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ABSTRACT

A new series of sixteen multifunction&l-benzyl-piperidine-aryl-acylhydrazones hybrid
derivatives was synthesized and evaluated for rtargiet activities related to Alzheimer’s
disease (AD). The molecular hybridization approaas based on the combination, in a
single molecule, of the pharmacophohEbenzyl-piperidine subunit of donepezil, the
substituted hydroxy-piperidine fragment of the AChthibitor LASSBIio-767, and an
acylhydrazone linker, a privileged structure présera number of synthetic aryl- and aryl-
acylhydrazone derivatives with significant AChE ai-inflammatory activities. Among
them, compound4c, 4d, 4g and4j presented the best AChE inhibitory activities, baly
compoundgic and4g exhibited concurrent anti-inflammatory activityvitro andin vivo,
against amyloid beta oligomer §®) induced neuroinflammation. Compoudd also
showed the bestn vitro and in vivo neuroprotective effects againstp@-induced
neurodegeneration. In addition, compoudludshowed a similar binding mode to donepezil
in both acetylated and free forms of AChE enzymenwoiecular docking studies and did
not show relevant toxic effects am vitro andin vivo assays, with good predicted ADME
parametersn silico. Overall, all these results highlighted compodiedis a promising and
innovative multi-target drug prototype candidateA® treatment.

Keywords: Alzheimer's disease, multi-target directed liggndd-benzyl-piperidine
derivatives, donepezil analogs, acetylcholineseeriahibition, anti-inflammatory activity,

COX inhibition, amyloid beta oligomers, neuroprdieq.



1.

Introduction

Alzheimer's disease (AD) is a severe degeneratsadkr of the central nervous
system (CNS) and is the most common type of dememtiong the population above age
65. AD is characterized by progressive loss in ¢agn decrease in motor and functional
capacity, impairment in behavioral and social aatoyp and death.[1-5] Pharmacotherapy
of AD is only palliative and restricted to a fewadlable drugs that act either through the
inhibition of acetylcholinesterase (AChE) enzymetoough a mild neuroprotective effect,
alleviating the symptoms and slightly delaying tpeogress of the disease. AD is
characterized by multiple physiological and biockeah disturbances involving
concurrently operating chemical mediators and nooeprotein targets.[1,6—9] During the
last years, we have observed huge advances inntherstanding of the complex multi
factorial pathophysiology of AD. Although its etgly is hot completely understood, it is
well established that concomitant and interconrteateltiple factors are decisive for the
onset, progression and severity of AD. It is welktepted that an idiopathic physiological
deregulation in some brain regions (e.g. hippocamgmd cortex) is responsible for an
overproduction of R-peptide (A), cleaved from its precursor protein Iffy and y-
secretases. [fragments may form neurotoxic soluble oligomer3@) and, in turn,
insoluble fibrillar aggregates or senile plaquessdciated with amyloid neuropathology,
hyperphosphorylation of neuronal microtubule cdostie t-protein occurs and leads to a
collapse in the structure of microtubules, disroptof axonal transport, and accumulation
of intracellular neurofibrillary tangles.[10-15] #hog together, these two biochemical
factors lead to cumulative changes in CNS homeisstamsl function, eventually leading to
neuronal death.[9,13]

Several studies also suggest th@itdeposits and neurofibrillary tangles provide
stimuli for neuroinflammation, which contribute tsignificantly exacerbate the AD
pathogenic processes.[16,17] Among the brain diliésactivated microglia cells have been
shown to be involved in the secretion of pro-inftaatory cytokines, such as interleukin-1
(IL-1B), IL-6 and tumor necrosis factor alpha (TNJ-thereby contributing towards the
progress of AD.[18,19] Further, studies on AD pagiesis have demonstrated that

microglia produce B, which is in itself pro-inflammatory and cause$iation of several



inflammatory componentes.[20] The pro-inflammatosggtokines act as potent stimuli in
brain inflammation through upregulation of cytosdfLA2 and cyclooxygenase-1 (COX-
1) and -2 (COX-2).[21] Upon inflammatory stimuli,OX-1, being constitutive in
microglia, is responsible for the primary inflammiat response by inducing the production
of prostaglandin, mainly prostaglandin E2. By casty COX-2 expression in neurons is
responsible, upon its induction, for a later andosdary inflammatory response.[21]
Therefore, drugs designed to treat the differentoiaflammatory conditions mediated by
COX-1 and COX-2 are needed.

Thus, in addition to cholinergic signaling, exciwic mechanisms and the
amyloid cascade, microglial cells and neuroinflarhiomhave emerged as essential targets
in the polypharmacology-derived concept of multget directed drugs for AD,
representing a new paradigm in their design antbeeyy.[1,2,22—-28]

Donepezil {) is a potent AChE inhibitor with an égof 5.7 nM and a 1250-fold
higher selectivity over butyrylcholinesterase (B} and a long duration effect. To date,
donepezil is the reference drug for mild and mo@eAD treatment and, in some cases, is
recommended to be used in association with theexwttotoxic drug memantine for the
most severe cases of the disease.[25,29-33]

In the search for novel bioactive chemical entjtibe N-acylhydrazone moiety
deserves highlight as a privileged structure, ckgptbact as pharmacophore or auxophore
subunit in different pharmaceutic classes, wittaaety of action profile, depending on the
other functionalities present in the molecular ctinee.[34,35] RecentlySilva and co-
workers synthetized a series bFacylhydrazones, designed as AChE inhibitors. The
pharmacological evaluation evidenced that thesévateres showed significant AChE
inhibitory activity. Turnaturi and co-workers have also observed the antioxickgpécity of
someN-acylhydrazones with metal chelant ability[36,3%$ a part of an ongoing project
that aims at the discovery of innovative multi-&trdirected drugs, we describe herein the
discovery of novel donepezil-derivédtacyl-aryl-hydrazone ligands with multifunctional
profile as promising drug candidates for the treathof AD. The design of the target-
molecules was based on molecular hybridizatiorhefgharmacophoric subumibenzyl-
piperidine core (Fig. 1, a) present in structuredohepezil {), with a common 3-
substituted-piperidine subunit (b) present in ttracture of the AChE inhibitor LASSBio-



767 @), and the insertion of &l-acyl-arylhydrazone functionality (c, d) considerad
privileged structure present in a number of arftammatory [35,38—42], AChE inhibitors
and antioxidant drug prototypes in the literatu36,87]. Our aim was to generate a novel
chemical library (Fig. 1), with an innovative sadff to explore structure-activity
relationship of ligand candidates with a multitargeofile, that could act as AChE

inhibitors, anti-neuroinflammatory and neuroprodeds.
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Fig. 1. Design of a new seried)(of multi-target directed ligands (MTDLs) basedtbe molecular
hybridization of the structures of donepedi), (the AChE inhibitor LASSBio-7672] and a series
of anti-inflammatoryN-aryl-acylhydrazone derivative8)(

2. Results and discussion
2.1.Chemistry

4-carboxybenzaldehydé)(and rac-3-hydroxypiperidine 7) were used as starting
materials to prepare the key intermediate 4-((3rtwyybiperidin-1-yl)-methyl)-
benzohydrazide9 according to the synthetic approaches describedSaheme 1
(experimental details in the supporting informatiomaterial). Initially, 4-
carboxybenzadehyde was reacted with SBAF, followed by treatment with anhydrous

MeOH to provide the ester derivatiBe Reductive amination reaction between e6tand



rac-3-hydroxypiperidine 1) in the presence of ZnfINaBH;CN led to the desired 3-
hydroxyN-benzyl-piperidine este8 that was then converted to the key intermediite
acylhydrazond. In a final step, coupling reactions @and the benzaldehydé&®a-Iled to
the target moleculeéa-l in good yields. Additional -acetyl-piperidine derivative4dm,
4n and4o were prepared directly by reaction of ,8¢4-DMAP with the correspondent 3-
hydroxy precursor. Compounth were obtained by catalytic hydrogenation of fega
NO, derivative 4d in quantitative yields. Compoundin were obtained by reaction of
Ac,0/4-DMAP and catalytic hydrogenation of thara-NO, with 4d.

CHO \(j \(j \[j
N
1. SOCl,, DMF, |
H NH,NHy.H,0
EtOH, r.t.
_—
10 min., 87%
MeOH, N CO,CH CO,NHNH,
56% 0,CHs 2 2

CHCly, reflux
40 min.
COH CO,CH, 8 9

—>

2. MeOH, r.t ZnCly, NaBH3;CN

10 min., 87%

EtOH, HCl cat.

AcO. OHCOR
Ho r.t., 3-24H, ~ 80% 4a: R=H
10a-1 4b: R= Br
4c:R=C

Ac,0, 4-DMAP,
4m: R= Br " CH20I2 reflux
4n: R= NH, | 3h 60%
40: R= OAc N\N/
| /\©\

4f: R= N-pirrolidinyl

49:R=F

4h: R= NH,

4i: R= N-morpholine
4j. R= N-piperidine

4k: R= N-imidazole

41: R= SCH3

Scheme 1 Synthetic route for the target-compouddso

The purity of all compounds was determined as %8y UPLC-UV. Considering
that the starting material was the racemic 3-hygoeridine, the products were also
racemic, but the NMR and MS analysis of all commtsudid not indicate the formation of
diastereoisomers. [34,43] We suppose that the saypéaction between the hydrazifle
and the functionalized benzaldehydes furnished otllg most stableE relative
configuration at the hydrazone moiety. In orderverify this, the compounds were
subjected to X-ray powder diffraction analysis thahfirmed theE relative configuration,

as can be seen in Fig. 2 for compousadand4g.
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Fig. 2 Crystallographic structures of compountts(A) and 4g (B) obtained by X-Ray power

diffraction analysis.

2.2.1n Vitro Inhibition of AChE and BuChE

All fifteen N-benzyl-piperidine-acylhydrazone derivatives weirstfscreened for
AChE inhibition.[44] The purified enzyme frofalectrophorus electricu$EeAChE) was
chosen for these assays because of its high sityitarhuman AChE (100% identity of
residues lining the catalytic gorge[45] and relatiow cost). Twelve compounds inhibited
EeAChE by more than 60% at 100 uM (Supporting migiion, Fig. SI1) and the 3-
hydroxy-piperidine derivatives were clearly moréivae Concentration-response curves for
all the twenty compounds confirmed acceptable mi¢snand full inhibition of AChE, with
the lowest IGy, of 2.7 uM, obtained for compound tlpara-nitrobenzyl derivative4d
(Table 1). The different benzyl substitutions gailgrincreased potency relative to the
unsubstituted compounga (ICso 30.0 uM). The differences in potency among plaea-
halogenated derivatives were modest (3-fold maxijrama the potency rank was F > Br >
Cl, perhaps suggesting that factors other than we® more relevant to the interaction.
Seven 3-hydroxy piperidine derivatives were furthevaluated for selectivity and
mechanism of AChE inhibition (Supporting Informatjd=ig. SI2 and Fig. SI3). Assays of
equine serum butyrylcholinesterase (eqBuUChE) agtisihowed complete concentration-
dependent inhibition and yielded the correspond®yg (Table 1). All tested compounds
were 1.8 to 12.5 times more potent at inhibitingAEBE than eqBuChE, with theara-

nitrobenzyl derivativedd being the most selective. In the EeAChE assayseaxthanism,



none of the compounds showed a significant comypetliehavior towards the substrate,
based on kinetic modeling of inhibition data assttated in Fig. 3 for compounrtl). The
simple (pure) noncompetitive inhibition model in ialn only Vimax is reduced without
differences in affinity for free and substrate-bduenmzyme was consistently more likely
than mixed inhibition models, based on the core&kaike information criterion (AlCc).
Accordingly, there were no marked differences betwestimated; and 1G, (Table 1).
Only for compound! the probability of correctness of mixed inhibitisas close to that of

pure noncompetitive inhibition.

Table 1: Potency, selectivity and mechanism of action of poumds 4a-0 in

cholinesterase inhibition

~

N

H
N\N/
[0}
R

EeAChE egqBuChe IC5y, EeAChE model P

Compounds R Re ICoo (IM)®  ICso (uM)®  ratic®  K; (uM)°  ratio™
4a OH H 30.017
4b OH Br 11.8¢
4c OH Cl 25.3¢ 48.2: 1.€ 7.7¢€ 2.€
4d OH NO, 2.71 33.8¢ 12.5 2.4¢ 3.1
4e OH OCH; 13.1¢ 91.8¢ 7.C 11.4¢ 3.8
Af OH Pyrrolidinyl 14.7:
49 OH F 8.6 39.0¢4 4.t 13.4] 3.
4h OH NH, 21.4¢
4i OH Morpholiny| >10C
4 OH Piperidinyl 10.8¢ 58.1¢ 5.2 9.7(C 1.6
4k OH Imidazole 21.71 39.62 1. 21.1( 2.t
4] OH SCh; 10.3¢ 59.3( 5.7 8.4z 1.1
4m OAc Br >10C
4n OAc NH, >10C
40 OAc OAc >10C

donepez® 0.02¢ 4.6¢ 18C

®Cso values are geometric means from 2-3 independentesu each with 6 concentrations assayed in
triplicates.”IC* BuChE/IC® AChE *Kinetic inhibition constant for the average of #i@dependent data sets
fitted to the most likely model of simple (pure)mummpetitive inhibition°Ratio of probabilities of correctness

of simple noncompetitive over mixed linear inhibitimodels, based on their AlQgata from ref. [71].
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Fig. 3. Substrate competition assay of compodgdior EeAChE. Data points are mean +
SD from 3 independent experiments, each performedpglicate. The curves represent the
best-fitting noncompetitive inhibition model, wi#stimated parameters (and 95% CHK,):
=101.9 (87.7 t0 116.2) uM ard = 13.41 (11.87 to 14.96) puM. The inhibitor concatibns
(uM) are indicated to the right of the curves.

2.3.Molecular docking study with human AChE

First molecular docking experiments with the intobidonepezil were performed
into the AChE binding site to validate the threatet evaluated for the enzyme (free,
acetylated and Michaelis complex). The top rankedepof docking experiments was
compared with the experimental conformation of ¢z complexed with AChE (PDB
code 4ey7). The docking simulation successfullyntbthe experimental binding mode of
donepezil in both free and acetylated forms, wiitethe Michaelis complex the donepezil
molecule adopts a completely inverted binding madih a significantly worse score.
These results validated the structures utilizedthis work, whereas the unsuccessful
docking of donepezil with ACh present in the birglsite might indicate that this inhibitor
does not favorably interact with the Michaelis cdemp Compounds4g and 4j,
representing halogen and heterocycle-substitutedadizes, respectively, occupy similar
regions in the AChE binding site when compared withepezil in both free and acetylated
models, independent of the absolute configuratibi€-8 carbon on the piperidine ring.
Furthermore, the docking scores for all compoumduding donepezil, are quite similar
for both free and acetylated models.



Compound 4gR exhibited very similar binding modes for both thee and
acetylated forms of AChE, mainly diverging in thesfion of the 3-hydroxypiperidine
group and the intermolecular interaction perfornbgdthe hydroxyl group (Fig. 4A). In
both situations, compoundgR interacts with Trp286 from the peripheral anionite s
(PAS) through stacking and interacts through a égyeln bond with Tyr124 in the middle
of the enzyme gorge. In the free state, the prdgohanitrogen from the 3-
hydroxipiperidinyl ring interacts with Trp86 throlmga weak catiom interaction and the
hydroxyl group is hydrogen bonded with His447. e &acetylated enzyme, the positively
charged nitrogen from the 3-hydroxipiperidinyl rimgeracts with Trp86 through a stronger
cationt interaction while the hydroxyl group is hydrogesmided to the W731.

| Trp286

Tyr124 Tyr341

= M\

P Glu202
His447 P
Trp86 ¥ wr3t

Tyr337\\\ :
Asp74 .

Fig. 4. Docking results foAgR in the (A) free (green) and acetylated (light blstates, and in the
Michaelis complex (yellow). ACh is represented atm®n sticks and molecular waters as red
spheres.

The binding mode o#igS is almost the same fdgR, with a rotation of the 3-
hydroxypiperidine group between the free and aattyl models (Fig. 5A). The stacking
interaction between the phenyl ring and Trp286reserved and the hydrogen bond of the
N-acylhydrazone (NAH) group with Trp124 is kept. Tgr@tonated nitrogen atom of the 3-
hydroxypiperidine subunit is more weakly interagtithrough catiore with Trp86 when

compared with the R configuration and the hydraxylup of4gSis hydrogen bonded to

10



the catalytic Ser203 or to Glu202 residues in tiee find acetylated models, respectively.
In the Michaelis complex (Fig. 5B) it is also pddsito identify an additional binding of
the 4-fluoro-phenyl subunit with ACh through varr daals interactions and a hydrogen
bond between the carbonyl group from NAH and thekbane NH of Arg296.

B Glu292

I § ser203
g ‘ °
His447 " e \; Glu202
Trps6 o\ Trp8s ==,

Fig. 5. Docking results fodgSin the (A) free (green) and acetylated (light bletates, and in the
Michaelis complex (B, yellow). ACh is representedsalmon sticks and molecular waters as red
spheres.

In the Michaelis complex, the predicted binding motbr compound4j is
significantly different for the two configurationk the R-isomer (Fig. 6A), the piperidinyl
group is oriented to the interior of the gorge iatting with ACh through van der Waals
interactions, the protonated nitrogen is interagtuwvith Tyr341 through cation-and the
hydroxyl group from the 3-hydroxypiperidine is irdgeting through a hydrogen bond with
Asp74. Conversely, th&8isomer exhibited an inverted conformation (Fig. 5®8)th the
piperidine group oriented to the entrance of theygpthe hydroxyl group hydrogen bonded
with the highly exposed Glu292, and the carbonghfrNAH hydrogen bonded with the
backbone NH of Arg296. Thie configuration of compoundj exhibited identical binding
modes in both free and acetylated forms of AChkhwimilar docking scores (Fig. 6A).
Such interaction is composed of catwo{ the protonated nitrogen of the piperidinyl grou
with Trp86 (in a similar fashion with the ammonigroup of ACh) and a hydrogen bond

11



of the hydroxyl with W731. Thal-acylhydrazone group interacts through a hydrogerdb
with Tyrl24. At the entrance of the gorge, the plheing makes a stacking interaction

with the side chain of Trp286, a major componerthefPAS.

'\ Trp286 B His287
Y Trp286
Tyr124 x
e Tyr341
Tyr124
" S Sser203* ) |
Tyr337 N LT § Ser203°
GluR03 Asp74 \\" @‘R/GIUZOZ
His447 f & ~
e
Trp86: \5\\ o Trpg6 =5

Fig. 6. Docking results fodjR in the (A) free (green) and acetylated (light bls&tes, and in the
Michaelis complex (B, yellow). ACh is representesdisalmon sticks and water molecules as red

spheres.

Similarly, the S enantiomer of compoudq exhibited almost the same binding
modes in both free and acetylated states of thenesmz with a rotation of the 3-
hydroxypiperidine group at the bottom of the gofm. 7A). While the hydroxyl group is
hydrogen-bonded with the catalytic Ser203 in theefenzyme, it interacts through a
hydrogen bond with W737 in the acetylated modeltdufe steric hindrance caused by the
presence of the acetyl group attached to the SerPOBoth states of the enzyme, the
hydrogen atom of the charged nitrogen is pointddmthe Trp86, weakening the stacking
interaction. TheN-acylhydrazone group interacts through a hydrogemdbwith Tyr124,
located in the middle of the gorge, and the pheing make a stacking interaction with the
Trp286 indole ring at the PAS.

12



‘ His287
A - Trp286 B E%
I t
| Trp286
T asn283
Tyr341 \
Tyr341 \
Tyr124 \ }.{
By )
Tyr337 - 3 k(?\\ Tyr124
4 Ser203* Y * ), < g
\ _p \\‘:‘v ¢ Tyr72
‘ p L* Y Tad W737 Tyr337 § . m b Ser203*
Vv = Glu202 % Glu202
" Asp74 « ey

Trp86 ° *:@Q Trpg6 ),

Fig. 7. Docking results fodjS in the (A) free (green) and acetylated (light blegtes, and in the
Michaelis complex (yellow). ACh is represented atnm®n sticks and water molecules as red

spheres.

The predicted binding modes of bo#jR (Fig. 6B) and 4jS (Fig. 7B) in the
Michaelis complex are significantly distinct frommose predicted in the free and acetylated
models of AChE. TheljR binding mode exhibits the 3-hydroxypiperidine lschat the
bottom of the gorge, interacting with Tyr341 thrbugationst interaction and with ACh
through nonpolar contacts, while the hydroxyl graoperacts with Tyrl24 and Asp74
through hydrogen bonds. The other piperidine graupriented to the entrance of the
binding cavity, mostly exposed to the solvent. Dieling mode predicted fa§S exhibits
the 3-hydroxypiperidine group located at the ewtiryhe gorge hydrogen bonded with the
Asn283 side chain. The other piperidine group isaled at the bottom of the cavity,
located at hydrogen bond distance from the hydrayyup of Tyr124 (3.13A), and

interacts with ACh through nonpolar interactions.
2.4.  Invivo Anti-inflammatory Activity
In parallel to the AChE inhibition studies, all cpounds were evaluated for their

potential anti-inflammatory properties. For thisrmose, classical animal models such as

mechanical allodynia test, formalin-induced hypgesala and carrageenan-induced paw
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edema assays were used as described in the Iiefd6+49] Table 2 shows that eleven of
the fourteen compounds evaluatédd, @de-g 4m, 4n, 4i, 4j, 40 and4l) significantly reduced
the mechanical hyperalgesic index. The seven nubisitacompounddc, 4e 4g, 4i, 4j, 4n
and 40 were selected for testing in the formalin teste3é compounds decreased the
licking time in the first (early) phase of the teshowing an analgesic effect. Compounds
4c, 4e, 4q, 4i and4n further reduced the licking time in the secondgghaf the formalin
test, and they were therefore selected for theagaenan-induced edema test All five

compounds reduced edema volume, confirming aniftdimmatory effect.

Table 2. Effect of the compoundéb-o in mechanical allodynia, formalin and paw edensiste

) Formalin Edema
Compound Mechanical Do
hyperalgesic index early phase last phase Volume (uL)
(umol/Kg)
Saline 324.1+25.2 74.007.7 135.8+10.7 67.73x4.2

4b 235.8+55.1

4c 168.3 + 46.1*** 14.00+2.7 62.88+10.7 17.1424.7 8.76

4d 320.1+31.3

4e 161.1+29.T 13.29+3.2" 15.86+6.3" 25.71+2.0" 68.3

af 206.4 +58.0

49 178.9+28.6° 18.86+3.8" 24.17+8.4° 20.00+2.17 4.66

4h 244.4+62.8

4 83.96 +26.1 62.75+6.8" 69.67+10.7 21.435.9" 2.67

4j 64.56 + 18.8" 19.63+3.1" 110.0£21.9

4] 260.3+54.5

4m 206.9+37.1

4n 146.1 + 27.2 47.75+#13.1 69.75+13.9 11.434.07 4.20

40 353.1+39.2

Ind 158.1+19.5 65.43+6.8 22.75+65 14.29+2.9" 2.12

Morph 7.500+1.8" 3.375+1.6"

Each value represents the mean (xS.E.M.) of eigimas. *p < 0.05, ** p < 0.01 and *** p < 0.001 wh

compared with the vehicle group. Ind= indometha®lorph= morphine
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2.5. Invitroand in vivo COX-1 and COX-2 Activity

Recent studies suggested that hydrazone derivattigday anti-inflammatory
effects through the inhibition of cyclooxygenasefCDX-1) and 2 (COX-2)[50-52]. We
selected compoundéc and 4g, active in both AChE and anti-inflammatory assatygs,
evaluate their inhibition of COX-1 and COX-2 actyiAs reported in Fig. 8a, compounds
4c, 4g and ibuprofen, used as positive control, inhibibeth COX-1 (51%, 64% and 88%,
respectively) and COX-2 (65%, 53% and 94%, respelgti activity at 10 pM, with a COX
selectivity index (ratio of maximum inhibition onAX-2 and COX-1) of 1.27, 0.83 and
1.07, respectively. Subsequently, we also evaluthtecbility of4c and4g to decrease the
COX-1 and COX-2 protein levels of mice treated witme tested-compounds and
carrageenan, a pro-inflammatory polysaccharide. @GXd COX-2 levels were measured
in mice serum by using enzyme-linked immunosorlassty. As shown in Fig.s 8b and 8c,
compoundsic and4g and indomethacin, used as positive control, sicpmtly decreased
COX-1 (percentage of inhibition, 27%, 34% and 528spectively) and COX-2 (42%, 25%

and 40%, respectively).

CCOX-1 E=mCOX-2

100 - 1107
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EE ] — 8 607 o 3 607
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Fig. 8. Effect of compounddc and4g on COX-1 and COX-2 enzyme activity and blood levéh)

In vitro peroxidative activity of human COX-1 and ovine CQXwas determined by a
chemiluminescence assay in the presence of compd@dduM) or ibuprofen (Ibu), as a positive
control. Values are the mean + SEM of two indepahdxperiments. (b, ¢) Plasma COX-1 and
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COX-2 levels were evaluated in mice orally treatéith the compounds (100 mM/kg, p.o) and then
injected with carrageenan (CG) in the paw. Indomeith (IND) was a positive control. Values are
expressed as mean £+ SEM (n=8) in terms of COX |peetentage (*P<0.05 compared to the CG

group).
2.6. Molecular docking study with COX-1 and COX-2

Considering then vitro andin vivo anti-inflammatory results, we also studied the
binding mode and selectivity silico of the target compounds toward COX-1 and COX-2.
According to the redocking results, the dockin@tstyy was successfully applied to both
COX-1 and COX-2, providing predicted poses similarthe experimentally observed
binding mode of the reference ligands (i.e. celdzaxd rofecoxib) with RMSD values of
1.029 A and 0.400 A, respectively.[53-55] According affinity predictions, the
configurationR-R of the compounddc and4g provide more favorable interaction with the
COX-1 enzyme (it is important to note that tReR configurations have very similar
predicted affinities for COX-1), whil&-Scompounds interact better with COX-2 (Table 3
andFig. 9).

YQ)YQ) MU

R-R-4c R R-49g S-S-4c S-S-4g

T
T

=z
mz

b...
g

NH

Q.

Fig. 9. 2D structures of (R-R) and (S-S) configuratiohdoand4g.
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Table 3. Binding affinities predicted by DockTScore for ttop ranked pose of (R-R) and
(S-S) compounddc, 4g and the reference ligands celeboxib and rofecérdn docking with
DockThor.

Compound COx-1? COx-2°
R-R- 4c -10.427 -8.793
SS4c -10.378 -10.129
R-R-4g -10.326 -8.617
SS4g -10.320 -10.080
Celeboxib 10.489 n.a.
Rofecoxib n.a. -10.052

3Given in kcal mot.

In the computational study, both compourdsand 4g exhibited similar docking
scores and binding modes in both COX-1 and COX&bl@ 3,Fig. 10 and 11), interacting
with the binding channel through diverse lipophiaod hydrophilic interactions. The
overall binding mode is characterized by the hygkgiperidine group oriented to the
active site at the bottom of the channel, whilebah-phenyl ring is located at the entrance
of the binding cavity exposed to the solvent. $tigky, the piperidine amine group is
located in a hydrophobic region without interactiwgh charged or polar atoms. We
believe that this interaction is thermodynamicaligfavorable and might reflect on a
weakening of the affinity for both COX-1 and COXi8terestingly,S-S4c interacts with
COX-2 through four hydrogen bonds: the hydroxyl ugras hydrogen-bonded with the
Tyr385 side chain and thid-acylhydrazone is stabilized by three hydrogen lsowith
Leu319, Ser320 and His90. Furthermore, the hydrgrkyup of4c is close to the Ser530
residue, interacting through polar contacts (~%.80n the other hand, in COX-1, tiReR
configuration lost the interaction with Tyr385 digethe rotation of the hydroxy-piperidine

group.

17



N515 D515

Fig. 10. Docking results ofic (light blue) in the COX-1 (left) and COX-2 (rightatalytic channels.

Hydrogen bonds are represented as yellow dashes.

In COX-1, compoundR-R4g interacts through two hydrogen bonds: tNe
acylhydrazone is hydrogen bonded with Ser353 bawklamd His90 side chain. In COX-2,
compoundS-S4g exhibits the NH fromN-acylhydrazone interacting with Leu319 and
Ser320 backbones through two hydrogen bonds, wthigehydroxyl group is oriented
toward the side chains of Ser530 and Tyr385 residiue to the rotation of the hydroxyl-
piperidine subunit (Fig. 10).

1352  $353 1352 S353
vags 5930 7 S530 } ‘j
(A 1 S
=4 “ t ' A S
{ : 4 -
‘/ 4 p H90
’ 4 |
{ v ~
N515 D515

Fig. 11. Docking results ofdg (light green) in the COX-1 (left) and COX-2 (rightatalytic
channels. Hydrogen bonds are represented as yddehes.

2.7. Toxicity profile in vitro and ADME prediction and i n silico.
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Cytotoxicity and genotoxicity of the most promisiegmpounds4c and 4g was
evaluated in peripheral blood mononuclear (PBMQlscéver HepG2 and neuronal SH-
SY5Y cells. Initially, the 1G, (concentration of the compound resulting in 50%ibition
of cell viability) values were determined after & &reatment of PBMCs and HepG2 cells,
and a 24 h treatment of SH-SY5Y cells by MTT assAg. shown in Table 4, the
compounds were not toxic to any type of cells uphi highest tested concentration (100
UM for PBMCs and HepG2 cells; 80 pM for SH-SY5Y Igpl Subsequently, we also
determined the genotoxicity to HepG2cells of lom@entrations of compoundk and4g
(20 uM or 40 uM), using the comet assay and miateus (MN) test. The electrophoretic
formation of nuclear DNA “tail” and the occurrenoé micronuclei reflect DNA damage
and clastogenicity/aneugenicity, respectively [3§,Remarkably, the treatment of HepG2
cells with4c and4g did not induce any genotoxic effects (Table 4).

Table 4. In vitro cytotoxicity and genotoxicity profile of compouAd and4g

Cytotoxicity® (IC s, tM)® Genotoxicity”

Contro 1C 26
4c >10( > 8C > 8C 1C 23

49 >10( > 8C > 8C 14 24
Donepezi n.d® n.d, n.d 12 24
Doxorubicir n.d. n.d. n.d 35° 45
Ultraviolet light n.d. n.d. n.d 13¢€° n.d.

%Cytotoxicity was evaluated in PBMC, HepG2 and SHeStells as reported in experimental sectf4@s,
values represent the concentration of the compeoeswlting in 50% inhibition of cell viability; thealues are
the mean of two/three independent determinatiG@gnotoxicity was determined in HepG2 cells after
treatment with compounds (20 uM or 40 uM) in telwhgomet tail moment (DNA damage parameter) and
micronuclei index (MNi, clastogenicity/aneugeniciparameter).’n.d.: not determined®p<0.001 versus
untreated HepG2 cells (controly<0.05 versus untreated HepG2 cells (control).

In addition, some relevant ADME parameters were pledictedn silico by using
the QikProp v. 3.5 (Schrédinger). Our data indigchtd the most promising multifunctional
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compounds4c and 4g are in accordance with the software referencenpaters (data
shown in the Supporting Information, Table Si1)thnadequate clogP and water solubility,
and good predicted serum albumin binding, humarorpbien and blood-brain barrier

transposition in comparison to donepezil, includsdeference drug.

2.8. Invitro and in vivo neuroprotective activity

Among the different forms of faggregates, solubleffoligomers (A80) cause a
selective synaptic dysfunction and/or neuronal lgsscortex and hippocampus, two
stricken brain regions in AD[58,59]. p®s display higher hydrophobicity and ability to
interact with and cross the membranes, leadingotmdtion of ion channels, membrane
disruption and mitochondrial dysfunction with nemmb death[60]. In addition, fOs
exacerbate responses from glial cells with the meeluction of inflammatory cytokines,
glutamatergic excitotoxicity, neuroinflammation ala$s of synaptic function[61,62]. In
this regard, we evaluated the effects of compotmdnd4g in in vitro andin vivo models
of neuroinflammation and neurodegeneration indumgdither LPS or Bi42 oligomers
(AP1-420). First, we evaluated the ability of compouddsand4g to counteract the release
of pro-inflammatory factors, such as TiWBEnd IL-18, from human THP-1 cells activated
by LPS. The THP-1 cells are transformed monocytastave a range of properties similar
to microglia, including release of superoxide anidiNFa, IL-18 and PGEG63]. The
treatment of THP-1 cells for 24 h with 10 pM ofheit compoundic or 4g significantly
inhibited the LPS-elicited release of both TIN®8% and 69%, respectively) and IB-1
(29% and 31%, respectively) (Fig. 12). Anti-neufsimmatory effects were then
confirmedin vivo, in mice subjected to unilateral intrahippocamipgction AB;.40. The
intraperitoneal administration of either compoudAd or 4g determined a significant
reduction of Iba-1 immunostaining, a marker of\atd microglia, in the CAl area of the
ipsilateral hippocampus, suggesting that both camgs reduced By 0 -evoked
neuroinflammation (Fig. 13a/b). Iba-1 immunostagnim the CAl area of contralateral
hippocampus was not affected by any treatment,ircoinfg the selective unilateral effect
of the intrahippocampal .40 injection and the lack of systemic pro-inflammmgto

effects of the compounds in mice (Fig. 13a/b).

20



1001
55§ 001
I!i.’l:
?'D:

-
(=]
J

o
AL

501
50
40+
301
20
10
— gi%t 0
S W &

IL-1F level (pg/mL)

THFx level (pgimL)

24

Fig. 12 Compoundgic and4g inhibit the release of TNFand IL-13 induced by LPS in THP-1
cells, representative of human microglial cells.PFH cells were treated with compounds (10 uM)
and LPS (1 pg/mL) for 24 h. At the end of the tneanit, the pro-inflammatory cytokine levels were
determined as described in the experimental seclioa values are reported as meg8D of three
independent experiment&p < 0.001 vs. untreated cellp,< 0.05 and” p < 0.001 vs. cells treated
with LPS (ANOVA with Bonferroni post hoc test).
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Fig. 13.Compoundgic and4g inhibit microgliosis induced by unilateral intrgpiocampal injection
of AB1.40 in mice. (a) The quantitative analysis of microgjs in the CA1 area of the ipsilateral
and contralateral hippocampus by Ibal immunostginiwmas performed 7 days after the
administration of compound (100 mg/kg, i.p.) an #O intrahippocampal injection in mice as
reported in the experimental section. (b) Represgimet Ibal immunostaining of the hippocampus.
Scale bar 5um. Values are expressed as mean + SEM (n = 10egbikel density of each image
analyzed 3*p<0.01 vs. PBS + vehicle; *p < 0.05 and **p < 0\l AB + vehicle; ANOVA, with

Newman-Keuls post hoc test.

In parallel, we determined the ability of compourtsand4g to counteract the
early and late neurotoxic events, in terms of M@iifazan exocytosis and necrosis elicited
by AB1.420 in neuronal SH-SY5Y cells. In particular, MTT meazan exocytosis induced
by ABi420 reveals an early vacuole formation prodromic suronal death[64]. Ten
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micromolar of compoundc significantly decreased both MTT formazan exocwasnd
neuronal death elicited bypA420 in neuronal SH-SY5Y cells. In contrast4g compound
4g showed only the ability to significantly counteradle late neuronal death elicited by
ABi142 (Fig. 14). These results reveal the bastvitro neuroprotective activity ofic,
suggesting its ability to interfere with intracddu signal transduction pathways by which

AP enhances early MTT formazan exocytosis.
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Fig. 14. Effects of compoundic and4g on early and late neurotoxic events, in terms GfTM
formazan exocytosis and neuronal death elicited\By,20 in neuronal SH-SY5Y cells. The cells
were treated with the compounds (10 uM) arfid A0 (10 puM) for increasing amounts time. At the
end of the treatment of 4 and 24 h, MTT formazamcgtosis and neuronal death were determined
using MTT and propidium iodide, respectively, asatided in the experimental section. The values
are reported as meanSD of three independent experimefite<0.01 vs, untreated cells, **p<0.01
and ***p<0.001 vs. cells treated withpa,0, at ANOVA with Bonferroni post hoc test.

Subsequently, we evaluated the neuroprotectivectsffef compoundgic and 4g
against neurodegeneration induced by unilateraahippocampal injection of 420 in
mice. After the administration of the compounds determined the neurodegeneration in
the CAl area of the ipsilateral hippocampus usihgpe-Jade C (FJC), a marker of
neuronal death. As shown in Fig. 15, there wagrdttowards a reduction in FJC staining
by the compoundic in CAl area of the ipsilateral hippocampus hidtiigg that only
compound4c counteracts the Ainduced neuronal death. There was no significkahge

in neuronal death in the CA1l area of the contredhtbippocampus among the groups
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injected with PBS, B or Ap treated with4c. On the other hand, the compoudd
increased the neurodegeneration in both hippocasuggesting that its lack af vivo

neuroprotective effect could be ascribed to itgiwo intrinsic neurotoxic effects.

[ PBS + vehicle

(a) @3 Ap + vehicle
2.0+ 2.0+ E3 AR +4c
B3 Ap +4g

—
on
1
=
o
[l

FJC (pixels/pm?)
[—]

=
o
1

FJC (pixels/pm?)
.C) =N
(&, ] o
'] 'l

CA1 ipsilateral

o
o
L
S
=
L

(b)

OAB + vehicle
> * ‘

Fig. 15. Compounds4c, but not 4g, counteract the neuronal death induced by undter
intrahippocampal injection of B 4,0 in mice. (a) The quantitative analysis of neutaeath in the
CA1 area of the ipsilateral and contralateral hggmopus by FJC staining was performed 7 days
after the administration of the compounds (100 mgilk.) and 8,40 intrahippocampal injection

in mice as reported in experimental section. (IPrBgentative FJC staining of hippocampus slices.
Scale bar 5Qum. Values are expressed as mean + SEM (n= 10)eopikel intensity of each
hippocampus slice analyzeh<0.05 vs. PBS + vehicle; *p < 0.05 vsp@ + vehicle; ANOVA,

with Newman-Keuls post hoc test.
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3. Experimental section

3.1. Chemistry.

Reagents were obtained from Sigma-Aldrich, Acrosvierck. The solvents were
prepared by standard procedures. Analytical thpedachromatography (TLC) was
performed using silica 60 F254 from Merck and spe&se visualized with UV light.
Melting points were measured in capillary tubes arMarte (PFM II) melting point
apparatus without correction. Nuclear magnetic masoe (NMR) spectroscopy was
performed on a Bruker AC-300 NMR (IS as TMS). Cheahshifts were reported in parts
per million (ppm,d5) downfield from tetramethylsilane. Proton couplipgtterns were
described as singlet (s), doublet (d), triplet @uartet (q) and multiplet (m). High-
resolution mass spectra (HRMS) were obtained bgtrelgpray ionization (ESI) using a
Agilent 6550 iFunnel Q-TOF LC/MS. Infrared (IR)espira were obtained by Nicolet iS50
FTIR (Thermo Scientific USA) infrared spectrometeoupled to Pike Gladi ATR
Technologies. The absorption bands were reportadaire numbers (ct v). All spectra
are available in supporting information (Fig. SI&ig. SI72).

3.1.1. Methyl 4-formylbenzoate (6).

A solution of 4-formylbenzoic acid5( 1g, 6.78mmol), catalytic DMF, SOL(2
mL, 27.26 mmol) in dichloromethane (10mL) was stirand refluxed for 40 minutes, than
methanol in excess was added. The solution waedtand refluxed for additional 1 hour.
Removal of the solvents produced a residue whichs warified using column
chromatography, eluted with a mixture of EtOAC/Et@842) to afford compouné as a
white solid in 87% yield'H NMR (CD;OD, 300MHz):5 10.06 (s, 1H), 8.16 (dl=8.0Hz,
2H), 7.97 (d,J= 10.0Hz, 2H), 3.93 (s, 3H}’C NMR (CD;OD, 75 MHz):6 191.6, 166.4,
139.0, 134.6, 129.2, 128.728.5, 128.4, 51.7. IR: 3300, 2500, 2835, 2735, 2997, 2954,
1724,17071280, 1111.

3.1.2. Methyl 4-((3-hydroxypiperidin-1-yl)methyl)benzoate (8).

To a mixture of methyl 4-formylbenzoaté.Z g, 12.2 mmol) and piperidin-3-ol
(7.147 g, 14.6 mmol) in methanol (10 mL) was addedtla@r mixture of zinc chloride
(0.83 g, 6.1 mmol) and sodium cyanoborohydride§@,712.2 mmol) in methanol (6 mL).

The resultant mixture was stirred at room tempeeaftor 24h. The solvent was evaporated
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and water was added (40mL), followed by additiora@olution of NaOH 20% to alkalize
the mixture. Then, the mixture was extracted with,Cl, (3 x 20 mL). The organic layer
was separated and dried over brine and MgSRemoval of the solvents produced a
residue which was purified using column chromatpbya eluted with a mixture of
EtOAc/MeOH (9:1, v/v), to afford compour@ as a white solid. 90% vyieldH NMR
(CDsOD, 300MHz):6 7.95 (d,J= 8.0Hz, 2H), 7.43 (dJ= 7.4Hz, 2H), 3.88 (s, 3H), 3.70-
3.62 (m, 1H), 3.57 (s, 2H), 2.86-2.82 (m, 1H), 22684 (m, 1H), 2.06-2.02 (m, 1H), 1.91-
1.86 (m, 2H), 1.76-1.68 (m, 1H), 1.58-1.49 (m, 1HP4-1.19 (m, 1H)**C NMR (CD;OD,

75 MHz): 0 167.0, 143.3, 129.1, 66.5, 62.1, 60.3, 53.0, 513204, 22.6. IRy 3335, 2937,
2792,2859, 2359, 2341, 1609277, 1057.

3.1.3. 4-((3-hydroxypiperidin-1-yl)methyl)benzohydrazide(9).

To a solution of methyl 4-((3-hydroxypiperidin-Luylethyl)benzoate8§( 0.5 g, 2
mmol) in ethanol (7 mL) was added hydrazine moneoditgd (11.73mL, 60mmol). The
resulting mixture was refluxed and stirred for Bremoval of the solvents produced a
residue which was purified using chromatographyucwl, eluted with a mixture of
EtOAc/MeOH (8:2, v/v) to afford the compoudas a white solid. 95% yieldH NMR
(CDsOD, 300MHz):6 7.75 (d,J= 7.8Hz, 2H), 7.42 (d)= 7.4Hz, 2H), 3.67-3.63 (m, 1H),
3.57 (s, 2H), 2.87-2.83 (m, 1 H), 2.69-2.65 (m, 1PP8-2.01 (m, 1H), 1.96-1.90 (m, 2H),
1.74-1.71 (m, 1H), 1.59-1.51 (m, 1H), 1.28-1.21 {H). *C NMR (CD;OD, 75 MHz):§
168.0, 141.3131.8, 129.2, 126.8, 66.4, 62.1, 60.2, 52.9, 324. IR:v 3296, 29392815,
2360,2341, 1611, 1548, 1303.

3.1.4. General Method for the preparation of N-acylhydrazones
intermediates.

To solution of 4-((3-hydroxypiperidin-1-yl)methyl)benzohydrazid®, (0.5 g, 2
mmol) in ethanol with catalytic amount of HC| waddad the corresponding aldehyd®,(
2.4 mmol). The mixture was stirred for 3h at ro@mperature. Removal of the solvent
produced a residue, which was purified using chtography column with the appropriate
eluents systems.

3.1.4.1(E)-N'-benzylidene-4-((3-hydroxypiperidin-1-yl)methyl)benzohydrazide
(4a).
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Gray solid. 60% yield. Mp 152-153°¢H NMR (CD;0OD, 300MHz):6 8.54 (s, 1H),
8.12 (d,J= 8.12Hz, 2H), 7.98 (dJ= 7.98Hz, 2H), 7.72 (d)= 7.73Hz, 2H), 7.58 (t)=
7.58Hz, 3H), 3.49 (s, 2H), 3.46-3.44 (m, 1H), 3363 (m, 1H), 3.00 (m, 1H), 2.10 (m,
1H), 2.04-2.01 (m, 2H), 1.84-1.75 (m, 1H), 1.60 (H), 1.42 (m, 1H)**C NMR (CD;OD,
75 MHz):0 165.1, 149.5, 132.5, 138.8, 134.1, 132.5, 16532,5, 30.2, 128.4, 65.0, 58.8,
52.9, 31.0, 21.0. IRv 3331, 2939, 2817, 1644522, 1283, 961, 831. HRMS (ESI) m/z
calcd. GoH23N30, [M+H]™: 338.1869, found 338.1868.

3.1.4.2(E)-N'-(4-bromobenzylidene)-4-((3-hydroxypiperidin-1-
yl)methyl)benzohydrazide (4b)

White solid. 52% yield. Mp 192-194°¢H NMR (DMSO-ds, 300MHz):6 11.88 (s,
1H), 8.42 (s, 1H), 7.86 (d=7.9Hz, 2H), 7.67 (s, 4H), 7.43 (@7.4Hz 2H), 3.59-3.50 (m,
1H), 3.59- 3.50 (m, 1H), 2.80- 2.75 (m, 1H), 2.6%22(m, 1H), 1.92-1.85 (m, 1H), 1.76-
1.70 (m, 2H), 1.63- 1.59 (m, 1H), 1.48- 1.40 (m,)1H.09- 1.03 (m, 1H)**C NMR
(DMSO-ds, 75 MHZz):6 163.5, 146.8, 143.2, 134.1, 132.3, 129.2, 12&8,7, 66.0, 62.1,
61.5, 53.4, 33.6, 23.6. IR:3226, 3066, 2931, 2791, 2359, 2341, 16444, 1286, 1066,
973, 958, 815, 671. HRMS (ESI) m/z calctoi,BrNzO, [M+H]": 416.0974, found
416.0984.

3.1.4.3(E)-N'-(4-chlorobenzylidene)-4-((3-hydroxypiperidin-1-
yl)methyl)benzohydrazide (4c).

Pale White solid. 70% yield. Mp 177-179%1 NMR (DMSO-ds, 300MHz):5 8.34
(s, 1H), 7.95 (dJ=7.9Hz, 2H), 7.83 (dJ=7.8Hz, 2H), 7.56 (dJ=7.6Hz, 2H), 7.44 (d,
J=7.5Hz, 2H), 3.84 (m, 1H), 3.59 (s, 2H), 2.98- 2(&4 1H), 2.86- 2.83 (m, 1H), 2.44-
2.28 (m, 1H), 1.89- 1.86 (m, 2H), 1.65- 1.61 (m,)1H.42- 1.28 (m, 2H)*C NMR
(DMSO-dg, 75 MHz):6 163.5, 146.9, 132.4,34.9, 133.8, 132.4, 128.1, 1296%.1, 61.8,
61.0, 33.3, 23.2. IR 3196, 2940, 2361, 2341, 1651, 1279, 1087. HRMS)(E% calcd.
Co0H2:CIN3O, [M+H] *: 372.1479, found 372.14009.

3.1.4.4(E)-4-((3-hydroxypiperidin-1-yl)methyl)- N'-(4-
nitrobenzylidene)benzohydrazide (4d).

Yellow solid. 71% yield. Mp 222-225°G¢H NMR (DMSO-ds, 300MHz):6 8.71 (s,
1H), 8.29 (d,J=8.3Hz, 2H), 7.96 (dJ=8.0Hz, 4H), 7.44 (dJ=7.4Hz, 2H), 2.80- 2.77 (m,
1H), 2.76- 2.62 (m, 1H), 1.94- 1.87 (m, 1H), 1.80¢5 (m, 2H), 1.64- 1.59 (m, 1H), 1.48-
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1.38 (m, 1H), 1.11- 1.01 (m, 1HYC NMR (DMSOds, 75 MHz): 6 163.7, 148.2, 145.5,
143.1, 141.2, 132.0, 129.2, 128.4, 124.5, 66.43,633.4, 33.5, 23.5. IR: 3323, 2943,
2849, 1667, 1545, 1284. HRMS (ESI) m/z calcgeHz:N4O4 [M+H]": 383.1719, found
383.1723.

3.1.4.5(E)-4-((3-hydroxypiperidin-1-yl)methyl)- N'-(4-
ethoxybenzylidene)benzohydrazide (4e).

Gray solid. 85% vyield. Mp 217-218°¢H NMR (CD;OD, 300MHz):5 8.30 (s, 1H),
7.91 (d,J=7.9Hz, 2H), 7.78 (dJ)=7.8Hz, 2H), 7.51 (dJ=7.5Hz, 2H), 6.99 (dJ=7.0Hz,
2H), 3.84 (s, 3H), 3.70 (m, 3H), 2.93- 2.88 (m, 1Rly7- 2.73 (m, 1H), 2.23- 2.17 (m, 1H),
2.10- 2.03 (m, 1H), 1.92- 1.56 (m, 2H), 1.92-1.#, (H), 1.35-1.28 (m, 1H}:*C NMR
(CDs0OD, 75 MHz):6 162.0,149.7, 134.4, 132.7, 131.3, 129.2, 128.1, 126.8,9,159.5,
56.4, 51.9, 54.5, 27.7, 17.5. IR:3346, 3070, 3035, 2934, 2835, 1644, 1602, 1550615
1249,1025. HRMS (ESI) m/z calcd.,@H25N303 [M+H]*: 368.1974, found 368.1892.

3.1.4.6(E)-4-((3-hydroxypiperidin-1-yl)methyl)- N'-(4-(pyrrolidin-1-
yl)benzylidene)benzohydrazide (4f).

Yellow solid. 60% yield. Mp 172-174°CH NMR (CsDsN, 300MHz): 5 12.20 (s,
1H), 8.73 (s, 1H), 8.27 (d=8.3Hz, 2H), 7.91(d)=7.9Hz, 2H), 7.48 (d)=7.5Hz, 2H), 6.56
(d, J=6.6Hz, 2H), 4.07- 3.99 (m, 1H), 3.52-3.50 (m, 281),6- 3.12 (m, 1H), 3.07- 3.02 (m,
4H), 2.64- 2.61(m, 1H), 2.22- 1.96 (m, 4H), 1.7065L(m, 4H), 1.54- 1.48 (m, 2H)°C
NMR (DMSO-ds, 75 MHz):0 162.9, 149.1, 142.7, 132.9, 129.1, 127.8, 12112,Q, 66.5,
62.2, 61.5, 53.4, 47.7, 33.7, 25.4, 23.7. #R3252, 3070, 3035, 2916, 2842, 2360, 2340,
1645, 1602, 1523, 1275. HRMS (ESI) m/z calcgsHaoN4O, [M+H]": 407.2447, found
407.2454.

3.1.4.7(E)-N'-(4-fluorobenzylidene)-4-((3-hydroxypiperidin-1-
yl)methyl)benzohydrazide (49).

White solid. 59% yield. Mp 192-195°GH NMR (CD;OD, 300MHz): 6 8.39 (s,
1H), 8.00 (d,J=8.0Hz, 2H), 7.88 (dJ=7.9Hz, 2H), 7.63 (dJ=7.6Hz, 2H), 7.17 (d,
J=7.2Hz, 2H), 4.08 (s, 1H), 3.90 (s, 1H), 3.09- 3(A0 2H), 2.82- 2.61 (m, 2H), 2.00 (m,
1H), 1.89- 1.82 (m, 1H), 1.75- 1.72 (m, 1H), 1.3451 (m, 1H).**C NMR (DMSOds 75
MHz): 6 164.8, 163.1, 161.5, 146.5, 142.7, 131.0, 1298,7, 127.6, 116.1, 66.1, 61.7,
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61.1, 53.0, 33.2, 23.2. IR:3176, 3070, 30353041, 2358, 2332, 1639, 1600, 1556, 1507,
1293, 1148. HRMS (ESI) m/z calcdadBl2FNsO, [M+H] *: 356.1774, found 356.1786.

3.1.4.8(E)-N'-(4-aminobenzylidene)-4-((3-hydroxypiperidin-1-
yl)methyl)benzohydrazide (4h).

White solid. 15% yield. Mp 125°CH NMR (CD;0D, 200MHz):6 8.17 (s, 1H),
7.86 (d,J=8.0Hz, 2H), 7.48 (m, 4H), 6.67 (d78.0Hz, 2H), 3.62 (s, 2H), 3.25 (s, 1H),
2.88-2.67 (m, 2H), 2,13-1,26 (m, 6HJC NMR (CD;OD, 75MHz):6 164.9, 151.0, 141.4,
140.0, 132.0, 129.4, 129.1, 122.4, 114.0, 66119, 60.4, 52.9, 32.1, 22.3. IRz 3348,
3228, 2852, 2922, 1651, 1597, 1056. HRMS (ESI) caled. [M+H]: 353.1978, found
353.1971.

3.1.4.9(E)-4-((3-hydroxypiperidin-1-yl)methyl)- N'-(4-morpholinobenzylidene)
benzohydrazide (4i).

Yellow solid. 54% yield. Mp 154-157°CH NMR (CsDsN, 300MHz): § 12.42 (s,
1H), 8.74 (s, 1H), 8.26 (d=8.3Hz, 2H), 7.94 (dJ=7.9, 2H), 7.51 (dJ=7.5Hz, 2H), 6.99
(d, J=7.0, 2H), 5.70 (s, 2H), 4.08- 4.02 (m, 1H), 3.744H), 3.55 (m, 1H), 3.12 (t, 4H),
2.66- 2.63 (m, 1H), 2.25- 2.16 (m, 1H), 2.12- 2(f1, 2H), 1.74- 1.48 (m, 3H}*C NMR
(DMSO-ds, 75 MHz): 6 163.1, 152.6, 148.4, 142.4, 132.8, 129.2, 128277.9, 125.0,
114.8, 66.4, 62.0, 53.4, 47.33.5, 23.5. IRy 3429, 3257, 2831, 2359, 2341, 1609, 1537,
1228. HRMS (ESI) m/z calcd.@H30N4Os [M+H]*: 423.2396, found 423.2407.

3.1.4.10. (E)-4-((3-hydroxypiperidin-1-yl)ymethyl)- N'-(4-(piperidin-1-
yl)benzylidene) benzohydrazide (4j).

Yellow solid. 50% yield. Mp 158-162°CH NMR (CsDsN, 300MHz): 6 12.38 (s,
1H), 8.74 (s, 1H), 8.26 (dI=8.3Hz, 2H), 7.92 (dJ=7.9Hz, 2H), 7.50 (dJ=7.5Hz, 2H),
6.97 (d,J=7.0Hz, 2H), 4.10-4.03 (m, 1H), 3.55 (s, 2H), 3(1,1J=3.1Hz, 4H), 2.67- 2.63
(m, 1H), 2.25- 1.98 (m, 4H), 1.74- 1.55 (m, 3H)49: 1.41 (m, 6H)**C NMR (DMSO+,

75 MHz):6 163.1, 152.8, 148.6, 142.3, 132.9, 129.2, 12&8,9 123.8, 115.0, 66.3, 61.2,
51.3, 48.8, 33.5, 25.4, 24.3, 23.4. lR3176, 3032, 2932, 849, 1638, 1594, 1557, 1516,
1294. HRMS (ESI) m/z calcd.26H3N4O, [M+H] *: 421.2604, found 421.2616.

3.1.4.11. (E)-N'-(4-(1H-imidazol-1-yl)benzylidene)-4-((3-

hydroxypiperidin-1-yl)methyl)benzohydrazide (4k).
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Pale white solid. 49% yield. Mp 113-114%EL NMR (CD;OD, 300MHz):5 8.40 (s,
1H), 8.23 (s, 1H), 8.01 (dI=8.0Hz, 2H), 7.93 (dJ=7.9Hz, 2H), 7.66 (dJ=7.7Hz, 3H),
7.52 (d,J=7.5Hz, 2H), 7.18 (s, 1H), , 3.68 (s, 3H), 2.9B&(m, 1H), 2.75- 2.72 (m, 1H),
2.19- 2.12 (m, 1H), 2.06- 2.00 (m, 1H), 1.95- (88 1H), 1.82- 1.76 (m, 1H), 1.64- 1.52
(m, 1H), 1.34- 1.26 (m, 1H}’C NMR (DMSO+s, 75 MHz):6 163.6, 147.0, 142.8, 138.2,
133.2, 132.3, 130.5, 129.2, 128.0, 120.8, 118.3%,662.1, 61.5, 53.4, 33.6, 23.6. IR:
3430, 3252, 2925, 2832, 1644, 1608, 1598, 15159.12RMS (ESI) m/z calcd.
Ca3H2sNs0, [M+H]™: 404.2087, found 404.2088.

3.1.4.12. (E)-4-((3-hydroxypiperidin-1-yl)methyl)- N'-(4-
(methylthio)benzylidene) benzohydrazide (4l)

Gray solid. 78% yield. Mp 215-218°¢H NMR (CsDsN, 300MHz):6 12.58 (s, 1H),
8.74 (s, 1H), 8.26 (d}=8.3Hz, 2H), 7.87 (dJ=7.9Hz, 2H), 7.50 (dJ=7.5Hz, 2H), 7.32 (d,
J=7.3Hz, 2H), 4.04 (m, 1H), 3.52 (s, 2H), 3.16- 3(&®, 1H), 2.38 (s, 1H), , 2.23- 2.16 (M,
1H), 2.11- 2.07 (m, 1H), 2.02- 1.96 (m, 1H), 1.737 (m, 3H).*C NMR (DMSO4ds, 75
MHz): 6 163.4, 147.7, 143.1, 141.3, 132.4, 131.1, 1228,(, 127.9, 126.1, 66.51.5,
53.4, 33.6, 23.7, 14.7. IR:3381, 32382919, 2781, 2359, 2323, 1641, 1591, 1534, 1277.
HRMS (ESI) m/z calcd. £H2sN30.S [M+H]": 384.1746, found 384.1755.

3.1.5. General Method for the preparation of acetate-deriatives.

A solution of the corresponding N-acylhydrazone (2 mmol), 4-
dimethylaminopyridine (4-DMAP, 1 mmol) and acetithgdride (20mmol) in chloroform
(5 mL) was prepared. The solution was stirred afidixed until the starting material was
fully consumed (TLC). The solvent was removed urlder pressure and the product was
purified using chromatography column with approggrieluent system.

3.1.5.1(E)-1-(4-(2-(4-bromobenzylidene)hydrazine-1-
carbonyl)benzyl)piperidin-3-yl acetate (4m).

Yellow solid. 60% yield. Mp 140°C'*H NMR (CD;OD, 300 MHz): 6 7.80 (d,
J=8.30Hz, 2H), 7.50 (dJ=8.47Hz 2H), 7.40 (dJ=8.29Hz, 2H), 7.34 (dJ=8.50Hz, 2H),
7.02 (s, 1H), 4.76 (m, 1HRB.25 (s, 2H), 2.74 (ddl=10.66Hz, 1H), 2.53 (m, 1H), 2.30 (s,
3H), 2.15 (m, 2H), 1.83 (m, 1H), 1.73 (m, 1H), 1.64, 1H), 1.38 (m, 1H)**C NMR
(CD30D, 75 MHz):6 171.9,169.5, 157.2, 143.5,36.9, 133.0130.6, 129.6, 128.0, 124.3,
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92.9, 70.8, 63.2, 57.8, 54.1, 3028.6. IR:v 3232, 3053, 32172943, 27981734, 1649,
1204, 1244. HRMS (ESI) m/z calcd,8,4BrNsOs [M+H]*: 458.1079, found 458.1073.

3.1.5.2(E)-1-(4-(2-(4-aminobenzylidene)hydrazine-1-
carbonyl)benzyl)piperidin-3-yl acetate (4n).

Yellow solid. 42% yield. Mp 220°GH NMR (CD;OD, 200MHz):6 8,2 (s, 1H), 7.9
(d, J=5.0HzHz, 2H), 7.6 (dJ=5.0, 2H), 7.51 (dJ=10.0Hz, 2H), 6.72 (dJ=5.0 Hz, 2H),
4.83 (m, 1H), 3.67 (s, 2H2.84 — 2.67 (m, 2H), 2.30 (m, 2H), 2.04 (s, 3HP111.82 (m,
2H), 1.49-1.31 (m, 2H):*C NMR (CD;0OD, 50MHz):5 170.9, 165.8, 150.5, 141.5, 129.2,
127.3, 123, 114.1, 113.4, 69.4, 62, 56.4, 52.9229,19.7. IR:v 3446, 3350, 3217, 3032,
2943, 2802, 1722, 1649, 1264, 1248. HRMS (ESI) wdicd. GoHoeN4O3 [M+H]™
395.2083, found 395.2077.

3.1.5.3(E)-1-(4-(2-(4-acetoxybenzylidene)hydrazine-1-
carbonyl)benzyl)piperidin-3-yl acetate (40).

Yellow solid. 37% yield. Mp 145°C'*H NMR (CD;OD, 300 MHz): 6 7.83 (d,
J=8.31Hz, 2H), 7.49 (d, J=8.61Hz, 2H), 7.43 (d,.28Biz, 2H), 7.15 (d, J=8.62Hz, 2H),
7.09 (s, 1H), 4.78 (m, 1H), 3.58 (s, 2H), 2.77 (#d10.87Hz, 1H), 2.58 (m, 1H), 2.32 (s,
3H), 2.25 (s, 3H), 2.17 (m, 1H), 1.80 (m, 2H), 1(&7, 1H), 1.42 (m, 1H), 1.23 (m, 1H).
1%C NMR (CD;0D, 75 MHz):6 170.8, 169.6, 157.4, 153.4, 143.3, 135.3, 13028.Q,
128.0, 124.5, 123.3, 116.93.2, 70.8, 63.3, 57.84.2, 30.2, 23.6, 21.1. IR:3248,3070,
2947, 2798, 1762, 1732, 1656, 1282, 1251, 1222. HRESI) m/z calcd. £H,7N3Os
[M+H]™: 438.2029, found 438.2023.

3.2. X-Ray Diffraction.

The compounddc and4g samples were loaded between two acetate-cellfibilse
(thickness of 0.014 mm and density of 1.3 gcm-3) #re X-ray powder diffraction data
were recorded at room temperature on a STADI-P powdiffractometer, (Stoe®,
Darmstadt, Germany) in transmission geometry bggu§iuKa, radiation {= 1.54056 A),
selected by a curved monochromator Ge (111), witkbe voltage of 40 kV and a current
of 40 mA. The measurements were performed in tigellanrange from 4° to 82.735°4R2
with steps of 0.015° and integration time of 2G1 sach 1.05°.

3.3.  Pharmacology. Cholinesterase inhibition.
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Enzyme activity of EeAChE (E.C. 3.1.1.7, type Vgbyified from Electrophorus
electricu3 and egBuCht (E.C. 3.1.1.8, purified from equinerus) was assayed
kinetically by Ellman’s method[44] in 96-well plateas previously described[65,66], with
minor modifications. Compound samples were dissbbte).05 M in DMSO and diluted in
sodium phosphate buffer (SPB, 0.1 M, pH 7.4) immatdy before use (final DMSO less
than 0.2% v.v.). All other assay reagents wereotlisgl in SPB. The final assay volume
was 200uL; three wells were used per condition in each @rpent. Sequential additions
were: 20uL of enzyme (0.5 U/mL), L of 5,5'-dithiobis-(2-nitrobenzoic) acid (10 mM),
100 uL of compound solution (twice the final concentad and 55ul of SPB. After ten
minutes of incubation, 2L of the substrate (acetylthiocholine or butyryditinoline
iodide, 0.5 M final) were added and absorbance weed in a SpectraMax 250
spectrophotometer (Molecular Devices) at 412 nnmet@ s, for 5 min at rt. Progression
curves were acquired through SOFTmax PRO 5.0 (MidecDevices) from which
maximum hydrolysis velocity was estimated and asialyperformed with Prism
(Graphpad). Three six-point inhibition curves wesbtained independently for each
compound for estimation of averagesdCThe substrate competition data from three
experiments were pooled and analyzed by globalimee fitting of standard kinetic
models[66]. Because all compounds clearly reduceAhHE Vimax only simple (pure)
noncompetitive and linear mixed inhibition modelsre fitted, being then compared and
selected by likelihood criteria (corrected Akaik#ormation criterion). All reagents were

purchased from Sigma-Aldrich (Brazil).

3.4. Evaluation of cytotoxicity in vitro.

The cytotoxicity of the test compounds was deteediim human peripheral blood
mononuclear cells (PBMCs), human liver HepG2 angareal SH-SY5Y cells using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliubmtomide (MTT) assay. MTT is reduced
to formazan by the mitochondrial activity of vialdells. PBMCs were obtained from blood
of healthy volunteers by Ficoll-Hypaque density digat centrifugation. The cell
suspension of PBMCs at a concentration of 2.0 %c#0s/mL was distributed in a 96-well
plate, 90 pL in each well with 10 pL of test compdsi at different final concentrations (1-
100 uM), incubated at 37 °C in 5% g@r 48 h. At the end of the treatment, 10 pL of

32



MTT (5 mg/mL) was added and the cells were incubatgain for an additional 4 h period.
Then, the medium was carefully removed and 100 @{LDMSO was added for
solubilization of formazan crystals. The amountf@fmazan was measured at 570 nm
(reference filter 690 nm) using a VICTOR™ X3 mualbkl plate reader (PerkinElmer, MA,
USA). HepG2 and SH-SY5Y cells were seeded at 1ah@ 2x16cells/well, respectively,
into a 96-well plate. After 24 h of incubation, H&p and SH-SY5Y cells were treated with
different concentrations of test compounds 8D uM) for 6 and 24 h, respectively. At the
end of the treatment, the medium was replaced Mt (5 mg/ml) in phosphate-buffered
saline (PBS) for 2 h at 37°C in 5% €@fter washing with PBS, the formazan crystals
were dissolved with isopropanol. The amount of fazan was measured as reported above
for PBMCs. In all determinations, cytotoxicity ixmessed as concentration of the

compound resulting in 50% inhibition of cell viabyl

3.5. Evaluation of genotoxicity in vitro. Alkaline cometassay.

This assay was performed as described previousIgibgh et al.[56] with some
modifications. Briefly, HepG2 cells were seededissue culture flasks and incubated for 6
h with test compounds at 20 uM or 40 pM. After ditesptment, the cell cultures were
washed with PBS and collected by enzymatic digestib05% trypsin/0.02% EDTA in
PBS), and cell viability was determined by trypdmebexclusion assay. All treated cultures
showed greater than 90% of viability. Cell suspensiwere kept on ice and protected from
the light. Two hundred thousand viable cells wessuspended in 100 pL of 0.5 % low-
melting point agarose (Sigma-Aldrich) at 37°C anitore was spread onto microscope
slides pre-coated with 1.5% normal-melting pointrage (Sigma-Aldrich). Triplicates
slides were prepared for each sample. Coverslipe placed on the gel and then kept for
10 min in a refrigerator for agarose solidificatiddext, the coverslips were gently removed
and the slides were immersed in cold (4 °C) lyslateon (1 % Triton X-100, 10 % DMSO,
2.5 mM NaCl, 100 mM N#&DTA, 100 mM Tris, pH 10) for 24 h. Immediately exftthis
step, slides were placed in a horizontal electroggis unit containing freshly prepared
electrophoresis buffer (1 mM BEBEDTA, 300 mM NaOH, pH 13). DNA was allowed to
unwind for 20 min, and subsequently, electropheress performed at 25 V, 300 mA for

25 min. The slides were then gently immersed ire@tnalization buffer (0.4 M Tris—HCI,
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pH 7.5) for 15 min and fixed with ethanol. Samplesre stained with SYBR® Green |
solution (Invitrogen by Thermo Fisher ScientificIlnRockford, IL, USA) diluted 1:100 in
1 x PBS and analyzed by fluorescence microscope@sP0 x objective. The images were
captured and analyzed using the ImageJ open corogtgon (ImageJ, Wayne Rasband,
National Institutes of Health, USA) to demarcate thead” and the “tail” regions of each
comet[67]. Fifty randomly selected nuclei were gmall per slide. The extent of DNA
damage (tail moment) was expressed as the mean #08D3 independent experiments.

Doxorubicin and ultraviolet light were used as gigsicontrol.

3.6. Cytokinesis block micronucleus assay (CBMN).

The micronucleus assay was performed accordingatarsjan and Darroudi [68]
with some minor modifications. Briefly, cells weseeded at a density of 2.5 ¥ 1@lls per
well in 6-well culture plates and treated for 6 lhwtest compounds at 20 uM or 40 uM.
After the exposure period, cells were washed twiwth PBS and re-incubated in fresh
medium containing 3ig/mL of cytochalasin B (Sigma-Aldrich) for 28 h. taf that, cells
were harvested and suspended in cold sodium citt&g at room temperature for 5 min.
Then, the cells were fixed in Carnoy's solutior8(fnixtures of acetic acid and methanol),
and a few drops of formaldehyde were added to preste cytoplasm. Immediately after
centrifugation at 1000 rpm for 5 min, the cells &vee-suspended in Carnoy's solution and
dropped onto clean microscopic slides, air driew] stained with Giemsa (5%). Analysis
of micronuclei (MNi) was performed using a lightaroscope at 1,000 x magnification
(immersion oil) according to the criteria publishieg Fenech[69,70]. Doxorubucin was

used as a positive control.

3.7. Evaluation of anti-inflammatory activity in vivo.

Adult male Swiss mice (22-28 g) were obtained fittvan Central Animal Facility of
the Federal University of Alfenas and housed uraerttrolled light (12:12 h light-dark
cycle; lights on at 6:00 a.m.) and temperature o (23 + 1 °C) with access to water
and food ad libitum. Except for the night before #xperiments, when they were submitted

to overnight fast. The animals were allowed to tste to the housing facilities for at least
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1 week before the experiments began. The experahprdtocol was approved by the local
Research Ethics Committee of the Federal Univeddidfenas (protocol n 633/2015).

3.8.  Formalin-induced nociception.

A formalin solution (5% in 0.9% saline) was injett€0 pl/paw) into the sub-
plantar region of the right hind paw, and the amémaere individually placed in
transparent observation chambers, as previouslgrided[71]. Oral treatments (p.o) with
vehicle, indomethacin and compounds (100 mM/kg)ewgiven 1 h prior to formalin
injection (n=8 per group). Morphine (39 mM/kg) wadiministrated (i.p.) 30 min before the
test. Animals were observed from 0 to 5 min (neamg pain) and from 20 to 30 min
(inflammatory pain) after the formalin injectiomadthe time spent licking the injected paw
was recorded and considered as indicative of nptae

3.9. Mechanical nociception test.

The mechanical nociceptive thresholds of the arimaads evaluated according to
the up-and-down method using Von Frey filamentsriiN&Coast Medical, Inc. Morgan
Hill, CA, USA) as previously described[71]. The miwere placed in acrylic boxes with a
wire screen, providing access to the paw of thenals 60 min before test. The Von Frey
filaments were applied perpendicularly on the @anegion outside of the hind paw of
animals, for a period of approximately 4s or umtié animal demonstrates nocifensive
behavior, characterized by paw withdrawal, thekitig and/or “flinching”. The evaluation
of mice began with the 0.4 g filament. In this noethat least 6 tests, with 10s intervals,
were made per animal. The absence of animal's mespo a particular filament led to the
use of other filament of greater mass, until thexyea withdrawal response. Vehicle,
compounds or indomethacin was orally administeradogfore the intraplantar injection of
carrageenan (100 mg/paw). The results are exprégstte average nociceptive threshold

in grams.
3.10. Carrageenan-induced paw edema.

Mice paw edema was measured with a plethysmomego Basile, mod 7140) as

previously described[71]. The basal volume of tightrhind paw was determined before
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the administration of any drug and the animals wdikéded into experimental groups
(n=10 per groups) in such a way that the mean vetuof the different groups were
similar. The vehicle (DMSO 2%, sterile saline), gmunds and indomethacin (100
mM/kg) were orally administered 1 h before theaptantar (i.pl.) injection of carrageenan
(400 mg/20 ml). The paw volume was measured 1, B after the injection of the
inflammatory stimulus. The results are presentedhaspaw volume (mL) variation in
relation to the basal values.

3.11. Evaluation of COX-1 and COX-2 activity and level invitro and in vivo.

The COX enzyme activity was evaluated using a COXivity Kit (Enzo Life
Science, Farmingdale, NY, USA) according to therutdions. The ovine COX-1, human
COX-2 and arachidonic acid not contained in thengte supplied by Cayman Chemicals
and Sigma, respectively. Briefly, test compoundsolvent 2.5uL, assay buffer 3L,
heme 2.51L, and either COX-1 or COX-2 2,4 were mixed and incubated for 120 min.
Chemiluminescent substrate {10 and arachidonic acid gL were added to the re action at
room temperature, and immediately read in VICTOR™ Kultilabel plate reader
(PerkinElmer) for 5 s. The peroxidative activity 60X-1 and -2 was determined by a
specific chemiluminescent substrate.

The COX-1 and COX-2 enzyme levels was evaluatedmine treated with
carrageenan as previously described[71]. Brieflicenwere treated with compound (100
mM/kg, p.o) or vehicle 1 h before carrageenan impéction. Three hours after carrageenan
injection, the rats were anesthetized with chlbsalrate and blood samples were collected
from the heart. Blood sample of different groupswantrifuged at 1500 rpm/20 min and
the serum was collected and frozen at 70° C. Théysis of COX-1 and COX-2 protein
expression was done according to the manufacturstsiction (for COX-1, USCN Life
Science Inc., Houston, TX, USA; for COX-2, R&D Samts, Minneapolis, MN, USA)
using a specific antibody coated onto the wellse plates were then read by a microplate
reader at 450 nM.

3.12. ABO preparation.
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APBi-42 peptides (AnaSpec, Fremont, CA, USA) were firstssdived in
hexafluoroisopropanol to 1 mg/mL, sonicated, incetat room temperature for 24 h and
lyophilized. The resulting unaggregatedf:A film was dissolved with sterile
dimethylsulfoxide to a final concentration of 1 navid stored at -20°C until use. Th@;A
42 aggregation to oligomeric form was prepared as riest previously by Tarozzi et
al.[72]. Briefly, AB;1.4ostock in DMSO was diluted into phosphate buffem&a(PBS) at 40
uM and incubated at 4°C for 48 h to enhance oligofemation[73]. AB1.40 peptides
preparation. Recommended preincubation proceduifg.4Alyophilized peptide was
dissolved initially in water to a concentration ®@img/ ml. In order to perform the intra-
hippocampal injection, it was further diluted wiBS to 800 nmol/ mL and incubated at
37 °C for 4 days.

3.13. Release of pro-inflammatory cytokines IL-B and TNFa.

Human monocytic THP-1 cells were incubated intoa4-culture plates at 5 x 10
cells m* with LPS (1 pg/mL) in absence or presence of testpound (10 uM). After 24 h
of incubation, THP-1 cells were removed by cengd#tion at 500 xg for 10 min. The
medium was collected and stored at -80°C untihierrtuse. The amount of secreted -1
and TNFe was assayed using specific ELISA kit High SengitifThermo Fisher Scientific
Inc.) according to the manufacturer’s instructions.

3.14. MTT formazan exocytosis induced by A0O.

MTT Formazan Exocytosis induced by®@ was determined using MTT assay, as
previously reported[71]. Briefly, SH-SY5Y cells veeseeded in 96-well plates at 3%10
cells/well, incubated for 24 h and subsequentlgteéd with compound (20 pM) and3@®
(10 uM) for 4 at 37 °C in 5% COThe treatment medium was then replaced with MT (
mg/mL) in PBS for 2 h at 37 °C in 5% GO'he SH-SY5Y cells were then examined under
a microscope and photographed to detect MTT formaeocytosis. The needle-like
crystals on the surface of the cells treated witly &0, which are easily visible under a

light microscope, represent exocytosed MTT formazan
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3.15. Neuronal death induced by A0O.

Neuronal death induced byp® was determined using the fluorescent probe
propidium iodide (PI), as previously reported withnor modification[71]. Briefly, SH-
SY5Y cells were seeded in 96-well plates 5 X t8lls/well, incubated for 24 h and
subsequently treated with compound (20 uM) af®A10 uM) for 24 at 37 °C in 5%
CQO,. The treatment medium was then replaced with ®htg/mL) in PBS for 10 min at 37
°C. The stained cells with Pl were then examinedeura fluorescence microscope. Four
randomly selected areas with 50-100 cells in eaetevanalysed and the values obtained
are expressed as percentage of dead cells andatattby the formula: (propidium iodide-

positive cells/n total cells) x 100.

3.16. Drug treatment protocol in vivo.

All procedures used in this study were approved stnidtly followed the ethical
principles of animal experimentation adopted by Htlkic Committee on Animal Use of
Federal University of Minas Gerais, and institudity approved under protocol number
336/2012. Experiments were conducted using maleBZG fice (25-30 g, 10-12 weeks
of age) obtained from Animal Care Facilities of thstitute of Biological Sciences (ICB).
Animals were kept under controlled room tempera{@re°C) under 12 h: 12 h light-dark
cycle, with free access to food and water.

Animals were randomly divided into four major greufm = 5-8/group) as follows:
PBS + vehicle, SO + vehicle, O + test compound. Then, they were anesthetized wit
an intraperitoneal (i.p.) injection of ketamine (8@/kg) and xylazine (8 mg/kg) and then
submitted to stereotactic surgery and intrahippgazdrnjection. The needle was inserted
unilaterally and A0 (400 pmol/ 0.5u L/mice) or PBS (vehicle) solution was injectedoint
the right hippocampus at the following coordinatesn bregma: anteroposterior = -1.9
mm, mediolateral = 1.5 mm, and dorsoventral=2.3 mm. Animals were treated by i.p.
administration of 100 mg/ kg of test compound dnigke 1 hour 30 minutes prior to®
peptide intra-hippocampal injection and after fartid days the mice were euthanized and
had their brains fixed to evaluate neuronal deathraicrogliosis using Fluoro-Jade C and

Iba-1 staining, respectively.
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3.17. Fluoro-Jade C staining.

Fluoro-Jade C (FJC) is an anionic fluorescein @dgewsed to label degenerating
neurons[74]. The hippocampal sections were washgohés in PBS for 30 minutes and
mounted on gelatinized slides. After drying, slidesre immersed in a basic solution of
sodium hydroxide (1%) in ethanol (80%) for 5 mitOH (70%) for 2 minutes and rinsed
with distilled water for 2 minutes. Protected frdight, the slides were incubated in a
solution of potassium permanganate (0.06%) for 2@utas, washed with distilled water
for 2 minutes and incubated in FJC (Millipore, Biita, MA, USA) solution (0.0001%) in
acetic acid (0.1%) for 20 minutes. Subsequentlgy tivere washed again twice with
distilled water for 1 min. After completely dryinglides were dipped in xylene for 1
minute and coverslipped with DPX (Sigma-Aldrich)heT slides were observed under
fluorescence microscope Zeiss in 10x magnificatems and five different images of the
CAL1 layer of both hippocampi were taken for quacdifion of labelled cells using Image J

software.

3.18. Iba-1 immunostaining.

The hippocampal section was washed 3 times inBuitered Saline (TBS) for 30
minutes. Free-floating section were incubated witrate buffer at 70 °C for 30 minutes,
for antigen retrieval. After that, blocking solutiBSA (4%), Triton X (0.5%) in TBS] was
added to the section for 2 h, and they were in@agbatvernight with anti-lba-1 primary
antibody (1:500; Wako Chemicals, Osaka, Japan).tl@n next day, the section was
incubated with the secondary antibody Alexa Flue4 anti-rabbit (1:1000; Invitrogen by
Thermo Fisher Scientific Inc.) for 1 h, washed, med in gelatinized slides and
coverslipped with Fluoromount media (Sigma-Aldriciihe slides were observed under a
fluorescence microscope in 10x magnification lend fve different images of the CAl
layer of both hippocampi were taken for quantiimatof labeled cells using Image J

software.

3.19. Statistical Analysis
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Statistical analysis was performed using the siegissoftware GraphPad Prism 5.0.
In vitro and in vivo data were analysed by one-W&JOVA using an appropriate post-test

such as Dunnet, Newman-Keuls or Tukey. The levslgidificance was set pt< 0.05.

4, Conclusions

An increasing number of studies suggest that neflaonmation significantly
contributes to early and late stage of the AD neéegeneration. In this regard, an anti-
inflammatory pharmacological approach could alslp e slow the progression or delay
the onset of AD. We report the discovery of newtifurictional N-benzyl-piperidine-aryl-
acylhydrazone derivatives as donepezil hybridsvadigainst both the neuroinflammation
and the neurodegenerative processes which oc@DirAmong multifunctional candidate
prototypes, compoundéc and4g showed the besh silico ADME parameters, selective
inhibition of AChE, anti-inflammatory and neuropgotive properties in several vitro
andin vivo models. In particular, these compounds recordediility to inhibit the release
of TNFu from activated microglial cells as well as theiatt of COX-1 and COX-2, two
pivotal players in the mechanisms of CNS inflamoratiinterestingly, inhibition of TNd
by 4c and 4g suggest their potential ability to prevent thensigtransduction pathway
mediated by TNF type 1 receptor (TNFR1) at brairelelt should be noted that TNFR1
are not only involved in AD-related brain neuroarfimation, but also contribute to
amyloidogenesis vi@-secretase regulation, COX-2 upregulation and atitim, synaptic
loss, neuronal death and cognitive decline.[75,Bésides, the data obtained for
compoundsglg, 4c support these considerations recording the aliditgounteract both the
microgliosis and the neuronal death induced byabeiél intrahippocampal injection ofBA
in mice. Taking together all these multiple actestrelated to AD pathogenesis, compound
4c seems to be the most promising drug prototype idated for development of genuine

multi-target directed drugs for Alzheimer’s disease
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5



HIGHLIGHTS

Novel aryl-acylhydrazone-donepezil hybrids 4c and 4g were synthesized as
MTDLs.

Compounds 4c¢ and 4g showed ICsp= 25.4 and 8.65 uM, respectively for AChE
inhibition.

4c and 4g showed anti-inflammatory activity against APO-induced
neuroinflammation.

4c and 4g inhibited COX-1/2 and the release of TNF-a in activated microglial
cells.

Compound 4c seems to be a promising MTDL drug prototype candidate for AD.



