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ABSTRACT: Fourteen (hetero-)(arylidene)arylhydrazide deriva-
tives (ABH1—ABH14) were synthesized, and their inhibitory
activities against monoamine oxidases (MAOs) and acetylcholines-
terase (AChE) were evaluated. Compound ABHS most potently
inhibited MAO-B with an ICs, value of 0.025 + 0.0019 xM; ABH2
and ABH3 exhibited high ICy, values as well Most of the
compounds weakly inhibited MAO-A, except ABHS (ICy, = 3.31 +
0.41 yM). Among the active compounds, ABH2 showed the highest

selectivity index (SI) of 174 for MAO-B, followed by ABHS (SI = 132). ABH3 and ABHS effectively inhibited AChE with ICs,
values of 15.7 & 6.52 and 16.5 + 7.29 uM, respectively, whereas the other compounds were weak inhibitors of AChE. ABHS was
shown to be a reversible competitive inhibitor for MAO-A and MAO-B with K; values of 0.96 + 0.19 and 0.024 + 0.0077 uM,
respectively, suggesting that this molecule can be considered as an interesting candidate for further development as a multitarget

inhibitor relating to neurodegenerative disorders.
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Izheimer’s disease (AD) is the most prevalent age-related

neurodegenerative disorder characterized by the impair-
ment of cognitive functions that leads to memory deficit.'
Molecular signatures of AD include the deposition of #-amyloid
plaques, increase in free radical-based oxidative stress, and
diminished levels of acetylcholine.” Several lines of evidence
concerned with the multifactorial pathogenesis of AD suggest
that the conventional “one drug-one target” concept does not
always guarantee for the success in AD treatment.” For example,
disregulated levels of the enzyme monoamine oxidase-B (MAO-
B) in brain cells leads to excessive production of hydrogen
peroxide responsible for cellular degeneration in AD patients
and aging of the brain.* Recent in vivo two-photon imaging
studies showed a clear evidence for elevated MAO-B enzyme
activity around amyloid f-plaques in aged AD mice.” This
finding suggests that the progress of age-related AD may also be
associated with increased levels of MAO-B activity.

A new class of MAO-B inhibitors comprised of two aryl or
heteroaryl rings connected through a short spacer have recently
been described.® Such spacers as @,f-unsaturated ketones,” "3
pyrazoline,"* hydrazones,'”'° and anilide/enamides'”'® have
received attention (Figure 1). Here we describe an expansion of
this theme to 14 (hetero-)(arylidene)arylhydrazides, with an
investigation of their inhibitory activity toward two forms of
MAO and acetylcholinesterase (AChE). The most potent
compound identified in these in vitro tests was further analyzed
by molecular docking to identify potential interactions at the
binding sites of MAO-B and AChE.
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Compounds ABH1—-ABH14 were prepared by the straight-
forward condensation of corresponding hydrazides and
aldehydes in moderate yields (51—74%, Table 1)."? Six
compounds (ABH1—ABH6) were derived from 4-chloroben-
zohydrazide and eight compounds (ABH7—ABHI14) were
derived from isonicotinohydrazide.

The 14 compounds were tested for their MAOs and AChE
inhibitory potencies by literature methods,””*" using toloxatone
and clorgyline as positive controls for MAO-A, lazabemide and
pargyline for MAO-B, and tacrine for AChE (Table 2).
Recombinant human MAO-A and MAO-B were employed,
with kynuramine (0.06 mM = 1.7 X K_,) and benzylamine (0.3
mM =2 X K_) as substrates, respectively. Compounds ABH1—
ABHG6 showed potent inhibitory activity against MAO-B with
residual activities of <35% at 10 uM concentration, except
ABH4 (71.3%). ABHS was found to have the highest inhibitory
activity against MAO-B with an ICg, of 0.025 uM, followed by
ABH2 and ABH3 (ICy, = 0.23 and 0.58 uM, respectively)
(Table 2). In contrast, eight compounds (ABH7—ABH14)
derived from isonicotinohydrazide had weak inhibitory activities
against MAO-B with residual activities of > ~ 40% at 10 uM, and
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Figure 1. Small molecules with two aryl groups connected through various spacers for MAOs inhibitory activities.

Table 1. Synthesis of (Hetero)arylidenebenzohydrazides
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hence IC;, values were >10 uM, except for ABHS (IC;, = 8.38 respectively) (Table 2). Interestingly, ABHS had significant
uM). activities toward MAO-A and MAO-B with a high SI of 132 for

In contrast, most of these compounds (both aryl and MAO-B, and ABH2 showed the highest SI of 174 for MAO-B.
heteroarylhydrazide) weakly inhibited MAO-A, except ABHS On the other hand, all compounds weakly inhibited AChE with
(residual activity = 15.4% at 10 uM; ICy, = 3.31 uM), followed >70% of residual activities at 10 yM. ABH3 and ABHS
by ABH10, ABH11,and ABHS (IC,, = 13.6, 14.2,and 32.1 uM, effectively inhibited AChE with ICy, values of 15.7 and 16.5 uM,
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Table 2. Inhibitions of Recombinant Human MAO Enzymes and AChE by Acylhydrazone Derivatives®”

compounds

ABH1
ABH2
ABH3
ABH4
ABHS
ABH6
ABH7
ABHS8
ABH9
ABH10
ABH11
ABH12
ABH13
ABH14
toloxatone
clorgyline
lazabemide
pargyline

tacrine

residual activity (%) at 10 uM ICy, (uM)

MAO-A MAO-B AChE MAO-A MAO-B AChE SI?
82.6 + 5.89 27.5 +2.05 75.4 + 1.69 >40 7.69 + 0.71 - >5.20
98.9 + 0.54 19.7 +2.38 702 + 6.73 >40 0.23 + 0.021 - >173.9
87.5 + 0.98 312+ 1.02 659 +5.93 >40 0.58 + 0.16 15.7 + 6.52 >69.0
90.6 + 1.47 71.3 + 1.02 713 +593 >40 >40 - -
15.4 +2.08 —2.14 + 0.60 672 + 731 3.31 % 0.41 0.025 + 0.0019 16.5 +7.29 1324
92.0 + 1.62 32.0 +2.38 714 + 421 >40 436 + 0.36 - >9.17
93.1 + 1.54 79.6 + 4.12 75.6 £ 1.57 >40 >40 - -
76.1 + 0.00 39.9 +3.10 99.5 + 0.24 32.1 + 1.55 8.38 +2.91 - 3.83
91.5 + 3.98 87.7 + 6.20 98.8 + 0.71 >40 >40 - -
47.8 +£2.05 S1.S + 1.37 71.7 +3.93 13.6 + 0.97 12.4 + 1.00 - 1.10
65.3 +2.70 54.5 + 5.56 747 + 0.42 142 + 0.97 18.7 + 3.89 - 0.76
87.3 +9.96 95.2 + 0.62 98.8 + 0.71 >40 >40 - -
90.9 + 4.61 86.4 + 5.49 85.0 + 3.93 >40 >40 - -
97.4 +0.52 95.3 + 3.02 96.6 + 9.75 >40 >40 - -

- - - 1.08 + 0.025 - - -
- - - 0.0070 + 0.00070 - - -
- - - - 0.11 + 0.016 - -
- - - - 0.11 + 0.0047 - -

- - 0.12 + 0.0074 -

“Results are expressed as the means + standard errors of duplicate experiments. Values for reference compounds were determined after

preincubation for 30 min with enzyme. bSI values are expressed for MAO-B as compared with MAO-A.
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Figure 2. Lineweaver—Burk plots for MAO-A (A) and MAO-B (C) inhibitions by ABHS and respective secondary plots (B and D) of the slopes vs
inhibitor concentrations.

respectively (Table 2). Collectively, ABHS is possessed a
significant inhibitory profile toward all three enzymes, MAO-A,

MAO-B, and AChE, and thus making it open to address the
rational design of novel multitarget inhibitors.
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Structure—activity relationship of these compounds can be
described as two parts viz the compounds bearing 4-chloroaryl
part (series 1) and pyridyl part (series 2). Interstingly, series 1
compounds were significantly active toward MAO-B inhibition
compared to series 2 compounds. However, only few derivaties
of both series showed moderate inhibitions toward MAO-A and
AChE. None of the compounds of series 2 were active toward
AChE inhibition. Considering MAO-B, the series 1 compounds,
ABH1-ABH3, ABHS, and ABHG6, with the benzylidene moiety
bearing the substituents such as -NMe,, -F, -Cl, benzyloxy, and
thiophenyl, respectively, showed effective inhibitory activities,
whereas the series 2 compounds (ABH7, ABH9, and ABH12—
ABH14) showed weak inhibition. Among the substituents
studied, benzyloxy group (ABHS) showed the greatest
inhibitory effect. Therefore, 4-chloroaryl part (series 1) can be
considered as a good pharmacophore unit for MAO-B inhibition
rather than pyridyl part. Considering MAO-A, the only
compound ABHS of series 1 showed effective inhibitory effect,
suggesting that the benzyloxy substituent effectively interacts
with MAO-A. However, ABH8, ABH10, and ABH11 of series 2
showed moderate inhibitory activities, also suggesting that
pyridyl part can be an effective pharmacophore unit for MAO-A
inhibition. In contrast, none of all the compounds were not
effective toward AChE inhibition, except ABHS and ABH3.
Therefore, no substituents and parts might effectively intereact
with AChE.

Kinetics experiments were conducted at five substrate
concentrations and inhibition studies were at three inhibitor
concentrations, that, ~ 1/2 X ICy, ICsq, and 2 X ICsy. K| value
and inhibitor type were determined by using Lineweaver—Burk
(LB) plot and secondary plot.”” Kinetics studies of ABHS were
performed on MAO-A and MAO-B inhibitions. LB plots and
secondary plots showed that ABHS was a competitive inhibitor
for MAO-A and MAO-B (Figure 2A and C), with K| values of
0.96 +0.19 and 0.024 + 0.0077 uM, respectively (Figure 2B and
D). These results suggest that ABHS binds to the active site of
free enzyme by competing with the substrate and is potent,
selective, and competitive inhibitor for MAO-A and MAO-B.

The reversibility study was determined by dialysis method.*®
Dialysis experiments were performed by reacting MAO-B and
the inhibitor or reference inhibitors at approximately twice of
the ICsy in 0.1 M sodium phosphate buffer for 30 min and
dialyzed for 6 h with a buffer change. Residual activities were
calculated for undialyzed (Ay) and dialyzed (Ap) experiments
compared to controls (i.e,, without inhibitor). Reversibility
studies on MAO-A and MAO-B inhibitions were conducted for
ABHS, the most potent compound. The inhibition of MAO-A
by ABHS was recovered from 38.4 (value of Ay) to 85.9% (value
of Ap). The recovery value was similar to that of the reversible
reference toloxatone, from 38.0 to 83.7% and higher than that of
the irreversible reference clorgyline (recovery from 29.2 to
32.0%). For MAO-B, inhibition by ABHS was recovered from
35.6 to 80.0%. The recovery value was similar to that of the
reversible reference lazabemide, from 27.4 to 86.9% and higher
than that of the irreversible reference pargyline (recovery from
24.8 to 35.1%). These experiments showed that inhibitions of
MAO-A and MAO-B by ABHS were recovered to the reversible
reference levels, suggesting the compound played as a reversible
inhibitor (Figure 3).

Structure-based studies were employed to analyze the binding
modes of ABH2, ABH3, and ABHS toward MAO-A, MAO-B,
and AChE, whose X-ray solved structures were taken from the
Protein Data Bank (PDB) with the entries 2Z5X, 2V5Z, and
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Figure 3. Recovery of MAO-A (A) and MAO-B (B) inhibitions by
ABHS, using dialysis experiments.

4EY7, respectively. With the purpose of inspecting their
multitarget activity,”*>° the enzymes were processed using
the protein preparation wizard available from the Schrodinger
suite:>”*" this step allows to refine and optimize the crystal
structures, correcting the protonation states and carrying out
energy minimization. In this respect, nine water molecules
within MAO-A and eight water molecules within MAO-B were
kept and not deleted.”” Next, the ligand structures to be docked
were prepared using the LigPrep tool’” that allows generating
the ionization state at physiological pH as well as all the possible
tautomers. The obtained files were, thus, used for docking
simulations by employing Grid-based Ligand Docking with
Energetics (GLIDE).”" The enclosing box was centered on the
cognate ligand center of mass of the three PDB structures, with
an edge of 10 A X 10 A X 10 A and 28 A X 28 A X 28 A for the
inner and outer boxes, respectively. The default force Field
OPLS_2005”* and standard Precision (SP) docking protocol
with default settings were employed for docking simulations. To
corroborate the validity of docking studies, redocking
simulations were performed on the cognate ligands in their
binding sites. Cognate ligands HRM, SAG, and Donepezil for
MAO-A, MAO-B, and AChE, respectively, moved back to the
original positions with root mean square deviations (RMSD)
accounting for all the heavy atoms equal to 0.762, 0.390, and
0.147 A, respectively (Figure S1).

Docking scores for ABH2, ABH3, and ABHS over the three
biological targets MAO-A, MAO-B, and AChE are provided in
Table 3. The values of ABHS were the best for the three
enzymes.
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Table 3. Docking scores for ABH2, ABH3, and ABHS toward
MAO-A, MAO-B, and AChE

docking scores (kcal/mol)

compounds MAO-A MAO-B AChE
ABH2 —7.429 —8.929 —7.690
ABH3 —7.545 —8.427 —7.570
ABHS —7.621 -9.430 —8.934

In Figure 4, a similar posing was observed for the binding
modes of ABH3, ABH2, and ABHS to MAO-A. In particular,
para-chloro phenyl of ABH3 and ABHS faced FAD, formed
m—r interactions with the side chain of Y407 at a distance
between the centroids of aromatic rings equal to 4.15 and 3.87 A,
respectively, and lied almost parallel in front of the aromatic ring
of Y444. On the other hand, the para-fluoro benzyl of ABH2
behaved similarly by substantially participating the same
interactions as those for ABH3 and ABHS. In addition, 7—x
T-shaped™ interactions were also engaged by the three
inhibitors with the side chain of F208, a MAO-A selective
residue, at a distance between the centroids of aromatic rings
equal to 4.99, 5.10, and 4.81 A for ABH2, ABH3, and ABHS,
respectively.

Interactions between ABH3, ABH2, and ABHS toward
MAO-B were shown in Figure 5. The para-chloro benzyl of
ABH3, the para-fluoro benzyl of ABH2, and the para-chloro
phenyl of ABHS were engaged by aromatic interactions with
Y398 (at a distance of 3.96 and 3.63 A for ABH2 and ABHS,
respectively), Y435 (at a distance of 4.89 A for ABH3), and
FAD. Additionally, the three compounds shared 7—n T-shaped
interactions with a MAO-B selective residue Y326, showing a
distance equal to 4.97, 5.19, and 4.42 A for ABH2, ABH3, and
ABHES, respectively, and hydrophobic interactions with the side
chain of 1199, a MAO-B selective residue.

Interactions between AChE and the three compounds were
shown in Figure 6. The para-chloro benzyl and para-chloro
phenyl of ABH3 formed 7—7 interactions with Y341 (at a
distance of 3.65 A) and W286 (at a distance of 4.10 A),
respectively. ABH2 engaged 7— interactions between its para-
fluoro benzyl and Y341 (at a distance of 4.07 A), while ABHS
made 7—7 interactions with W86 (at a distance of 3.75 A)
through its benzyl group. Furthermore, the three ligands shared

a hydrogen bond between ketohydrazone bridge and nitrogen
atom of the backbone of F295 at a distance between HBD and
HBA groups equal to 2.0, 2.5, and 1.6 A for ABH2, ABH3, and
AHBS, respectively.

For the sake of clarity, all the reported interactions were
flagged by GLIDE, and each distance is within the standard
range being maximum values equal to 2.7, 4.4, and 5.5 A for HB,
m—n stacking, and T-shaped interactions, respectively.””**

Molecular docking analyses of ABH3, ABH2, and ABHS with
MAO-A, MAO-B and AChE provide a sound rationale for the
observed activities. The highest IC, values of the three ligands
toward MAO-B were correlated well with the docking scores, for
which 77— interactions with Y326 were especially important.
Most importantly, the overall best multitarget activity and the
selectivity of ABHS for MAO-B were also consistent with the
docking score values.

Our attention toward MAO-B was also supported by
interrogation of ChEMBLdDb, a large collection of 611,333
small molecules provided with high quality experimental
bioactivity data.”> MAO-B was near the top of the list generated
by using our recently developed predictive platform MuS-
Sel,***” with the chemical structure of ABHS as a query. Results
were provided in Supporting Information.

In the present study, synthesis of (hetero-)(arylidene)-
arylhydrazide derivatives (ABH1—ABH14) and their evalua-
tions for MAOs and AChE inhibitory activities were disclosed.
Most of the compounds were effective toward MAO-B
inhibition with low micromolar range potencies, and only few
of them had moderate MAQO-A inhibition. On the other hand,
only two compounds (ABH3 and ABHS) were shown AChE
inhibition with moderate potencies. It is clear that compounds
with 4-chlorophenyl hydrazide part is relatively more effective
toward MAO-B inhibition than heteroayl part. Among the
substituents used in series 2 (ABH1—ABHS6), benzyloxy of
ABHS could be considered as a good pharmacophore unit,
exhibiting excellent inhibitory effects toward all the three
enzymes with low ICs, values (MAO-A = 3.31 uM, MAO-B =
0.025 uM, and AChE = 16.5 uM). Kinetics and reversibility
studies revealed that ABHS is a competitive and reversible type
of MAO-B inhibitor. The study reveals that the arylidenephe-
nylhydrazide with ether functionality (lead molecule ABHS)

N/

F208

FAD &
3. Y407 t/'
Zs)

Y444

Figure 4. Panels a—c show the top-scored poses resulting from docking analyses of ABH3, ABH2, and ABHS toward MAO-A. Ligands and the target
residues of the binding pocket are rendered in yellow and gray sticks, respectively. Green arrows indicate 7— interactions.
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Figure 5. Panels a—c show the top scored poses resulting from docking analyses of ABH3, ABH2, and ABHS toward MAO-B. Ligands and the target
residues of the binding pocket are rendered in yellow and gray sticks, respectively. Green and red arrows indicate 7—7 interactions and hydrogen

bonds, respectively.

Figure 6. Panels a—c report the best poses resulting from docking analyses of ABH3, ABH2, and ABHS toward AChE. Ligands and the target residues
of the binding pocket are depicted in yellow and gray sticks, respectively. Green and red arrows refer to 7— interactions and hydrogen bonds,

respectively.

may be considered as an emergent multitarget ligand in the
interest of various neurodegenerative disorders.
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