that, the BACE-1 and 

beta-amyloid plaque inhibitory potencies of selected compounds P5, P7, P9, P10 and P12 were evalu- 

ated. Among them, compound P5 displayed the highest inhibition rate against the BACE-1 enzyme and 

beta-amyloid plaque. Molecular docking studies were carried out using both AChE and BACE-1 crystals 

to determine the compound’s interactions with the enzyme’s active sites. Furthermore, we evaluated the 

ADMET properties of compounds and their blood–brain barrier (BBB) permeation was also found to be 

high. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Alzheimer’s disease (AD) is a genetic and sporadic neurodegen- 

rative illness characterized by cognitive impairments in expressive 

peech, visuospatial processing and executive (mental agility) func- 

ions [1] . The prevalence of AD estimates 10–30% in the population 

 65 years of age with an incidence of 1–3% [2] . The most impor-

ant changes detected in the pathogenesis of AD are senile plaques 

omposed of extracellular deposits of amyloid- β (A β), neurofibril- 

ary tangles formed by tau protein accumulation and reactive glial- 

icroglial changes [ 3 , 4 ]. 

The cholinergic deficits in AD is one the major pathogenesis 

ause leading to learning and memory loss [5] . Acetylcholine is 

roken down or hydrolyzed by the AChE into choline and acetic 

cid [6] . This is a critical way for the synaptic transmission and 

reventing continuous nerve firings at nerve endings [7] . AChE in- 

ibitors are one of the most important approaches in the treat- 
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ent of AD by increasing synaptic levels of acetylcholine [ 8 , 9 ].

here are a limited number of drugs approved for the treatment of 

D by the FDA, such as donepezil, galantamine, and rivastigmine 

10] . The development of new AChE inhibitors is an immediate ne- 

essity. 

One of the AD pathologies is the abnormal deposition of pro- 

eins inside and outside of brain cells [11] . Abnormal accumulation 

f amyloid forms toxic A β aggregates, leading to the formation of 

enile plaques and neurofibrillary tangles, two of the pathological 

eatures of AD [12] . 

Amyloid β (A β) accumulation results from the abnormal pro- 

essing by α-secretase, β-secretase (BACE1) and γ -secretase en- 

ymes [ 13 , 14 ]. A β deposition can be prevented by BACE1 inhibition

15] . BACE1 is the main drug target for inhibition of A β produc- 

ion in AD. Recent findings revealed that AChE is associated with 

iffuse pre-amyloid deposits and mature amyloid plaques in an AD 

atient’s brain. It also induces A β fibrillogenesis through the for- 

ation of stable A β-AChE complexes. Neurons treated with these 

omplexes show a more impaired appearance compared to neu- 

ons treated with A β alone [16] . Therefore, having both AChE and 

https://doi.org/10.1016/j.molstruc.2022.133441
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ACE1 inhibitory properties while designing drugs is an important 

pproach for the treatment of AD. 

Nitrogen-containing heterocyclic structures have a wide range 

f biological activities [17] . A large number of highly active com- 

ounds bearing a pyridine ring are available for the treatment of 

D in the literature [18–20] . On the other hand, hydrazone struc- 

ures demonstrated good AChE inhibitory activity [21–23] . Because 

ydrazone structure can interact with target enzymes and recep- 

ors by having both nucleophilic and electrophilic properties with 

ts unique -C 

= N 

–NH- pharmacophore group [24] . 

The crystal structure of AChE reveals that it has a peripheral 

nionic domain (PAS) and a catalytic active site (CAS) [25] . Studies 

howed that AChE inhibitors must include the following structural 

equirements. (i) A ring system that can interact with PAS, (ii) a 

asic center that can bind to CAS, and (iii) a linker such as -O-, 

H 2 , CONH, and CONH(CH 2 )n that acts as a bridge between this 

ing system and the basic center [26] . 

Donepezil molecule consists of three different parts: an aro- 

atic system, a linker and a basic center [ 27 , 28 ]. In this study, the

yridine ring (a six-membered heteroaromatic ring) bearing chloro 

ubstituent was chosen as the aromatic ring system instead of an 

ndanone core ring in donepezil. As the linker, the hydrazone struc- 

ure was preferred instead of the methylene residue in donepezil. 

hus, the designed molecule had the flexibility and the ability to 

ake additional hydrogen bonds with AChE due to the hydrazone 

tructure. The benzylidenehydrazine moiety was preferred as the 

asic center instead of the benzylpiperidine ring in donepezil. In 

ddition, different substituents on this benzylidenehydrazine group 

ere considered to compare the effect of electron-donating or 

ithdrawing groups on the activity. Taking these facts into ac- 

ount, we designed new hydrazone derivatives bearing pyridine 

ing and investigated their cholinesterase, β-secretase and beta 

myloid plaque inhibitory activity against AD ( Fig. 1 ). 

. Result and discussion 

.1. Chemistry 

Hydrazone derivatives were obtained according to the synthe- 

is pathway given in Scheme 1 . Firstly, 6-chloronicotinohydrazide 

as prepared by reflux of ethanolic solutions of methyl 6- 

hloropyridine-3-carboxylate and hydrazine monohydrate. Hy- 

razide compound was reacted with substituted benzaldehyde 

erivatives by heating in order to get target compounds ( P1 - P12 ). 

he structures of synthesized compounds were proved by using 

R, 1 H NMR, 13 C NMR and elemental analysis. 

In the IR spectrum, the band at 3144–3419 cm 

−1 was assigned 

o the N 

–H stretching mode of the hydrazone group. In addi- 

ion, the bands corresponding to the C 

= O and C 

= N stretching 

odes were observed in the range of 1633–1697 cm 

−1 and 1599–

640 cm 

−1 , respectively. In the 1 H NMR spectrum, ortho, meta and 

ara protons belonging to the pyridine ring were detected sepa- 

ately. The hydrogen atoms at the meta position in pyridine res- 

nated as a doublet peak at 7.60–7.72 ppm due to the shielded 

ffect. Hydrogen atoms at the para position are less affected and 

ecorded as a doublet at 8.27–8.33 ppm. The ortho protons of pyri- 

ine were also deshielded and found at 8.89–8.92 ppm because 

f the withdrawing properties of a nitrogen atom in the pyridine 

ing. The NH protons of hydrazone derivatives gave as singlet peak 

etween 8.32 ppm and 8.45 ppm. The proof for the formation of 

ydrazone compounds was that the peak of the azomethine pro- 

ons was observed at 11.78–12.36 ppm in the spectrum. In the 13 C 

MR spectrum, the characteristic azomethine (C 

= N) carbon of hy- 

razones and pyridine ring appeared at 149.13–149.98 and 152.63–

53.29 ppm, respectively. In addition, the carbonyl (C 

= O) peak of 

ydrazone compounds was detected at 160.01–160.86 ppm. 
2 
.2. Evaluation of biological activity studies 

.2.1. ChE enzymes inhibition 

The results of BChE enzyme activity revealed that all derivatives 

xcluding compounds P5, P7, P9, P10 and P12 had activity higher 

han 50% at 10 −3 M concentration (Supplementary File Table S1 ). 

ut, when the results of the activity at 10 −4 M concentration were 

nalyzed none of the synthesized compounds showed remarkable 

nhibition rates. When it was compared with the results obtained 

n the AChE enzyme inhibition test at these concentrations, almost 

ll of the compounds in the series showed more selective inhibi- 

ion against the AChE enzyme ( Table 1 -selectivity and selectivity 

ndex). The reference agent tacrine had inhibitory activity at the 

ate of 99.827 ± 1.378% and 98.651 ± 1.402% at 10 −3 and 10 −4 M 

oncentrations ( Table 1 ). 

It was observed from AChE enzyme inhibition results that all 

f the obtained compounds demonstrated a high rate of activity 

more than 50%) at 10 −3 M concentrations (Supplementary File Ta- 

le S1 ). Among the synthesized compounds, derivatives P3, P5 - P12 

isplayed a quite strong AChE enzyme inhibition profile by gener- 

ting at least 80% activity. Compounds P5, P7, P9, P10 and P12 

ere selected for the second stage of the enzyme activity test by 

aving higher than 50% inhibitory activity at 10 −4 M concentra- 

ion. Meanwhile, the reference drug donepezil had inhibitory ac- 

ivity at the rates of 99.254 ± 2.104% and 97.426 ± 1.890%, respec- 

ively at 10 −3 and 10 −4 concentrations. The further concentrations 

f the selected derivatives were prepared with serial dilutions for 

he second stage of the AChE enzyme inhibition assay ( Table 1 ). 

The IC 50 value of donepezil was found 0.021 ± 0.001 μM 

n AChE enzyme; while the IC 50 values of compounds P5, P7, 

9, P10 and P12 were found in the range of 0.027 ± 0.001 - 

.102 ± 0.004 μM. Among these compounds, compounds P5, P7, 

9 and P12 were found to have the strongest AChE inhibition with 

he lowest IC 50 value. The IC 50 values of compounds P5, P7, P9 

nd P12 were calculated as 0.027 ± 0.001 μM, 0.031 ± 0.001 μM, 

.037 ± 0.001 μM and 0.034 ± 0.001 μM, respectively ( Table 1 ). 

he compounds P7, P9 and P12 demonstrated an inhibition profile 

ith very close IC 50 values to that of donepezil. The compound P5 

as found to be the most effective agent in the series and it dis- 

layed potent inhibitory capability very similar to donepezil. 

.2.2. β-Secretase (BACE-1) enzyme inhibition 

The in vitro BACE-1 inhibitory potencies of selected compounds 

5, P7, P9, P10 and P12 , which were found to be the most 

ffective derivatives as a result of AChE inhibition assay, were 

valuated by means of commercial fluorometric assay kit (“Hu- 

an β-Secretase (BACE1) Inhibitor Screening Assay” kit (BioVi- 

ion, Milpitas, CA, USA)). Donepezil was used as the reference 

rug. The selected compounds and donepezil were used with the 

ame concentrations as in the AChE inhibition assay (10 −3 –10 −4 M) 

nd the kit protocol was applied as in the user guide. The IC 50 

alues of the selected compounds and donepezil were given in 

able 2 . According to the activity results, compound P5 showed 

he most potent BACE-1 enzyme inhibitory activity with the IC 50 

alue of 0.205 ± 0.008 μM. The IC 50 value of donepezil and 

erubecestat were calculated as follows: 0.170 ± 0.007 μM and 

.029 ± 0.001 μM, respectively. Consequently, it was found that 

erivative P5 had a similar level of BACE-1 inhibition potential 

ith donepezil. But it was seen that this derivative did not display 

nhibition profile as strong as BACE-1 inhibitor verbucestat. 

.2.3. Beta-amyloid 1–42 (A β42) inhibitor screening study 

In addition to the decrease in cholinergic transmission in 

lzheimer’s patients, amyloid plaque accumulation consisting of 

eta amyloid (A β) peptides can be considered among the impor- 

ant causes. In this study beta amyloid aggregation inhibition ac- 
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Fig. 1. The design of the synthesized compounds. 

Scheme 1. The synthetic route of hydrazone derivatives. Reagents: (i) hydrazine hydrate, ethanol; (ii) benzaldehyde derivatives, methanol. 
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ivities of compounds P5, P7, P9, P10 and P12 , which showed high 

nhibitory activity against the AChE enzyme were carried out us- 

ng the “Beta-Amyloid 1–42 (A β42) Ligand Screening Assay (Bio- 

ision, Milpitas, CA, USA)” kit based on the fluorometric method 

 29 , 30 ]. The test kit, based on the fluorometric method, was used

n accordance with the recommended procedure. If an A β42 ligand 

s present, this reaction is inhibited/destroyed, thereby reducing or 

ompletely eliminating fluorescence. Curcumin and donepezil were 

sed as reference drugs. Beta-amyloid plaque inhibition profiles 
3 
ere examined by preparing reference drugs and compounds P5, 

7, P9, P10 and P12 at 10 μM, 1 μM, 0.1 μM and 0.01 μM concen-

rations. All test compound concentrations were applied in quadru- 

licate on the plates. When the kit protocol was completed, the% 

nhibition ratios of curcumin, donepezil and test compounds were 

alculated based on the control group. The percent inhibitions of 

eta amyloid 1–42 (A β42) peptide aggregation were given in Fig. 2 . 

Curcumin displayed inhibition of 92.895 ± 2.310%, 

5.798 ± 2.107%, 44.740 ± 1.050% and 32.897 ± 0.970%; while, 
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Table 1 

% Inhibition and IC 50 values of the synthesized compounds, donepezil and tacrine against AChE and BChE. 

Compounds Human AChE% Inhibition ∗ AChE IC 50 (μM) Human BChE% Inhibition ∗ Selectivity SI ∗

10 −4 M 10 −4 M 

P1 47.452 ± 0.733 > 100 27.451 ± 0.648 AChE > 10 

P2 42.617 ± 0.641 > 100 25.124 ± 0.761 AChE > 10 

P3 45.194 ± 0.885 > 100 29.099 ± 0.723 AChE > 10 

P4 43.835 ± 0.692 > 100 30.634 ± 0.877 AChE > 10 

P5 95.067 ± 1.408 0.027 ± 0.001 41.661 ± 0.827 AChE > 3703 

P6 46.167 ± 0.830 > 100 31.149 ± 0.761 AChE > 10 

P7 92.434 ± 1.989 0.031 ± 0.001 40.424 ± 0.960 AChE > 3225 

P8 44.521 ± 0.722 > 100 29.610 ± 0.713 AChE > 10 

P9 90.548 ± 1.887 0.037 ± 0.001 42.180 ± 0.848 AChE > 2702 

P10 85.032 ± 1.133 0.102 ± 0.004 43.851 ± 0.702 AChE > 980 

P11 48.875 ± 0.958 > 100 27.588 ± 0.834 AChE > 10 

P12 91.247 ± 1.407 0.034 ± 0.001 40.908 ± 0.953 AChE > 2941 

Donepezil 97.426 ± 1.890 0.021 ± 0.001 – – –

Tacrine – – 98.651 ± 1.402 – –

SI ∗: Selectivity index (SI = IC 50 BChE/ IC 50 AChE). 
∗ Human acetylcholinesterase (CAS No: 90 0 0–81–1) and human butyrylcholinesterase (CAS No: 9001–08–5). 

Fig. 2. Beta amyloid plaque inhibition (%) of curcumin, donepezil and compounds P5 , P7 , P9 , P10 and P12 . 

Table 2 

The IC 50 values of compounds P5 , P7 , P9 , P10 and P12 against BACE-1. 

Compounds β-Secretase (BACE1) IC 50 (μM) 

P5 0.205 ± 0.008 

P 7 0.428 ± 0.016 

P9 0.742 ± 0.030 

P10 2.895 ± 0.103 

P12 0.698 ± 0.031 

Donepezil 0.170 ± 0.007 

Verubecestat 0.029 ± 0.001 

d
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onepezil had inhibition 95.467 ± 2.025%, 88.340 ± 2.237%, 

9.741 ± 1.033% and 52.488 ± 0.895% at 10 μM, 1 μM, 0.1 μM and 

.01 μM concentrations, respectively. More than 50% inhibition 

as seen in all tested compounds at concentrations of 10 μM and 

 μM. For 0.1 μM concentration, all obtained derivatives except 
4

or compound P10 showed more than 50% inhibitor activity. Also, 

nly compounds P5 and P7 were found to display more than 

0% inhibitor activity at 0.01 μM concentration. Corresponding to 

ig. 2 , compound P5 was determined to have the highest inhibi- 

ion rate among the tested derivatives. This compound showed 

nhibition at related concentrations as follows: 94.317 ± 2.632%, 

0.578 ± 2.017%, 63.471 ± 1.922% and 52.616 ± 1.236%, respec- 

ively. Also, it was seen that compound P5 displayed higher 

nhibition than curcumin; whereas it displayed an inhibition 

rofile at a similar rate with donepezil. 

These findings indicate that the related compounds have the 

bility to inhibit beta-amyloid plaque aggregation in varying pro- 

ortions in addition to their AChE enzyme inhibitory potentials. 

reventing the accumulation of beta amyloid plaque, which is one 

f the important causes of AD, will be accompanied by an increase 

n cholinergic activity with enzyme inhibition, and may show a 

tronger approach in the treatment of AD. 
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Table 3 

Calculated ADME parameters of compounds P1 - P12 . 

Compounds MW RB DM MV DHB AHB PSA logP logS PCaco logBB PMDCK PM %HOA VRF VRT 

P1 259.694 4 7.865 849.436 1 3.50 62.269 3.148 −3.928 1331.085 −0.378 1712.056 1 100 0 0 

P2 294.140 4 7.305 893.549 1 3.50 62.271 4.086 −4.472 1331.011 −0.223 4223.608 1 100 0 0 

P3 275.694 5 9.319 872.606 2 4.25 84.951 2.616 −4.102 400.952 −0.983 468.011 2 88.854 0 0 

P4 273.721 4 8.082 908.374 1 3.50 62.269 3.388 −4.846 1331.085 −0.403 1712.056 2 100 0 0 

P5 304.692 5 10.139 931.836 1 4.50 110.935 2.644 −4.518 136.807 −1.516 146.387 2 80.659 0 0 

P6 277.685 4 7.294 865.540 1 3.50 62.273 3.278 −4.124 1330.967 −0.271 3095.488 1 100 0 0 

P7 319.747 6 8.270 987.996 1 5.00 78.941 3.293 −4.474 1331.086 −0.526 1712.057 3 100 0 0 

P8 328.585 4 8.841 933.851 1 3.50 62.270 4.311 −5.258 1331.051 −0.093 8797.940 1 100 0 0 

P9 319.747 7 8.324 1014.580 2 5.00 92.247 2.965 −4.733 427.815 −1.185 501.992 3 91.402 0 0 

P10 317.731 5 5.336 1001.975 1 5.50 97.223 2.902 −4.791 419.272 −1.056 491.167 1 90.874 0 0 

P11 302.763 5 7.895 1016.485 1 4.50 64.925 3.688 −5.126 1331.084 −0.504 1712.054 2 100 0 0 

P12 305.720 6 8.535 942.229 2 5 92.765 2.631 −4.105 427.815 −1.036 501.992 3 89.446 0 0 
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.3. Prediction of physicochemical parameters 

A drug candidate compound must have acceptable physico- 

hemical and pharmacokinetic properties to be eligible for fur- 

her clinical testing. Estimates of the absorption, distribution, 

etabolism, excretion and toxicity (ADMET) allow early detection 

f problems related to the formulation, drug safety and prevent 

ncreased drug development costs or time [ 31 , 32 ]. Therefore, the 

valuation of the ADME properties is beneficial and important in 

he drug development process. 

A compound must cross the blood-brain barrier to be able to 

xhibit its AChE inhibitory activity [6] . The LogP and LogBB param- 

ters, calculated for this purpose and predicting blood brain barrier 

rossing, were within the accepted range for all compounds. 

The PCaco and PMDCK parameters play critical roles in the 

etermination of in vitro absorption. The PCaco and PMDCK val- 

es of compounds P3, P5, P9, P10 and P12 were within the rec- 

mmended limits. The druglikeness properties of the compounds, 

uch as Lipinski’s rule of five and Jorgensen’s rule of three, were 

lso evaluated. All compounds were in accordance with the ac- 

epted range and they did not show any violations. The calculated 

DME parameters of synthesized compounds were presented in 

able 3 . 

MW: Molecular weight RB: Number of rotatable bonds (rec- 

mmended value: 0–15) DM: Computed dipole moment (recom- 

ended value: 1–12.5) MV: Total solvent-accessible volume (rec- 

mmended value: 50 0–20 0 0) DHB: Estimated number of hy- 

rogen bond donors (recommended value: 0–6) AHB: Estimated 

umber of hydrogen bond acceptors (recommended value: 2–20) 

SA: Van der Waals surface area of polar nitrogen and oxygen 

toms and carbonyl carbon atoms (recommended value: 7–200) 

ogP: Predicted octanol/water partition coefficient (recommended 

alue: −2–6.5) logS: Predicted aqueous solubility (recommended 

alue: −6.5–0.5) PCaco: Predicted apparent Caco-2 cell perme- 

bility (recommended value: < 25 poor, > 500 great) logBB: Pre- 

icted brain/blood partition coefficient (recommended value: −3–

.2) PMDCK: Predicted apparent MDCK cell permeability (rec- 

mmended value: < 25 poor, > 500 great) PM: Number of likely 

etabolic reactions (recommended value: 1–8) %HOA: Predicted 

uman oral absorption percent (recommended value: > 80% is high, 

 25% is poor) VRF: Number of violations of Lipinski’s rule of five. 

he rules are: MW < 500, logP < 5, DHB ≤ 5, AHB ≤ 10, Positive 

SA value. VRT: Number of violations of Jorgensen’s rule of three. 

he three rules are: logS > −5.7, PCaco > 22 nm/s, PM < 7. 

Some adverse effects such as hepatotoxicity of AChE inhibitors 

sed in the clinic have been reported [10] . For example tacrine, 

he first approved AChE inhibitor, was withdrawn from use due to 

ts serious hepatotoxic adverse effects [33] . Therefore, the poten- 

ial cytotoxic activity of AChE inhibitors must be investigated. As 

 matter of fact, the mutagenic, tumorigenic, reproductive and ir- 

c

5 
itant effects of the synthesized compounds were evaluated by in 

ilico methods in this study. None of the synthesized compounds 

howed mutagenic, tumorigenic, reproductive and irritant effects 

compound P11 may only have tumorigenic activity). In addition, 

or the evaluation of drug efficacy and safety, the hERG Blockers 

nd H 

–HT parameters of synthesized compounds were assessed by 

n silico methods. The hERG plays a major role in the regulation of 

he exchange of cardiac action potential and resting potential. The 

 

–HT parameter also demonstrates the potential hepatotoxicity of 

ompounds. It was determined that all synthesized compounds did 

ot violate these hERG Blockers and H 

–HT parameters. It was also 

ound that the compounds did not have acute toxicity during oral 

dministration (Supplementary File Table S2 ). 

As a result of the ADMET and BBB permeability studies, the 

ynthesized compounds have good pharmacokinetic profiles and 

xhibit high BBB penetration that may be appropriate for clinical 

se in CNS disorders. 

.4. Evaluation of molecular docking studies 

.4.1. Molecular docking studies of AChE enzyme 

In order to determine the possible interactions of compounds 

5, P7, P9 and P12 with the enzyme active site, which had high 

ChE enzyme inhibition activity, docking studies were carried out 

n the crystal structure of the AChE enzyme (PDB Code: 4EY7) 

34] . 

When the AChE enzyme structure is examined, it is striking that 

t has two different binding sites: the catalytic site (CAS) and the 

eripheral anionic site (PAS). It has been reported that amino acids 

rp86, Gly122, Tyr130, Tyr133, Ser203, Glu334, Tyr337, Phe338 and 

is447 are effective in binding to the CAS region; while Tyr72, 

sp74, Tyr124, Trp286, Phe295 and Tyr341 amino acids are re- 

uired to bind to the PAS region [34–38] . It was determined in 

any modeling studies that donepezil interacted with both regions 

f the AChE enzyme and settled very well in the gorge with its 

ual binding side-DBS feature [39–41] . 

The rendered docking poses of the active agents P5, P7, P9 and 

12 were given in Figs. 3 and 4 . It was seen from these poses that

he related derivatives were settled in the gorge formed by both 

AS and PAS regions together and exerted their effects. Similar to 

he donepezil molecule, the related compounds interacted with the 

ouble binding sites (DBS) and settled on the active site of the en- 

yme ( Fig. 3 ). 

Molecular modeling studies on donepezil showed that the π- 

interaction between the indanone ring and the indole ring of 

rp286 amino acid was important for binding to the PAS region 

f the enzyme active site [ 34 , 39–41 ]. The fact that this interac-

ion was observed between Trp286 with 6-chloropyridine of com- 

ounds P5, P7, P9 and P12 in the experiments indicated that the 

hosen method and the path followed were correct in terms of the 
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Fig. 3. The superimposition pose of donepezil (black), compounds P5 (maroon), P7 (pink), P9 (gray) and P12 (orange) in the enzyme active site of AChE enzyme (PDB Code: 

4EY7). 

Fig. 4. The 3D interacting modes of compounds P5 (A), P7 (B), P9 (C) and P12 (D) in the active region of the AChE enzyme (PDB Code: 4EY7). Compounds P5 , P7 , P9 and 

P12 were shown in tube models and maroon, pink, gray and orange-colored, respectively. 

6 
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Fig. 5. The 3D interacting mode of compound P5 in the active region of BACE-1 enzyme (PDB Code: 5HU1). Compound P5 was shown in a tube model and maroon color. 
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7

ocking procedure. Another interaction related to the PAS region 

as detected between the carbonyl near to 6-chloropyridine ring 

nd the amine of Phe295 ( Fig. 4 - A, B, C, D ). All these observed

nteractions were very important as they showed that the related 

ompounds bind to the PAS region. 

When analyzing the docking poses ( Fig. 4 - A, B, C, D ) in terms

f the interactions related to the CAS region, similar common in- 

eractions were observed in all tested compounds. In compounds 

5, P7, P9 and P12 , the substituted phenyl ring near to hydrazine 

roup formed a π- π interaction with the phenyl of Phe338. Also, 

his phenyl ring in the derivatives P7, P9 and P12 created addi- 

ionally another π- π interaction with the imidazole of Hid447. The 

ain chemical structural difference of compounds P5, P7, P9 and 

12 was the various substituents of this phenyl ring. Compound 

5 had a nitro group at the 4th position of the phenyl and it was

een that it formed three cation- π interactions with the phenyl of 

yr337 and indole of Trp86 owing to its nitrogen atom. Derivatives 

7, P9 and P12 bore the substituents at the 3rd and 4th positions 

ifferent than that of compound P5 . Compound P7 had dimethoxy 

oiety; while compounds P9 and P12 had ethoxy/methoxy at the 

rd position and a hydroxyl group at the 4th position. The related 

ubstituents of three compounds were very convenient to form hy- 

rogen bonds by acting as a hydrogen acceptor and donor. It was 

etected from the docking poses that these substituents of com- 

ounds P7, P9 and P12 displayed the same hydrogen bonds. These 

ubstituents established three hydrogen bond formations with the 

mino of Gly122 and hydroxyl of Ser203. 

Consequently, molecular docking studies have shown that the 

ubstituents capable of formation of a hydrogen bond at the 3rd 

nd 4th positions of the phenyl ring in compounds P7, P9 and P12 

ontribute positively to enzyme activity. Moreover, the reason why 

ompound P5 was more active than compounds P7, P9 and P12 

as that it had additional interactions belonging to the nitro group 

t the para-position of the phenyl ring. According to the findings 

f the enzyme inhibition, the electron-withdrawing groups such as 

itro moiety was assumed to have contributed positively to en- 

yme inhibition ability on the AChE enzyme. 

C

7 
.4.2. Molecular docking studies of BACE-1 enzyme 

As mentioned in the BACE-1 inhibitory activity assay, com- 

ound P5 was found to be the most active agent in the selected 

ompounds on the BACE-1 enzyme. To further understand the 

inding mode of this derivative with BACE-1, the docking simu- 

ation study was performed using the X-ray crystal structure of 

ACE-1 (PDB: 5HU1) [ 42 , 43 ]. 

The docking results confirmed that the nitrogen atom of the 

itro group at the 4th position of the phenyl ring formed a hy- 

rogen bond with the hydroxyl of Asp93 at the central catalytic 

ite of BACE-1. Also, it was seen that compound P5 could occupy 

he contiguous S1 and S3 pockets ( Fig. 5 ). Moreover, the other hy-

rogen bond formations related to the oxygen atoms of the nitro 

roup were observed with the hydroxyl of Ser96 and nitrogen of 

he indole ring of Trp137. The last interactions were detected on 

he other end of the chemical structure. 6-Chloropyridine ring dis- 

layed a halogen bond with the amine of Asn294 owing to the 

hlorine atom. Also, the nitrogen atom of pyridine formed another 

ydrogen bond with the amine of Thr293. All obtained these in- 

eractions explained that compound P5 settle very properly in the 

ctive site of BACE-1 and why it showed significant in vitro enzyme 

nhibitory activity. 

. Experimental 

.1. Chemistry 

All chemicals were purchased from Sigma-Aldrich or Merck. 

elting points were determined on a Kleinfield SMP II appara- 

us and are uncorrected. Thin layer chromatography (TLC, Merck 

0 F254) on silica gel F254 (Merck) plates (0.25 mm thickness) 

as used to monitor the progress of the reaction. The IR spec- 

ra were recorded using a Shimadzu FTIR 8400S spectrometry. The 

MR spectra were recorded on a Bruker Fourier 300 (Bruker Bio- 

cience, Billerica, MA, USA), operating at 300 MHz ( 1 H NMR) and 

5 MHz ( 13 C NMR). Elemental analysis was performed on the Leco 

HNS-932 analyzer. 
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.1.1. General synthesis procedure for hydrazide compound 

Methyl 6-chloropyridine-3-carboxylate (0.01 mol) was taken 

nto a flask in 20 ml of ethanol. Hydrazine monohydrate (8 ml, 

8%) was added to the mixture and heated on a water bath for 6–

 h. After the completion of the reaction, the precipitate was sep- 

rated from the solution by filtration, dried and crystallized from 

ethanol [44] . 

Yield: 80%; m.p. 224–225 °C. IR ( ν , cm 

−1 ): 3446, 3196 (N 

–H),

061 (aromatic = C 

–H), 1651 (C 

= O), 1602 (C 

= N, pyridine), 1062 

aromatic C 

–Cl). 1 H NMR (300 MHz, DMSO–d 6 , ppm): δ 4.59 (s, 

H, NH 2 ), 7.65 (d, J = 8.1 Hz, 1H, pyridine meta proton), 8.21 (d,

 = 8.1 Hz, 1H, pyridine para proton), 8.80 (d, 1H, J = 2.4 Hz, pyri-

ine orto proton), 10.03 (s, 1H, NH). Anal. Calcd for C 6 H 6 ClN 3 O: C

2.00, H 3.52, N 24.49. Found: C 42.10, H 3.55, N 24.41%. 

.1.2. General synthesis procedure for hydrazone compounds (P1-P12) 

Hydrazide compound ( 6-chloronicotinohydrazide ) (1 mmol) and 

quimolar quantities of benzaldehyde derivatives (1 mmol) were 

aken into a round bottom flask. Methanol (15 ml) was added to 

he mixture and refluxed for 10–12 h. After controlling with TLC, 

he excess solvent was evaporated under vacuum, the residue was 

ashed with water and crystallized from ethanol [45] . 

N’-Benzylidene-6-chloronicotinohydrazide ( P1 ) 

Yield: 80%; m.p. 201.4–201.6 °C. IR ( ν , cm 

−1 ): 3352, 3190 (N 

–H),

020 (aromatic = C 

–H), 1645 (C 

= O), 1633 (C 

= N, hydrazone), 1602 

C 

= N, pyridine), 1097 (aromatic C 

–Cl). 1 H NMR (300 MHz, DMSO–

 6 , ppm): δ 7.42–7.77 (m, 6H, Ar-H), 8.33 (d, J = 8.4 Hz, 1H, pyri-

ine para proton), 8.45 (s, 1H, NH), 8.92 (d, 1H, J = 2.1 Hz, pyridine

rto proton), 12.07 (s, 1H, -N 

= CH). 13 C NMR (100 MHz, DMSO–

 6 , ppm): δ 123.67, 124.28, 126.86, 127.24, 128.56, 128.88, 130.35, 

34.00, 139.00, 148.72, 149.18 (C 

= N), 152.93 (C 

= N), 160.60 (C 

= O). 

nal. Calcd. for C 13 H 10 ClN 3 O: C 60.12, H 3.88, N 16.18. Found: C

0.10, H 3.90, N 16.25%. 

6-Chloro-N’-(4-chlorobenzylidene)nicotinohydrazide ( P2 ) 

Yield: 80%; m.p. 20 0.0–20 0.3 °C. IR ( ν , cm 

−1 ): 3144 (N 

–H),

003 (aromatic = C 

–H), 1697 (C 

= O), 1633 (C 

= N, hydrazone), 1606 

C 

= N, pyridine), 1057 (aromatic C 

–Cl). 1 H NMR (300 MHz, DMSO–

 6 , ppm): δ 7.53 (d, J = 8.7 Hz, 2H, Ar-H), 7.66 (d, J = 8.4 Hz,

H, pyridine meta proton), 7.77 (d, J = 8.7 Hz, 2H, Ar-H), 8.30 (d, 

 = 8.7 Hz, 1H, pyridine para proton), 8.42 (s, 1H, NH), 8.91 (d, 

H, J = 2.4 Hz, pyridine orto proton), 12.14 (s, 1H, -N 

= CH). 13 C

MR (100 MHz, DMSO–d 6 , ppm): δ 123.72, 124.30, 128.87, 128.99, 

30.01, 132.96, 134.80, 139.03, 140.76, 147.32, 149.22 (C 

= N), 152.99 

C 

= N), 160.64 (C 

= O). Anal. Calcd. for C 13 H 9 Cl 2 N 3 O: C 53.08, H

.08, N 14.29. Found: C 53.20, H 3.11, N 14.19%. 

6-Chloro-N’-(4-hydroxybenzylidene)nicotinohydrazide ( P3 ) 

Yield: 80%; m.p. 196.9–197.2 °C. IR ( ν , cm 

−1 ): 3524 (O 

–H), 3190

N 

–H), 3055 (aromatic = C 

–H), 1680 (C 

= O), 1620 (C 

= N, hydrazone),

599 (C 

= N, pyridine), 1303 (C 

–O), 1055 (aromatic C 

–Cl). 1 H NMR 

300 MHz, DMSO–d 6 , ppm): δ 6.83 (d, J = 8.4 Hz, 2H, Ar-H), 7.60

d, J = 8.7 Hz, 1H, pyridine meta proton), 7.69 (d, J = 8.4 Hz,

H, Ar-H), 8.30 (d, J = 8.7 Hz, 1H, pyridine para proton), 8.32 

s, 1H, NH), 8.89 (d, 1H, J = 2.4 Hz, pyridine orto proton), 10.01

s, 1H, OH), 11.87 (s, 1H, -N 

= CH). 13 C NMR (100 MHz, DMSO–

 6 , ppm): δ 115.74, 123.61, 124.22, 124.96, 128.74, 129.04, 138.91, 

40.74, 145.08, 149.09 (C 

= N), 152.76 (C 

= N), 160.24 (C 

= O). Anal. 

alcd. for C 13 H 10 ClN 3 O 2 : C 56.64, H 3.66, N 15.24. Found: C 56.79,

 3.64, N 15.33%. 

6-Chloro-N’-(4-methylbenzylidene)nicotinohydrazide ( P4 ) 

Yield: 80%; m.p. 192.8–193.4 °C. IR ( ν , cm 

−1 ): 3149 (N 

–H), 

030 (aromatic = C 

–H), 2845 (C 

–H asym.), 2731 (C 

–H sym.), 16 6 6

C 

= O), 1633 (C 

= N, hydrazone), 1602 (C 

= N, pyridine), 1058 (aro- 

atic C 

–Cl). 1 H NMR (300 MHz, DMSO–d 6 , ppm): δ 2.31 (s, 3H, 

H 3 ), 7.27 (d, J = 8.1 Hz, 2H, Ar-H), 7.64 (d, J = 8.1 Hz, 1H, pyridine

eta proton), 7.70 (d, J = 8.4 Hz, 2H, Ar-H), 8.30 (d, J = 8.4 Hz,

H, pyridine para proton), 8.39 (s, 1H, NH), 8.90 (d, 1H, J = 2.4 Hz,
8 
yridine orto proton), 12.01 (s, 1H, -N 

= CH). 13 C NMR (100 MHz, 

MSO–d 6 , ppm): δ 21.07 (CH 3 ), 123.69, 124.29, 126.88, 127.25, 

28.63, 129.51, 131.31, 139.01, 140.26, 148.72, 149.20 (C 

= N), 152.90 

C 

= N), 160.49 (C 

= O). Anal. Calcd. for C 14 H 12 ClN 3 O: C 61.43, H 4.42,

 15.35. Found: C 61.29, H 4.38, N 15.29%. 

6-Chloro-N’-(4-nitrobenzylidene)nicotinohydrazide ( P5 ) 

Yield: 80%; m.p. 236.6–237.0 °C. IR ( ν , cm 

−1 ): 3419 (N 

–H), 3053

aromatic = C 

–H), 1660 (C 

= O), 1640 (C 

= N, hydrazone), 1612 (C 

= N,

yridine), 1516 (NO 2 asym.), 1317 (NO 2 sym.), 1072 (aromatic 

 

–Cl). 1 H NMR (300 MHz, DMSO–d 6 , ppm): δ 7.72 (d, J = 8.4 Hz,

H, pyridine meta proton), 8.01 (d, J = 8.4 Hz, 2H, Ar-H), 8.14 (d, 

 = 8.4 Hz, 2H, Ar-H), 8.30 (d, J = 8.7 Hz, 1H, pyridine para pro-

on), 8.39 (s, 1H, NH), 8.92 (d, 1H, J = 1.8 Hz, pyridine orto pro-

on), 12.36 (s, 1H, -N 

= CH). 13 C NMR (125 MHz, DMSO–d 6 , ppm): 

124.52, 124.78, 128.64, 128.78, 130.02, 139.53, 140.78, 146.73, 

48.56, 149.74 (C 

= N), 152.66 (C 

= N), 160.38 (C 

= O). Anal. Calcd. for 

 13 H 9 ClN 4 O 3 : C 51.25, H 2.98, N 18.39. Found: C 51.35, H 3.00, N

8.32%. 

6-Chloro-N’-(4-fluorobenzylidene)nicotinohydrazide ( P6 ) 

Yield: 80%; m.p. 210.1–210.5 °C. IR ( ν , cm 

−1 ): 3173 (N 

–H), 3003

aromatic = C 

–H), 1643 (C 

= O), 1633 (C 

= N, hydrazone), 1600 (C 

= N,

yridine), 1107 (aromatic C 

–Cl). 1 H NMR (300 MHz, DMSO–d 6 , 

pm): δ 7.27 (t, 2H, Ar-H), 7.71 (d, J = 8.1 Hz, 1H, pyridine meta 

roton), 7.80 (d, J = 8.7 Hz, 2H, Ar-H), 8.32 (d, J = 8.4 Hz, 1H, pyri-

ine para proton), 8.43 (s, 1H, NH), 8.91 (d, 1H, J = 2.1 Hz, pyridine

rto proton), 12.08 (s, 1H, -N 

= CH). 13 C NMR (100 MHz, DMSO–

 6 , ppm): δ 115.85, 116.07, 124.29, 128.52, 129.41, 130.61, 139.00, 

43.65, 147.58, 149.18 (C 

= N), 152.95 (C 

= N), 160.60 (C 

= O), 164.51. 

nal. Calcd. for C 13 H 9 ClFN 3 O: C 56.23, H 3.27, N 15.13. Found: C

6.28, H 3.25, N 15.17%. 

6-Chloro-N’-(3,4-dimethoxybenzylidene)nicotinohydrazide ( P7 ) 

Yield: 80%; m.p. 213.3–213.8 °C. IR ( ν , cm 

−1 ): 3194 (N 

–H), 3063

aromatic = C 

–H), 2958 (C 

–H asym.), 2837 (C 

–H sym.), 1645 (C 

= O),

633 (C 

= N, hydrazone), 1559 (C 

= N, pyridine), 1309 (C 

–O), 1138 

aromatic C 

–Cl). 1 H NMR (300 MHz, DMSO–d 6 , ppm): δ 3.82 and 

.83 (2 s, 6H, OCH 3 ), 7.03 (d, J = 8.1 Hz, 1H, Ar-H), 7.22 (d,

 = 8.4 Hz, 1H, Ar-H), 7.35 (s, 1H, Ar-H), 7.70 (d, J = 8.1 Hz, 1H,

yridine meta proton), 8.29 (d, J = 8.1 Hz, 1H, pyridine para pro- 

on), 8.36 (s, 1H, NH), 8.90 (d, 1H, J = 2.1 Hz, pyridine orto proton),

1.95 (s, 1H, -N 

= CH). 13 C NMR (125 MHz, DMSO–d 6 , ppm): δ 55.94 

OCH 3 ), 56.05 (OCH 3 ), 108.80, 111.96, 122.60, 124.73, 127.16, 129.19, 

39.42, 149.40, 149.59 (C 

= N), 151.45, 153.29 (C 

= N), 160.86 (C 

= O). 

nal. Calcd. for C 15 H 14 ClN 3 O 3 : C 56.35, H 4.41, N 13.14. Found: C

6.45, H 4.43, N 13.03%. 

6-Chloro-N’-(3,4-dichlorobenzylidene)nicotinohydrazide ( P8 ) 

Yield: 80%; m.p. 195.1–195.6 °C. IR ( ν , cm 

−1 ): 3213 (N 

–H), 

0 6 6 (aromatic = C 

–H), 1645 (C 

= O), 1626 (C 

= N, hydrazone), 1602

C 

= N, pyridine), 1134 (aromatic C 

–Cl). 1 H NMR (300 MHz, DMSO–

 6 , ppm): δ 7.67–7.79 (m, 3H, Ar-H and pyridine meta proton), 

.99 (s, 1H, Ar-H), 8.30 (d, J = 8.4 Hz, 1H, pyridine para pro- 

on), 8.40 (s, 1H, NH), 8.91 (d, 1H, J = 2.1 Hz, pyridine orto pro-

on), 12.27 (s, 1H, -N 

= CH). 13 C NMR (100 MHz, DMSO–d 6 , ppm): 

124.28, 126.97, 128.30, 128.69, 131.12, 131.74, 132.53, 134.85, 

39.04, 145.92, 149.24 (C 

= N), 153.07 (C 

= N), 160.78 (C 

= O). Anal. 

alcd. for C 13 H 8 Cl 3 N 3 O: C 47.52, H 2.45, N 12.79. Found: C 47.63,

 2.44, N 12.85%. 

6-Chloro-N’-(3-ethoxy-4-hydroxybenzylidene)nicotinohydrazide 

 P9 ) 

Yield: 80%; m.p. 201.1–201.5 °C. IR ( ν , cm 

−1 ): 3392 (O 

–H), 3228

N 

–H), 3057 (aromatic = C 

–H), 2978 (C 

–H asym.), 2887 (C 

–H sym.),

633 (C 

= O), 1612 (C 

= N), 1315 (C 

–O), 1101 (aromatic C 

–Cl). 1 H NMR

300 MHz, DMSO–d 6 , ppm): δ 1.37 (t, 3H, CH 3 ), 4.06 (q, 2H, OCH 2 ),

.85 (d, J = 8.1 Hz, 1H, Ar-H), 7.13 (d, J = 8.1 Hz, 1H, Ar-H), 7.31

s, 1H, Ar-H), 7.69 (d, J = 8.4 Hz, 1H, pyridine meta proton), 8.27 

d, J = 8.1 Hz, 1H, pyridine para proton), 8.37 (s, 1H, NH), 8.89 (d,
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H, J = 2.1 Hz, pyridine orto proton), 9.54 (s, 1H, OH), 11.90 (s, 

H, -N 

= CH). 13 C NMR (125 MHz, DMSO–d 6 , ppm): δ 15.18 (CH 3 ), 

4.36 (OCH 2 ), 110.93, 116.03, 122.76, 124.71, 129.23, 139.40, 147.67, 

49.57, 149.75, 149.98 (C 

= N), 153.25 (C 

= N), 160.76 (C 

= O). Anal. 

alcd. for C 15 H 14 ClN 3 O 3 : C 56.35, H 4.41, N 13.14. Found: C 56.27,

 4.38, N 13.07%. 

6-Chloro-N’-(4-carbmethoxybenzylidene)nicotinohydrazide ( P10 ) 

Yield: 80%; m.p. 237.3–237.6 °C. IR ( ν , cm 

−1 ): 3202 (N 

–H), 3022

aromatic = C 

–H), 2945 (C 

–H asym.), 2856 (C 

–H sym.), 1635 (C 

= O),

602 (C 

= N), 1302 (C 

–O), 1112 (aromatic C 

–Cl). 1 H NMR (300 MHz,

MSO–d 6 , ppm): δ 3.88 (s, 3H, OCH 3 ), 7.72 (d, J = 8.4 Hz, 1H,

yridine meta proton), 7.91 (d, J = 8.4 Hz, 2H, Ar-H), 8.06 (d, 

 = 8.4 Hz, 2H, Ar-H), 8.32 (d, J = 8.4 Hz, 1H, pyridine para pro-

on), 8.44 (s, 1H, NH), 8.92 (d, 1H, J = 2.4 Hz, pyridine orto pro-

on), 12.25 (s, 1H, -N 

= CH). 13 C NMR (100 MHz, DMSO–d 6 , ppm): δ
2.11 (OCH 3 ), 124.17, 127.25, 128.31, 129.53, 130.61, 138.34, 138.90, 

47.22, 149.13 (C 

= N), 152.96 (C 

= N), 160.67 (C 

= O), 165.67 (C 

= O). 

nal. Calcd for C 15 H 12 ClN 3 O 3 : C 56.70, H 3.81, N 13.23. Found: C

6.65, H 3.82, N 13.20%. 

6-Chloro-N’-(4-(dimethylamino)benzylidene)nicotinohydrazide 

 P11 ) 

Yield: 80%; m.p. 20 0.5–20 0.7 °C. IR ( ν , cm 

−1 ): 3159 (N 

–H), 3030

aromatic = C 

–H), 2887 (C 

–H asym.), 2814 (C 

–H sym.), 1645 (C 

= O),

599 (C 

= N), 1410 (C 

–N), 1101 (aromatic C 

–Cl). 1 H NMR (300 MHz,

MSO–d 6 , ppm): δ 2.98 (s, 6H, N(CH 3 ) 2 ), 6.75 (d, J = 9.0 Hz, 2H,

r-H), 7.54 (d, J = 9.0 Hz, 2H, Ar-H), 7.69 (d, J = 8.7 Hz, 1H, pyri-

ine meta proton), 8.27 (d, J = 8.7 Hz, 1H, pyridine para proton), 

.36 (s, 1H, NH), 8.89 (d, 1H, J = 2.4 Hz, pyridine orto proton),

1.78 (s, 1H, -N 

= CH). 13 C NMR (100 MHz, DMSO–d 6 , ppm): δ 40.33 

CH 3 ), 111.76, 121.16, 123.56, 124.20, 128.15, 128.60, 128.88, 138.86, 

40.73, 149.03, 149.52 (C 

= N), 151.67, 152.63 (C 

= N), 160.01 (C 

= O). 

nal. Calcd for C 15 H 15 ClN 4 O: C 59.51, H 4.99, N 18.51. Found: C

9.62, H 4.97, N 18.58%. 

6-Chloro-N’-(4–hydroxy-3-methoxybenzylidene)nicotinohydrazide 

 P12 ) 

Yield: 80%; m.p. 223.8–224.3 °C. IR ( ν , cm 

−1 ): 3481 (O 

–H), 

174 (N 

–H), 3047 (aromatic = C 

–H), 2887 (C 

–H asym.), 2806 (C 

–H

ym.), 1645 (C 

= O), 1633 (C 

= N), 1319 (C 

–O), 1168 (aromatic C 

–Cl).
 H NMR (300 MHz, DMSO–d 6 , ppm): δ 3.84 (s, 3H, OCH 3 ), 6.82 

d, J = 8.1 Hz, 1H, Ar-H), 7.10 (s, 1H, Ar-H), 7.33 (d, J = 8.1 Hz,

H, Ar-H), 7.70 (d, J = 8.4 Hz, 1H, pyridine meta proton), 8.28 

d, J = 8.4 Hz, 1H, pyridine para proton), 8.33 (s, 1H, NH), 

.89 (d, 1H, J = 2.4 Hz, pyridine orto proton), 9.64 (s, 1H, OH), 

1.91 (s, 1H, -N 

= CH). 13 C NMR (125 MHz, DMSO–d 6 , ppm): δ
6.04 (OCH 3 ), 109.57, 115.93, 123.94, 124.72, 125.84, 129.22, 139.41, 

41.32, 148.53, 149.56, 149.75 (C 

= N), 153.25 (C 

= N), 160.79 (C 

= O). 

nal. Calcd for C 14 H 12 ClN 3 O 3 : C 55.00, H 3.96, N 13.74. Found: C

5.12, H 3.98, N 13.77%. 

.2. Biological activity studies 

.2.1. In vitro ChE enzymes inhibition assay 

AChE and BChE inhibitory activities of the synthesized com- 

ounds were assessed using the modified Ellman method, as 

escribed in the previous studies published by our team [ 27–

0 , 46 , 47 ]. Human acetylcholinesterase (CAS No: 90 0 0–81–1) and

uman butyrylcholinesterase (CAS No: 9001–08–5) enzymes were 

sed as enzymes in the assay. 

.2.2. In vitro human β-Secretase (BACE-1) enzyme inhibitor 

creening assay 

The experimental procedure was based on the “Human β- 

ecretase (BACE-1) Inhibitor Screening Assay” kit (BioVision, Mil- 

itas, CA, USA) protocol based on the fluorometric method [48] . 
9

.2.3. Beta-amyloid 1–42 (A β42) inhibitor screening assay 

The experimental procedure was based on the “Beta-Amyloid 

–42 (A β42) Ligand Screening Assay” kit (BioVision, Milpitas, CA, 

SA) protocol based on the fluorometric method [ 29 , 30 ]. 

.3. Prediction of physicochemical parameters 

The physicochemical and pharmacokinetic profiles of synthe- 

ized compounds were determined by Schrödinger QikProp 4.8 

oftware [49] . Additionally, in order to evaluate toxicological 

olecular properties, osiris property explorer and ADMETlab 2.0 

erver were used [ 50 , 51 ]. 

.4. Molecular docking studies 

The structure-based in silico docking method was applied to de- 

ermine possible binding and interaction points of the most active 

ompounds P5, P7, P9 and P12 in the series with the active site 

f the AChE enzyme. For this purpose, protein-ligand interaction 

nalysis was performed using the crystal structures AChE (PDB: 

EY7) [34] . Also, as a result of in vitro β-Secretase (BACE1) in- 

ibitor screening study, compound P5 was found to be the most 

ffective agent and thus it was included into the docking studies 

bout the BACE-1 enzyme. The X-ray crystal structure of BACE-1 

PDB: 5HU1) [ 42 , 43 ] was used in order to perform this. 

The crystal structure was first prepared for docking studies with 

he Protein Preparation Wizard protocol in Schrödinger Suite 2015 

pdate 2 [52] , the bond lengths were adjusted using the OPLS 2005 

orce field, and the possible charges of the atoms on the charged 

mino acids under the specified ambient conditions were deter- 

ined automatically. The compounds were prepared for molecular 

ocking studies using Ligprep 2.3 module [53] . Grids were gener- 

ted with Glide 7.1 [54] and docking runs were performed with 

he single-precision (SP) docking mode of the same module. 

. Conclusion 

Identification of new and effective structures is an important 

pproach in Alzheimer’s treatment. Especially, structures that can 

how activity against Alzheimer’s disease by more than one mech- 

nism rather than a single pathway are promising in the way of 

ecoming new medications. Based on this strategy, some new hy- 

razone derivatives bearing pyridine ring were synthesized in the 

resent study. The significant AChE inhibitory activities of the com- 

ounds P5, P7, P9, P10 and P12 were found. On the other hand, 

ACE1 enzyme and beta amyloid plaque inhibition studies, which 

re important mechanisms in the treatment of Alzheimer’s disease, 

isplayed that compound P5 had the most active derivative in this 

eries. According to molecular docking results, compound P5 made 

dditional hydrogen bonds with the active sites of AChE and BACE1 

nzymes due to carrying electron withdrawing groups such as ni- 

ro on the aromatic ring and contributed positively to enzymes 

nhibition. In addition, the BBB permeability and ADMET studies 

ere also assessed that all compounds meet the need for CNS drug 

argets. Therefore compound P5 is a good example to develop new 

andidates that may be effective in Alzheimer’s disease. 
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