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Abstract

A series of rivastigmine hybrids, incorporating rivastigmine fragments (RIV) and a
set of different antioxidant scaffolds, were designed, synthesized, and evaluated as
multifunctional agents for the potential therapy of Alzheimer’s disease (AD). In vitro
bioactivity assays indicated that some compounds have very good antioxidant (radical-
scavenging) activity. The compounds also displayed good inhibitory activity against
cholinesterases, though the bigger-sized hybrids showed higher inhibitory ability for
butyrylcholinesterase (BChE) than for acetylcholinesterase (AChE), due to the larger
active site cavity of BChE. All the hybrids exhibited an inhibition capacity for self-
induced amyloid-f (AR1-42) aggregation. Furthermore, cell assays demonstrated that some
compounds showed capacity for rescuing neuroblastoma cells from toxicity induced by
reactive oxygen species (ROS). Among these RIV hybrids, the best in vitro multifunctional
capacity was found for the caffeic acid derivatives enclosing catechol moieties (4AY5, 4AY6),
though the Trolox derivatives (4AY2, 4BY2) presented the best cell neuroprotective activity
against oxidative damage. Molecular-docking studies provided structural insights into
the binding modes of RIV-based hybrids to the cholinesterases, revealing key interaction
patterns despite some lack of correlation with inhibitory potency. Overall, the balanced
multifunctional profiles of these hybrids render them potentially promising candidates for
treating AD, thus deserving further investigation.

Keywords: Alzheimer’s disease; multi-target drugs; rivastigmine; antioxidants; cholinesterases;
amyloid-f3 aggregation; neuroprotection

1. Introduction

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly worldwide,
according to a recent report from 2024 [1]. Since the main risk factor in AD etiopathogenesis
is age, and life expectancy is progressively increasing (from 2015 to 2050, the percentage of
the world’s population aged over 60 will nearly double and attain about 2.1 billion), the
incidence of this disorder will increase in parallel. Currently, more than 50 million people
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worldwide are living with AD, and this number will increase to 152 million by 2050 [2].
Thus, as AD gradually challenges our healthcare systems and society, the urgency of more
effective therapeutics becomes paramount. Although the etiology of AD remains unclear,
multiple factors and pathological processes have been shown to play significant roles in the
progression of this disease, such as 3-amyloid (A{3) deposits, tau protein aggregation [3],
the decline of acetylcholine (ACh) [4], oxidative stress, and bio-metal dyshomeostasis [5].
The complexity and multi-factorial nature of AD, associated with difficulties in its early
diagnosis (no unequivocal premortem analysis), are believed to be the main reasons for
the absence of an effective cure so far. Unfortunately, the existing conventional therapies,
mainly based on targeting one single causative factor, have been shown to be ineffective for
AD treatment [6]. In particular, most of the current FDA-approved (about 2 decades ago)
drugs are single-target small molecules that act by inhibiting cholinesterases (e.g., donepezil,
rivastigmine, and galantamine) or blocking the N-methyl-D-aspartate receptor, NMDAR
(memantine) [7,8], in addition to a recent manufactured combination of memantine and
donepezil (not approved by European Medicines Agency, EMA) [9]. Quite recently (2021,
2023), a second generation of drugs was approved by the FDA, namely two AS-directed
monoclonal antibodies, mAbs, (aducanumab and lecanemab), as immunotherapy based
on fibril targeting and reduction of amyloid plaques [10,11]. However, the first one was
later withdrawn from the market due to doubts on its actual efficacy and safety, while
the efficiency of lecanemab is still modest (leading only to amelioration of some AD
symptoms). But, it cannot provide AD cure, and it is exceedingly expensive (ca USD
26,500/ patient/year) [12].

Given the drawbacks and limitations of the aforementioned therapies, after decades of
vigorous research in drug discovery, it became widely recognized that, to combat the multi-
faceted AD, there was an urgent need for a paradigm shift, from traditional single-target
drugs to new multi-target drugs (MTDs), which can simultaneously interfere with multiple
disease-relevant proteins and provide disease-modifying effects in AD [13,14]. Therefore,
this poly-pharmacological approach, relying on the development of new affordable single
small molecular entities able to modulate multiple targets involved in the most relevant
AD pathological processes, has been the focus of quite intensive investigation by several
research groups. The design of multitarget anti-AD drugs has been mainly based on the
hybridization of relevant pharmacophores that are ultimately aimed to have additive or
synergistic effects as well as acceptable safety. Among the different drug development
strategies, the use of pharmacophoric moieties based on the repositioning of “old” drugs
has emerged to guarantee their important roles and also to avoid/reduce new drug attri-
tions in translational processes [15,16]. In this line, our research group and others have
been focused on generating novel classes of hybrids that combine the privileged scaffold
of approved acetylcholinesterase (AChE) and/or butyrylcholinesterase (BChE) inhibitor
drugs (tacrine, donepezil, and rivastigmine) with other pharmacophoric moieties that,
in addition to contributing to guarantee the primary action of ChE inhibition, can also
confer to the hybrids relevant additional therapeutic benefits, such as the inhibition of A3
aggregation and monoaminoxidases (MAOs), antioxidant activity, and metal chelating
capacity [17-20].

Particularly, since the drug rivastigmine is a dual cholinesterase (AChE, BChE) in-
hibitor, a recognized key therapeutic target of AD (and also PD) [21], the development of
rivastigmine hybrids appears to have remarkable advantages as potential anti-Alzheimer’s
disease agents [22]. Therefore, pursuing with our ongoing research on rivastigmine-based
hybrids [23,24] and taking into account that important recent studies revealed that oxida-
tive stress and neuroinflammation play pivotal roles in the etiology and progression of
neurodegenerative diseases [25-27], we developed and describe herein a series of multipo-
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tent rivastigmine hybrids (MTD) with anti-oxidant potential by fusing the active scaffold
of rivastigmine (RIV) with several antioxidant (or pro-antioxidant) pharmacophoric moi-
eties into one molecule (Figure 1), and also including some differentiation on linkers to
tether these two fragments aimed at improving the binding of the hybrids with the active
sites of the target proteins. For that purpose, to the RIV moiety were attached a series
of carboxylic acid-enclosing moieties with recognized antioxidant (or pro-antioxidant)
properties, namely Trolox, a powerful antioxidant with neuroprotective effects as an ROS
scavenger and attenuator of neurotoxicity induced by Af3 and H,O; in the brain, which has
recently been fused with donepezil [28]; syringic acid, a naturally occurring polyphenol
with reported neuroprotective effect, due to free radical scavenging, antioxidant capacity,
anti-inflammation [29]; and dihydroxyl derivatives of cinnamic acid and cinnamylidene
acetic acid, with recognized antioxidant and anti-neurodegenerative properties [30], as
well as the corresponding methylenedioxy cinnamylidene acetic acid (piperic acid), a
derivative of a plant metabolite (piperine) with diverse biological properties, namely as a
pro-(antioxidant), which has been used in the development of diverse pharmacologically
relevant compounds [31]. A set of biological activities of the compounds was evaluated,
namely for their capacity to interact with some relevant targets involved in AD pathology.
Therefore, all the derivatives were screened individually for their anti- AChE and BChE
activities, antioxidant capacities, and inhibition of A} aggregation. Molecular docking and
molecular dynamics simulations were carried out on the active analogs to gain insights
into the binding interactions and potential structure-activity relationships. Furthermore,
the neurotoxicity and neuroprotective effects of these compounds were evaluated against
SH-SY5Y neuroblastoma cell lines treated with AB;_4» peptide and oxidant stressors, as in
in vitro models of AD.
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Figure 1. Design strategy for the rivastigmine-antioxidant hybrids.

Therefore, the ability of these hybrids to interact with several important AD targets
was analyzed, and further studies, such as inhibition of MAO activity and Cu-induced
A4 aggregation as well as biometal complexation, are on course.
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2. Materials and Methods
2.1. Materials and Equipment

All reagents and solvents used were acquired with a high purity level from Sigma-
Aldrich (Burlington, MA, USA), Tokyo Chemical Industry (Haven, Belgium), Honeywell
Research Chemicals (Morris Plains, NJ, USA), Merck (Darmstadt, Germany), and Alfa Ae-
sar (Lancashire, UK). The solvents, N,N-dimethylformamide (DMF) and dichoromethane
(CH,Cl,), were dried according to standard methods [32]. The progress and completion
of each chemical reaction were monitored by thin layer chromatography (TLC) using alu-
minum silica gel (60 Fp54) sheets (Macherey-Nagel Reagents, Diiren, Germany) that were
visualized under a UV lamp. Silica gel 60A 40-63 um (Carlo Erba Reagents, Cornaredo
(Milano), Italy) was used for flash column chromatography. Melting point (MP) measure-
ments were made with a Leica Galen III hot-stage microscope (Leica Microsystems, Wetzlar,
Germany), without temperature correction. A Bruker AVANCE III-400 NMR spectrometer
(at 400 MHz and 101 MHz) and a Bruker AVANCE III-300 NMR (at 300 MHz and 75 MHz)
were used to record 'H and '3C nuclear magnetic resonance (NMR) spectra (Bruker, Bil-
lerica, MA, USA). Tetramethylsilane (TMS) was used as an internal standard reference
to report chemical shifts (8) as parts per million (ppm), while the coupling constants are
reported in hertz (Hz). Splitting patterns are designated by abbreviations: s (singlet), d
(doublet), dd (doublet of doublets), dt (doublet of triplets), t (triplet), m (multiplet), q
(quadruplet), and bs (broad singlet). Mass spectra (ESI-MS) were obtained on a 500 MS
LC Ion Trap mass spectrometer (Varian Inc., Palo Alto, CA, USA) equipped with an ESI
ion source, operated in the positive ion mode. High resolution mass spectra (HRMS) were
obtained on a QqTOF Impact IITM mass spectrometer (Bruker Daltonics, Billerica, MA,
USA) operating in the electrospray ionization (ESI) positive mode.

A Perkin Elmer Lambda 35 UV-Vis (ultraviolet-visible) spectrophotometer (PerkinElmer,
Waltham, MA, USA) was used for radical scavenging and cholinesterase (ChE) inhibition
studies. Fluorescence tests were conducted using a POLARstar OPTIMA microplate reader
(BMG LABTECH, Ortenberg, Germany), to assess the Af34, aggregation.

2.2. Synthesis of the Intermediate Compounds and Final RIV Hybrids
2.2.1. General Procedure for Synthesis of the Carbamates (2A, 2B, and 2C)

To a solution of triethylamine (TEA) (3 mL) were added N-ethyl-N-methyl carbamoyl
chloride or dimethyl carbamoyl chloride (4.05 mmol) and the appropriate phenol derivative
(3-nitrophenol or 3-cyanophenol) (3.84 mmol). The reaction mixture was left stirring at
95 °C for 22 h. Then, it was diluted with CH,Cl, and extracted with NaOH 1M with ice
and distilled water. The organic phase was dried over Na,SQOy, filtrated, roto-evaporated
to dryness, and then dried in vacuum to obtain the desired compound.

e  3-Nitrophenyl ethyl(methyl)carbamate (2A)

This product was synthesized from 3-nitrophenol and N-ethyl-N-methylcarbamoyl
chloride, affording 2A as a pale-brown oil (Yield = 92.6%). TH NMR (300 MHz, MeOD-d,),
& (ppm): 8.09 (d, 1H, | = 8.0 Hz, Ph), 8.01 (s, 1H, Ph), 7.62 (t, 1H, | = 8.0 Hz, Ph), 7.54 (d,
1H, | = 8.0 Hz, Ph), 3.53 (q, 1H, ] = 7.0 Hz, NCH,CHj3 rotamer), 3.42 (q, 1H, | = 7.0 Hz,
NCH,CHj; rotamer), 3.12 (s, 1.5H, NCH3 rotamer), 3.00 (s, 1.5H, NCHj; rotamer), 1.27 (t,
1.5H, ] = 6.0 Hz, NCH,CH3; rotamer), 1.20 (t, 1.5H, | = 8.0 Hz, NCH,CH3 rotamer). MS-ESI
(m/z): 225.07 (M+1)+.

e 3-Cyanophenyl ethyl(methyl)carbamate (2B)

This product was synthesized from 3-cyanophenol and N-ethyl-N-methylcarbamoyl
chloride, affording 2B as a pale-brown oil (Yield = 67.7%). TH NMR (300 MHz, MeOD-d,),
8 (ppm): 7.63-7.56 (m, 3H, Ph), 7.47 (d, 1H, ] = 6.0 Hz, Ph), 3.54 (q, 1H, ] = 7.0 Hz, NCH,CHj;
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rotamer), 3.43 (q, 1H, | = 7.0 Hz, NCH;CHj3 rotamer), 3.13 (s, 1.5H, NCHj3 rotamer), 3.01 (s,
1.5H, NCHj3 rotamer), 1.29 (t, 1.5H, | = 7.5 Hz, NCH,CH3 rotamer), 1.21 (t, 1.5H, | = 6.0 Hz,
NCH,;CHj rotamer). MS-ESI (m/z): 205.09 (M+1)+.

e  3-Nitrophenyl dimethylcarbamate (2C)

This product was synthesized from 3-nitrophenol and dimethyl carbamoyl chloride,
affording 2C as a white solid (Yield = 90.7%; MP = 53-55 °C). 'H NMR (300 MHz, MeOD-
dy), & (ppm): 8.13 (d, 1H, ] = 12.0 Hz, Ph), 8.05 (s, 1H, Ph), 7.65 (t, 1H, ] =7.5 Hz, Ph), 7.57 (d,
1H, ] =9.0 Hz, Ph), 3.16 (s, 3H, NCHj3 rotamer), 3.03 (s, 3H, NCHj3 rotamer). MS-ESI (m/z):
211.06 (M+1)+.

2.2.2. General Procedure for Synthesis of the Aminocarbamates (3A, 3B and 3C)

The preparation of these compounds involved a catalytic hydrogenolysis of the corre-
sponding nitro- and cyano-carbamate derivatives (2A—C). To a solution of 3.1 mmol of each
compound in 30 mL of MeOH was added 3.4 mmol of Pd-C 10% (palladium on activated
carbon 10%), and this suspension was shaken in an hydrogenator flask at room temperature
for 4 h under a Hy atmosphere (4 bar). After reaction completion (controlled by TLC),
the catalyst was filtered off from the reaction mixture, and the solvent was evaporated to
dryness in a vacuum. The crude product was isolated with analytical purity.

e 3-Aminophenyl ethyl(methyl)carbamate (3A)

This product was synthesized from 3-nitrophenyl ethyl(methyl)carbamate (2A), af-
fording 3A as a pale-brown oil (Yield = 82.4%). 'H NMR (300 MHz, MeOD-dy), § (ppm):
7.05 (t, 1H, ] = 7.0 Hz, Ph), 6.54 (d, 1H, | = 6.0 Hz, Ph), 6.42 (s, 1H, Ph), 6.36 (d, 1H,
J=6.0Hz, Ph), 347 (q, 1H, ] = 7.0 Hz, NCH,CHj3 rotamer), 3.37 (q, 1H, ] = 7.0 Hz,
NCH,CHj; rotamer), 3.06 (s, 1.5H, NCHj3 rotamer), 2.95 (s, 1.5H, NCHj3 rotamer), 1.23 (t,
1.5H, | = 8.0 Hz, NCH,CHj; rotamer), 1.16 (t, 1.5H, ] = 8.0 Hz, NCH,CHj rotamer). MS-ESI
(m/z): 195.06 M+1)*.

e  3-(Aminomethyl)phenyl ethyl(methyl)carbamate (3B)

This product was synthesized from 3-cyanophenyl ethyl(methyl)carbamate (2B), af-
fording 3B as a pale-yellow oil (Yield = 75.5%). TLC was used to control the completion of
the reaction (eluent: CH,Cl, /MeOH, 60/1). 'TH NMR (400 MHz, MeOD-d,), & (ppm): 7.37
(t,1H, ] = 8.0 Hz, Ph), 7.23 (d, 1H, | = 8.0 Hz, Ph), 7.13 (s, 1H, Ph), 7.02 (d, 1H, | = 8.0 Hz, Ph),
3.84 (s, 2H, PhCH,;NH,), 3.53 (q, 1H, ] = 6.7 Hz, NCH,CHj rotamer), 3.42 (q, 1H, | = 6.7 Hz,
NCH,CHj; rotamer), 3.12 (s, 1.5H, NCH3 rotamer), 3.00 (s, 1.5H, NCHj3 rotamer), 1.29 (t,
1.5H, | = 6.0 Hz, NCH,CHj; rotamer), 1.20 (t, 1.5H, | = 6.0 Hz, NCH,CHj rotamer). MS-ESI
(m/z): 209.04 M+1)*.

e  3-Aminophenyldimethylcarbamate (3C)

This product was synthesized from 3-nitrophenyl dimethylcarbamate (2C), resulting
in 3C as a white solid (Yield = 88.5%; MP = 83-85 °C). 'H NMR (300 MHz, MeOD-d,),
& (ppm): 7.07 (t, 1H, | = 7.5 Hz, Ph), 6.57 (d, 1H, | = 9.0 Hz, Ph), 6.44 (s, 1H, Ph), 6.39 (d,
1H, ] =9.0 Hz, Ph), 3.10 (s, 3H, NCHj3 rotamer), 2.99 (s, 3H, NCHj3 rotamer). MS-ESI (m/z):
181.05 (M+1).

2.2.3. Synthesis of (2E,4E)-5-(3,4-Dihydroxyphenyl)penta-2,4-dienoic Acid (Y5CO,H)

To prepare this product, 5.6 mmol of BuyNI and 2.9 mmol of 5-(1,3-benzodioxol-5-yl)-
2 4-pentadienoic acid (Y4CO,H) were added to 20 mL of dry CH,Cl,. The mixture was
cooled to —78 °C and stirred under a nitrogen atmosphere, and then, 22 mL of BCl3 1 M
CH,Cl; solution was added dropwise. After stirring for 10 min at this temperature, the
solution was allowed to reach room temperature and stirred for additional 2 h. Afterwards,
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ice water was added to stop the reaction, and the mixture was left stirring for another
30 min. The obtained precipitate was filtered and recrystallized from CH3;CN, providing
(2E4E)-5-(3,4-dihydroxyphenyl)penta-2,4-dienoic acid (Y5CO,H) as a pure yellow solid
(Yield = 22.6%, MP = 197-199 °C). 'H NMR (400 MHz, MeOD-d,), § (ppm): 7.42 (dd,
1H, | = 14.0 Hz, | = 10.0 Hz, COCHCHCHCH), 7.00 (s, 1H, Ph), 6.88 (t, 1H, ] = 6.0 Hz,
COCHCHCHCH), 6.83 (d, 1H, ] = 4.0 Hz, COCHCHCHCH), 6.77 (t, 2H, ] = 8.0 Hz, Ph), 5.92
(d, 1H, ] = 16.0 Hz, COCHCHCHCH). MS-ESI (m/z): 207.07 (M+1)*.

2.2.4. Synthetic Procedures for the Target RIV Hybrids

The preparation of the final hybrid compounds involved the condensation of the amine
carbamates (3A-C) with six carboxylic acids (YiCO2H, i = 1-6), using two alternative pep-
tide coupling agents, namely o-benzotriazol-1-yl-N,N,N’,N’-tetramethyluronium tetrafluo-
roborate (TBTU) (method A) or (N,N’-dicyclohexylcarbodiimide) (DCC) (method B).

General Procedure (Method A) for the Synthesis of the RIV Hybrids (4AY1, 4AY2, 4AY3,
4AY4, 4BY1, 4BY3, 4BY2, and 4CY1)

To a solution of 2.6 mmol of a carboxylic acid (YiCO2H, i =1-4) in water-ice cooled
dry DMF (10 mL) under a nitrogen atmosphere, 2.99 mmol of TBTU and 5.2 mmol of
NMM (N-methylmorpholine) were added. This reaction mixture was stirred for 50 min.
Subsequently, this reaction solution (containing the activated carboxylic acid) was dropwise
added to a water-ice cooled solution of 2.6 mmol of the amine carbamate (3A-C) in dry
DMF (10 mL), under nitrogen atmosphere. The reaction mixture is left stirring for 20 h.
TLC was used to control the completion of the reaction. At the end of the reaction, DMF
was evaporated by distillation under a high vacuum. Then, the residue was diluted with
EtOAc, and extracted with NaHCO3 (5%) solution and distilled water. The organic phase
was dried over NaySQOy, filtrated off, and the solvent was evaporated to dryness. The crude
products were generally purified by flash column chromatography.

e  3-(4-Hydroxy-3,5-dimethoxybenzamido)phenyl ethyl(methyl)carbamate (4AY1)

This product was synthesized from 3-aminophenyl ethyl(methyl)carbamate (3A) and
4-hydroxy-3,5-dimethoxybenzoic acid (Y1CO;H). Flash column chromatography was used
to purify the obtained solid (eluent: CH,Cl, /MeOH, 4/1), providing 4AY1 as a white solid
(Yield = 61.2%; MP = 169-172 °C). 'H NMR (400 MHz, MeOD-d,), & (ppm): 7.61 (s, 1H,
Ph),7.55 (d, 1H, | = 8.0 Hz, Ph), 7.37 (t, 1H, | = 10.0 Hz, Ph), 7.33 (s, 2H, Ph), 6.90 (d, 1H,
J=8.0Hz, Ph), 3.95 (s, 6H, PhOCH3), 3.54 (q, 1H, | = 5.3 Hz, NCH,;CH3; rotamer), 3.43
(g, 1H, ] = 8 Hz, NCH,CHj3; rotamer), 3.13 (s, 1.5H, NCHj3 rotamer), 3.01 (s, 1.5H, NCH3
rotamer), 1.30 (t, 1.5H, | = 6.0 Hz, NCH,CHj3 rotamer), 1.21 (t, 1.5H, ] = 6.0 Hz, NCH,CH3
rotamer). '3C NMR (75 MHz, MeOD-dy), § (ppm): 167.07, 154.13, 151.64, 147.63, 139.78,
139.35, 128.90, 124.55, 117.53, 117.21, 114.32, 105.1, 55.51, 43.79, 33.18, 11.23. HRMS (ESI)
calculated for C19H3N>Og [M+H] 375.1556, found 375.1551.

e  3-(6-Hydroxy-2,5,7 8-tetramethylchromane-2-carboxamido)phenyl ethyl(methyl)carba
mate (4AY2)

This product was synthesized from 3-aminophenyl ethyl(methyl)carbamate (3A) and
6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Y2CO;H). Flash column chro-
matography was used to purify the obtained solid (eluent: CH,Cl, /MeOH, 19/1), provid-
ing 4AY2 as a pale-white solid (Yield = 37%; MP = 63-65 °C). H NMR (400 MHz, MeOD-d),
8 (ppm): 7.47 (s, 1H, Ph), 7.32-7.25 (m, 2H, Ph), 6.86 (d, 1H, ] = 8.0 Hz, Ph), 3.50 (q, 1H,
J = 6.7 Hz, NCH,CHj3 rotamer), 3.39 (q, 1H, ] = 6.7 Hz, NCH,CHj; rotamer), 3.09 (s, 1.5H,
NCHj; rotamer), 2.98 (s, 1.5H, NCHj3 rotamer), 2.70-2.57 (m, 2H, OCCH,CH,), 2.43-2.38 (m,
1H, OCCH,CH,), 2.27 (s, 3H, PhCH3), 2.19 (s, 3H, PhCH3), 2.08 (s, 3H, PhCHj3), 1.96-1.89
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(m, 1H, OCCH,CH;), 1.58 (s, 3H, CCH3), 1.26 (t, 1.5H, ] = 8.0 Hz, NCH,CHj; rotamer),
1.19 (t, 1.5H, ] = 8.0 Hz, NCH,CHj rotamer). '3C NMR (101 MHz, MeOD-dy), § (ppm):
173.71, 154.77, 151.64, 146.03, 144.05, 138.4, 129.07, 121.59, 120.98, 117.56, 117.48, 117.28,
116.78,113.53,77.96, 43.79, 33.14, 29.42, 22.94, 20.09, 14.06, 11.44, 10.86, 10.45. HRMS (ESI)
calculated for Cp4H31N,Os [M+H] 427.2223, found 427.2227.

e (E)-3-(3-(Benzo[d][1,3]dioxol-5-yl)acrylamido)phenyl ethyl(methyl)carbamate (4AY3)

This product was synthesized from 3-aminophenyl ethyl(methyl)carbamate (3A) and
3,4-(methylenedioxy)cinnamic acid (Y3CO,H). Flash column chromatography was used
to purify the obtained solid (eluent: CH,Cl,/MeOH, 32/1), providing 4AY3 as a pure
pale-colored solid (Yield = 44.8%; MP = 146-149 °C). 'H NMR (300 MHz, MeOD-d4), &
(ppm): 7.62 (s, 1H, Ph), 7.60 (d, 1H, ] = 15.0 Hz, COCHCH), 7.45 (d, 1H, ] = 9.0 Hz, Ph), 7.35
(t, 1H,] =9.0 Hz, Ph), 7.17 (s, 1H, Ph), 7.11 (d, 1H, | = 6.0 Hz, Ph), 6.89 (d, 2H, | = 9.0 Hz, Ph),
6.62 (d, 1H, ] = 15.0 Hz, COCHCH), 6.03 (s, 2H, OCH;0), 3.54 (q, 1H, ] = 7.0 Hz, NCH,CHj3
rotamer), 3.43 (q, 1H, | = 7.0 Hz, NCH;CHj3 rotamer), 3.13 (s, 1.5H, NCHj3 rotamer), 3.01 (s,
1.5H, NCHj3 rotamer), 1.30 (t, 1.5H, | = 7.5 Hz, NCH,CHj3 rotamer), 1.21 (t, 1.5H, ] = 7.5 Hz,
NCH,CHj rotamer). *C NMR (101 MHz, MeOD-d,), & (ppm): 165.71, 154.85, 151.71,
148.56, 148.41, 142.29, 139.70, 130.92, 129.00, 124.42, 122.81, 122.63, 116.39, 113.28, 108.00,
105.38, 101.36, 43.78, 32.87, 11.21. HRMS (ESI) calculated for CygHy1N»O5 [M+H] 369.1442,
found 369.1445.

e  3-((2EA4E)-5-(Benzo[d][1,3]dioxol-5-yl)penta-2,4-dienamido)phenyl ethyl(methyl)carba
mate (4AY4)

This product was synthesized from 3-aminophenyl ethyl(methyl)carbamate (3A) and
5-(1,3-benzodioxol-5-yl1)-2,4-pentadienoic acid (Y4CO,H). Flash column chromatography
was used to purify the obtained solid (eluent: CH,Cl, /MeOH, 32/1), providing 4AY4 as a
yellow solid (Yield = 74.3%; MP = 80-82 °C). 'H NMR (300 MHz, MeOD-dy), § (ppm): 7.60
(s, 1H, Ph), 7.48-7.42 (m, 2H, COCHCHCHCH, Ph), 7.34 (t, 1H, | = 9.0 Hz, Ph), 7.14 (s, 1H,
Ph),7.02 (d, 1H, ] = 6.0 Hz, Ph), 6.92-6.82 (m, 4H, Ph; COCHCHCHCH; COCHCHCHCH),
6.27 (d, 1H, | = 15.0 Hz, COCHCHCHCH), 6.00 (s, 2H, OCH,0), 3.54 (q, 1H, ] = 7.0 Hz,
NCH,CHj; rotamer), 3.43 (q, 1H, J] = 7.0 Hz, NCH,CHj3 rotamer), 3.13 (s, 1.5H, NCH3
rotamer), 3.01 (s, 1.5H, NCHj3 rotamer), 1.29 (t, 1.5H, | = 6.0 Hz, NCH,CHj3 rotamer), 1.21
(t, 1.5H, ] = 6.0 Hz, NCH,CHj3 rotamer). 13C NMR (75 MHz, MeOD-d,), § (ppm): 165.70,
155.84, 151.68, 148.55, 148.39, 142.29, 139.71, 134.05, 130.90, 129.02, 124.40, 122.78, 122.66,
116.97, 116.37, 113.18, 108.00, 105.36, 101.36, 43.78, 32.87, 12.03. HRMS (ESI) calculated for
CoH3N,05 [M+H] 395.1608, found 395.1601.

e  3-((4-Hydroxy-3,5-dimethoxybenzamido)methyl)phenyl ethyl(methyl)carbamate (4BY1)

This product was synthesized from 3-(aminomethyl)phenyl ethyl(methyl)carbamate
(3B) and 4-hydroxy-3,5-dimethoxybenzoic acid (Y1CO,H). Flash column chromatography
was used to purify the obtained crude solid (eluent: AcOEt/n-hexane, 5/1), providing 4BY1
as a white solid (Yield = 49%; MP = 152-154 °C). 'H NMR (300 MHz, MeOD-d,), & (ppm):
7.36 (t, 1H, ] =9.0 Hz, Ph), 7.25-7.22 (m, 3H, Ph), 7.12 (s, 1H, Ph), 7.01 (d, 1H, ] = 6.0 Hz, Ph),
4.59 (s, 2H, PhCHj), 3.90 (s, 6H, PhOCH3), 3.51 (q, 1H, ] = 7.0 Hz, NCH,CHj3 rotamer), 3.40
(q, 1H, J = 6.0 Hz, NCH,CHj3 rotamer), 3.10 (s, 1.5H, NCH3 rotamer), 2.98 (s, 1.5H, NCH3
rotamer), 1.26 (t, 1.5H, | = 7.5 Hz, NCH,CHj3 rotamer), 1.18 (t, 1.5H, | = 6.0 Hz, NCH,CH3
rotamer). 3C NMR (101 MHz, MeOD-dy), § (ppm): 168.35, 154.96, 151.58, 147.59, 140.74,
138.96, 129.03, 124.29, 124.02, 120.67, 120.18, 104.68, 55.42, 43.75, 42.83, 33.14, 12.02. HRMS
(ESI) calculated for CygHysN»,Og [M+H] 389.1711, found 389.1707.
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e 3-((6-Hydroxy-2,5,7 8-tetramethylchromane-2-carboxamido)methyl)phenyl ethyl(methyl)
carbamate (4BY2)

This product was synthesized from 3-(aminomethyl)phenyl ethyl(methyl)carbamate
(3B) and 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Y2CO;H). Flash col-
umn chromatography was used to purify the obtained crude solid (eluent: CH,Cl, /MeOH,
32/1), providing 4BY2 as a white solid (Yield = 60.4%; MP = 53-55 °C). 'H NMR (300 MHz,
MeOD-dy), & (ppm): 7.17 (t, 1H, ] = 7.5 Hz, Ph), 6.91 (d, 1H, ] = 6.0 Hz, Ph), 6.82 (d, 1H,
] =9.0Hz, Ph), 6.72 (d, 1H, | = 6.0 Hz, Ph), 4.48 (d, 1H, | = 15.0 Hz, PhCH, rotamer), 4.24 (d,
1H, ] = 15.0 Hz, PhCH,; rotamer), 3.49 (q, 1H, | = 7.0 Hz, NCH,CHj; rotamer), 3.39 (q, 1H,
J =7.0 Hz, NCH,CHj3; rotamer), 3.09 (s, 1.5H, NCHj3 rotamer), 2.97 (s, 1.5H, NCHj rotamer),
2.63-2.37 (m, 4H, OCCH,CH,), 2.15-2.08 (m, 9H, PhCHj3), 1.54 (s, 3H, PhCH3), 1.25 (t,
1.5H, ] = 6.0 Hz, NCH,CH3 rotamer), 1.18 (t, 1.5H, | = 6.0 Hz, NCH,CHj3 rotamer). 3C
NMR (101 MHz, MeOD-d,), 6 (ppm): 175.62, 155.02, 151.43, 145.84, 144.39, 140.21, 129.10,
128.97,123.30, 121.66, 120.89, 120.07, 119.90, 117.44, 77.95, 43.80, 41.88, 29.68, 23.90, 20.33,
12.05, 11.45, 11.26, 10.75, 10.50. HRMS (ESI) calculated for CysH33N,05 [M+H] 441.2382,
found 441.2384.

e  (E)-3-((3-(Benzo[d][1,3]dioxol-5-yl)acrylamido)methyl)phenyl ethyl(methyl)carba
mate (4BY3)

This product was synthesized from 3-(aminomethyl)phenyl ethyl(methyl)carbamate
(3B) and 3,4-(methylenedioxy)cinnamic acid (Y3CO,H). Flash column chromatography
was used to purify the obtained crude solid (eluent: CH,Cl, /MeOH, 30/1), providing 4BY3
as a pale-colored solid (Yield = 44.1%; MP = 122-124 °C). 'H NMR (300 MHz, MeOD-dy), &
(ppm): 7.51 (d, 1H, | = 15.0 Hz, COCHCH), 7.37 (t, 1H, ] = 7.5 Hz, Ph), 7.22-7.01 (m, 5H,
Ph), 6.85 (d, 1H, ] = 6.0 Hz, Ph), 6.49 (d, 1H, | = 15.0 Hz, COCHCH), 6.01 (s, 2H, OCH,0),
451 (s, 2H, PhCH,), 3.52 (q, 1H, ] = 7.0 Hz, NCH,CH3 rotamer), 3.41 (q, 1H, ] = 7.0 Hz,
NCH,CHj; rotamer), 3.11 (s, 1.5H, NCH3 rotamer), 2.99 (s, 1.5H, NCHj3 rotamer), 1.27 (t,
1.5H, ] = 6.0 Hz, NCH,CH3 rotamer), 1.19 (t, 1.5H, | = 6.0 Hz, NCH,CHj3 rotamer). 3C
NMR (75 MHz, CDCl3), & (ppm): 165.95, 154.44, 151.79, 149.12, 148.24, 141.23, 139.65, 129.57,
129.18, 124.77,123.94, 121.30, 121.02, 118.35, 108.55, 106.40, 101.45, 44.11, 43.51, 34.27, 12.47.
HRMS (ESI) calculated for Cp1Hy3N»>Os [M+H] 383.1609, found 383.1601.

e  3-(4-Hydroxy-3,5-dimethoxybenzamido)phenyl dimethylcarbamate (4CY1)

This product was synthesized from 3-aminophenyl dimethylcarbamate (3C) and 4-
hydroxy-3,5-dimethoxybenzoic acid (Y1ICO2H). Flash column chromatography was used
to purify the obtained solid (eluent: CH,Cl,/MeOH, 12/1), providing 4CY1 as a white
solid (Yield = 36.4%; MP = 215-216 °C). 'H NMR (300 MHz, MeOD-dy), § (ppm): 7.60 (s,
1H, Ph), 7.55 (d, 1H, ] = 9.0 Hz, Ph), 7.39 (d, 1H, ] = 9.0 Hz, Ph), 7.32 (s, 2H, Ph), 6.91 (d,
1H, ] = 9.0 Hz, Ph), 3.95 (s, 6H, PhOCH3), 3.15 (s, 3H, NCH3 rotamer), 3.02 (s, 3H, NCH3
rotamer). 3C NMR (101 MHz, MeOD-dy), § (ppm): 167.06, 155.28, 151.65, 147.61, 139.78,
139.33, 128.88, 124.61, 117.52, 117.19, 114.32, 105.05, 55.47, 35.46. HRMS (ESI) calculated for
C18H21N206 [M+H] 361.1387, found 361.1394.

General Procedure (Method B) for the Synthesis of the RIV Hybrids (4AY5, 4AY6)

To a solution of 1.2 mmol of 3-aminophenyl ethyl(methyl)carbamate (3A) and 1.2 mmol
of the carboxylic acid (Y5CO2H or Y6CO,H) in dry DMF (12 mL) under a nitrogen atmo-
sphere, DCC (1.2 mmol) and N-hydroxysuccinimide (NHS) (1.2 mmol) were added. The
reaction mixture was left stirring under a nitrogen atmosphere, at 60 °C for 6 h and then
at room temperature for 15 h until completion of the reaction (monitored by TLC). The
formed N,N-dicyclohexylurea (DCU) precipitate was filtered off, and DMF was evaporated
under a high vacuum. The residue was taken into EtOAc and extracted with distilled water.



Antioxidants 2025, 14,921

9 of 30

The organic phase was dried over NaySOy. The solid drying agent was filtered off, and the
solvent was evaporated to dryness. The obtained solid compound was further purified
through flash column chromatography.

e  (E)-3-(3-(3/4-Dihydroxyphenyl)acrylamido)phenyl ethyl(methyl)carbamate (4AY5)

This product was synthesized from 3-aminophenyl ethyl(methyl)carbamate (3A) and
3,4-dihydroxycinnamic acid (Y5CO,H). Flash column chromatography was used to purify
the obtained solid (eluent: CH,Cl,/MeOH, 9/1), affording 4AY5 as a pure pale-colored
solid (Yield = 41.4%; MP = 88-89 °C). 'H NMR (400 MHz, MeOD-dy), § (ppm): 7.62 (s, 1H,
Ph),7.55 (d, 1H, ] =12.0 Hz, COCHCH), 7.45 (d, 1H, ] = 8.0 Hz, Ph), 7.34 (t, 1H, ] = 6.0 Hz,
Ph), 7.08 (s, 1H, Ph), 6.98 (d, 1H, | = 8.0 Hz, Ph), 6.87 (d, 1H, ] = 8.0 Hz, Ph), 6.81 (d, 1H,
J=8.0Hz, Ph), 6.56 (d, 1H, ] = 16.0 Hz, COCHCH), 3.53 (q, 1H, | = 8.0 Hz, NCH,CH3;
rotamer), 3.43 (q, 1H, | = 8.0 Hz, NCH;CHj3 rotamer), 3.13 (s, 1.5H, NCH3 rotamer), 3.01 (s,
1.5H, NCHj3 rotamer), 1.30 (t, 1.5H, | = 6.0 Hz, NCH,CHj3 rotamer), 1.22 (t, 1.5H, ] = 8.0 Hz,
NCH,CHj3 rotamer). 1*C NMR (75 MHz, MeOD-dy), § (ppm): 165.97, 154.86, 151.69, 147.77,
145.42,142.33, 139.91, 129.00, 126.75, 121.06, 117.03, 116.94, 116.34, 115.07, 113.72, 113.24,
43.78, 33.16, 12.02. HRMS (ESI) calculated for C19Hy1N2O5 [M+H] 357.1444, found 357.1445.

e  3-((2E,AE)-5-(3,4-Dihydroxyphenyl)penta-2,4-dienamido)phenyl ethyl(methyl)carba
mate (4AY6)

This product was synthesized from 3-aminophenyl ethyl(methyl)carbamate (3A)
and (2E 4E)-5-(3,4-dihydroxyphenyl)penta-2,4-dienoic acid (Y6CO,H). Flash column chro-
matography was used to purify the obtained solid (eluent: CH,Cl, /MeOH, 9/1), providing
4AY6 as a yellow solid (Yield = 39.3%; MP = 105-107 °C). H NMR (300 MHz, MeOD-d,),
8 (ppm): 7.60 (s, 1H, Ph), 7.48-7.40 (m, 2H, Ph), 7.34 (t, 1H, | = 7.5 Hz, COCHCHCHCH)),
7.00 (s, 1H, Ph), 6.92-6.76 (m, 5H, Ph, COCHCHCHCH, COCHCHCHCH), 6.22 (d, 1H,
J=15.0 Hz, COCHCHCHCH), 3.54 (q, 1H, | = 7.0 Hz, NCH,CHj; rotamer), 3.42 (q, 1H,
J =7.0 Hz, NCH,CHj3; rotamer), 3.13 (s, 1.5H, NCHj3 rotamer), 3.01 (s, 1.5H, NCHj3 rotamer),
1.29 (t, 1.5H, | = 6.0 Hz, NCH,CHj3 rotamer), 1.21 (t, 1.5H, | = 8.0 Hz, NCH,CHj3 rotamer).
13C NMR (75 MHz, MeOD-dy), § (ppm): 167.76, 153.24, 151.68, 149.80, 148.33, 145.26, 140.57,
137.42, 132.57, 129.03, 128.52, 124.68, 119.99, 117.00, 116.01, 115.08, 113.19, 107.98, 43.79,
41.66. HRMS (ESI) were calculated for Cy1Hy3N»,O5 [M+H] 383.1597, found 383.1602.

Figures S1-510 in Supplementary Materials show the "H NMR spectra of the final
compounds (4AY1-6, 4BY1-3, 4CY1).

2.3. Free-Radical-Scavenging Assays

The percentage of radical-scavenging activity (%AA, antioxidant capacity) of the RIV
hybrids was first determined by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method [24]
using a compound concentration of 100 uM. For the compounds that showed a %AA
over 50%, the value of the half maximal effective concentration (ECs) was calculated by
preparing five methanolic solutions (5 points, 3 replicates) containing DPPH and different
concentrations of the compound, up to a 3.5 mL total volume. Each calibration point was
kept 30 min in darkness, and afterwards, the absorbance was measured at 517 nm. The
corresponding antioxidant activity (%AA) was calculated using the equation

ApppH — Aligand

%AA = x 100.

ApPPH
From the plot of %AA versus ligand concentration, EC5y was determined. Three indepen-
dent experiments were performed, and a statistical analysis was conducted by a one-way
analysis of variance (ANOVA) with the significance threshold set at p < 0.05.
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2.4. Cholinesterase Inhibition

The enzyme inhibition of electric eel acetylcholinesterase (eeAChE) and equine bu-
tyrylcholinesterase (egBChE) was performed according to an adaptation of Elmman’s
method [30]. Stock solutions of 1 mg of each compound in 1 mL MeOH were prepared, and
adequate dilutions were further made for each ligand. A control measurement (5 replicates
without a ligand) and a calibration curve of 5 points with 3 replicates per point were
conducted. Each solution included fixed volumes of 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES) and cholinesterase (e¢eAChE or egBChE), with different vol-
umes of ligand solution. A blank solution containing HEPES and MeOH was also prepared
at the same time. After 15 min of reaction, acetylcholine iodide (AChI) or butyrylcholine
iodide (BChI) and 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) were added to both solutions
contained in spectrophotometer cuvettes, and the absorbance at 405 nm was recorded for
5 min (time interval = 1 s, slid width = 1 nm). The slope for each calibration point (ab-
sorbance versus reaction time) was determined, and the percent inhibition was calculated
by using the equation:

%Inhibition = 100 — <;’0 X 1oo>.

where v; is the reaction rate (slope) for each point of the calibration with the ligand, and
vp is the initial reaction rate (slope) for the control point (without ligand). Finally, the
five-point linear regression (10-50 pL of ligand solution) corresponding to the percentage
of enzyme inhibition vs. the compound concentration allowed for the determination of
the half maximal inhibitory concentration (ICsp, tM) (compound concentration for which
enzyme activity is reduced to half). Experiments were performed twice for each ligand.
Statistical analysis was performed by a one-way analysis of variance (ANOVA) with a
significance threshold set at p < 0.05.

2.5. Inhibition of AB1_4p Self-Aggregation

Firstly, the AP14 peptide (Shanghai Royobiotech Co., Ltd., Shanghai, China)
was treated with 1,1,1,3,3,3-hexafluoropropan-2-ol (HFIP) and then dissolved in a
CH3CN/Na,CO3 (300 uM)/NaOH (250 uM) (48.3:48.3:4.3, v/v/v) mixture in order to
obtain a stable stock solution (500 pM).

Solutions of 1 mg of the assayed compounds in 2 mL of 1:1 (v/v) DMSO/MeOH
(0.5 mg/mL) medium were prepared and then properly diluted with phosphate buffer
(0.215 M, pH 8.0) to obtain a 120 uM final concentration. The AB1_4, self-aggregation inhibi-
tion assays were made based on a reported method, involving the fluorescence emission of
thioflavin T (ThT) [33,34]. So, AB1-42 (40 M) was incubated at 37 °C for 24 h in phosphate
buffer and in the presence or absence of each ligand (40 uM for all compounds but 4AY4
and 4CY1, for which 20 uM was used). Then, 180 pM of 5 uM ThT in 50 mM glycine-NaOH
(pH 8.5) buffer were added to each sample before transferring the samples to a 96-well
microplate. Blank samples were also prepared without Af1_4». The ThT fluorescence was
measured (446 and 485 nm excitation and emission wavelengths, respectively), and the
percent of self-aggregation inhibition was determined by the equation:

1% = 100 — (IF; /IFo x 100)

where IF; and IFj are the fluorescence intensities, in the presence and the absence of the
assayed compound, subtracted from the fluorescence intensities due to the respective
blanks. The calculated values were obtained as the mean + SEM of four different experi-
ments conducted in duplicate. Statistical analysis was performed by a one-way analysis of
variance (ANOVA) with a significance threshold set at p < 0.05.
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2.6. Molecular Modeling Studies
2.6.1. Protein Structure Selection/Protein and Ligand Preparation

First, crystallographic protein structures were selected, based on the absence of mu-
tations, co-crystallization with small molecules, and the availability of high-resolution
structures [35,36]. The protein structures were retrieved from the Protein Data Bank (PDB).
The selected hAChE crystal structures included 4EY5 [37] (in complex with (-)-huperzine A),
4EY6 [37] (in complex with (-)-galantamine), and 4EY7 [37] (in complex with donepezil). For
hBChE, the structures chosen were 4TPK [38] (complexed with N-((1-(2,3-dihydro-1H-inden-
2-yl)piperidin-3-yl)methyl)-N-(2-methoxyethyl)-2-naphthamide), 5LKR [39] (complexed
with N-propargylpiperidines), and 7AIY [40] (complexed with 2-{1-[4-(12-amino-3-chloro-
6,7,10,11-tetrahydro-7,11-methanocycloocta[b]quinolin-9-yl)butyl]-1H-1,2,3-triazol-4-y1}-N-
[4-hydroxy-3-methoxybenzyl]acetamide).

Protein and ligand preparations were carried out using the Molecular Operating
Environment (MOE) 2024.0601 software package [41]. Hydrogen atoms were added to the
heavy atoms of each protein structure at pH 7.4, and the structural errors were corrected.
The hydrogen bonding network was optimized to ensure that each protein structure
was in its most stable and biologically relevant conformation. To reduce computational
complexity, all water molecules and non-essential ligands or chains were removed [42].
Co-crystallized ligands were extracted from the respective PDB files, while the synthesized
compounds were built de novo using Maestro, version 9.3 [43]. All ligands were first
geometry-optimized and their ionization states adjusted to physiological pH using the
Protonate-3D tool (executed in MOE 2024.0601) [44]. Multiple tautomeric forms were
generated to account for potential alternative binding modes. Finally, energy minimization
was performed using the Amber10:EHT force field implemented in MOE 2024.0601 to
obtain a stable conformation suitable for molecular docking [42,45].

2.6.2. Molecular-Docking Calculations

Self-docking and cross-docking studies were conducted using eight different scoring
functions implemented across five diverse molecular-docking software packages to identify
the most suitable docking strategy. The docking software and corresponding scoring func-
tions included: Genetic Optimization for Ligand Docking (GOLD) [46] employing scoring
functions such as Piecewise Linear Potential (PLP) [47], ChemScore [48], Astex Statistical
Potential (ASP) [49], GoldScore [46]; MOE using London dG scoring function [41]; Gener-
alizable Neural Network for Molecular Docking (GNINA) [50]; SMINA [51]; and GLIDE
in Extra Precision (XP) mode [52,53]. To validate the reliability and predictive accuracy
of each docking protocol, self-docking was performed by removing each co-crystallized
ligand from its original PDB structure and re-docking it into the corresponding binding
site. Additionally, cross-docking was carried out by docking each ligand into the other
two selected structures of the same protein to assess the robustness across conformational
variants. These docking studies allowed the selection of the most appropriate protein and
scoring functions for the subsequent docking of the synthesized compounds: for hAChE,
the optimal structure was determined to be 4EY7 in combination with the MOE London
dG scoring function. For hBChE, the 5LKR structure paired with the GNINA scoring
function was selected as the most effective. The performance of each scoring function was
evaluated by calculating the root mean square deviation (RMSD) between the docked pose
and the crystallographic pose. RMSD values were calculated using the fconv tool [54].
For self-docking, the RMSD values were 0.29 A for AChE (4EY7) and 1.78 A for BChE
(5LKR), indicating excellent and acceptable pose reproduction, respectively (see Figure S11
in Supplementary Materials). As expected, the RMSD values obtained from cross-docking
were higher due to structural variability among the target conformations.
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The interaction profiles of the docked compounds were analyzed using the Protein—
Ligand Interaction Fingerprints (ProLIF), Python library (freely installed from GitHub
repository https://github.com/chemosim-lab/ProLIF, accessed on 1 June 2024) [55]. The
assessed interactions included hydrogen bonds, hydrophobic interactions, and m—m stack-
ing. As an initial validation step, the self-docked ligand poses were examined to deter-
mine whether they preserved the key interaction patterns observed in the corresponding
crystallographic complexes.

2.7. In Vitro Cell Assays

Cell viability was assessed using the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay, as previously described [56].

The compounds’ solutions (4AY1-6, 4BY1-3, and 4CY1) were prepared in DMSO to
create stock solutions at a concentration of 25 mM, which were then stored at —20 °C.
A concentration range from 0.5 uM to 20 uM was screened to identify the highest non-
toxic dose. The SH-SY5Y human neuroblastoma cell line (ATCC-CRL-2266) was grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific-Gibco, Waltham,
MA, USA) supplemented with 10% heat-inactivated fetal calf serum, 50 U/mL penicillin,
and 50 ug/mL streptomycin at 37 °C in a 5% CO, atmosphere. The cells were seeded at
a density of 0.1 x 10 cells/mL (when 48-well plates were used) or 0.15 x 10° cells/mL
(when 24-well plates were used) one day before the experiment commenced. Following
the seeding, the cells were treated with the selected concentrations of compounds for 24 h.
After treatment, the cells were washed with PBS and incubated with 150 uL (in 48-well
plates) or 200 pL (in 24-well plates) of MTT (0.5 mg/mL) for 2 h at 37 °C with 5% CO,.
During this incubation, cellular dehydrogenases converted MTT into formazan crystals,
which were subsequently dissolved in 150 pL (in 48-well plates) or 200 pL (in 24-well
plates) of 0.04 M HCl/isopropanol, and the absorbance was measured at 570 nm.

To evaluate the compounds’ protective effects against toxicity induced by A4 or
iron/ascorbate, the cells were pre-treated with each compound for one hour before adding
Apq_4p or iron/ascorbate, followed by an additional 24-h incubation. AB1_4» (Bachem,
Torrance, CA, USA) was prepared in sterile water to create a 443 uM stock solution and
was added to the cells at a final concentration of 1 uM. Ferrous sulfate and L-ascorbic
acid (Sigma Chemical Co., St. Louis, MO, USA) were introduced into the medium at final
concentrations of 5 mM and 2.5 mM, respectively. The concentrations tested to evaluate
the compounds’ potential protective role were: 0.5 pM for compound 4AY5; 1 uM for
compounds 4AY2 (Af31-42), 4AY4 (AB1-42), 4AY6, 4BY2, and 4BY3; 2.5 uM for compounds
4AY2 (iron/ascorbate) and 4AY4 (iron/ascorbate); 5 uM for compounds 4AY3 and 4CY1;
10 uM for compound 4AY1; and 15 uM for compound 4BY1. The final concentration of
DMSO did not exceed 0.05% (v/v), and no significant changes in cell morphology were
observed. Each plate included control groups with untreated cells, as well as those exposed
only to Af1_4o or iron/ascorbate. The ability of compounds to reduce cell viability was
normalized to that of untreated controls. Data is presented as the mean + SEM from
at least three independent experiments conducted in duplicates. Statistical analysis was
performed to assess normality using the Shapiro-Wilk test, followed by either a one-way
analysis of variance (ANOVA) and Dunnett’s multiple comparisons post hoc test; or the
Kruskal-Wallis test with Dunn’s multiple comparisons post hoc test (comparisons to tested
trigger, either AP or Fe/Asc), with a significance threshold set at p < 0.05.

2.8. Pharmacokinetic and Physicochemical Properties

In silico prediction of the drug-like properties was performed for the newly syn-
thesized hybrid compounds as potential therapeutic agents for AD. QikProp v.2.5 [57]
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was employed to estimate a range of pharmacokinetic and physicochemical parameters.
These included the polar surface area (PSA), the octanol-water partition coefficient (log
P), predicted binding affinity to human serum albumin (HSA), blood-brain barrier (BBB)
permeability, and cellular permeability in Cancer and Madin-Darby canine kidney (MDCK)
cell lines. Additionally, the potential for human oral absorption and compliance with
Lipinski’s Rule of Five were assessed to evaluate drug-likeness and oral bioavailability.

3. Results
3.1. Synthetic Pathway for the RIV-IND Hybrids

The synthetic protocol used to obtain this series of ten rivastigmine hybrids (4AY1-6,
4BY1-3, and 4CY1) is summarized in Scheme 1A-C.

A)
()/(ii) o (iii) o
Q N R1\N)LO Nz
HO R R1\l}j (@] R | n
1A; R = NO, 2A; R = NO,; Ry = CH,CH, 3A; n=0; Ry = CH,CHs
1B. R = CN 2B; R = CN; R; = CH,CH, 3B; n=1; R, =CH,CH,
2C;R=CN; R, =CH,4 3C;n=0;R;=CH;
B)
HO,C X 5 HO,C X , OH
(Y4CO,H) (Y5CO,H)
O) o (V)/(vi) H
R1\NJLO NH, + YiCO,H ——> R1\N N\n/Yl
| n
3A, 3B, 3C 4AY1 (R,=Et, n =0)
o oH 4AY2 (R,=Et, n=0)
C[OH ol 4AY3 (R,=Et, n =0)
2 0 | 4AY4 (R,=Et, n =0)
Y1 Y2 4AY5 (R,=Et, n =0)
o OH 4AY6 (R,=Et, n =0)
N/Q: Y - o 4BY1 (R,=Et, n =1)
EEEN . o p 4BY2 (R,=Et,n =1)
Y3 (p=1) Y5 (p=1) 4BY3 (R,=Et,n =1)
Y4 (p=2) Y6 (p=2) 4CY1 (R,=Me, n =0)

Scheme 1. Synthesis of the target RIV hybrids (4AY1-6, 4BY1-3, 4CY1). Reaction conditions: (A) (i) N-
ethyl-N-methylcarbamoylchloride, TEA, 95 °C, 22 h (4AY1-6, 4BY1-3); (ii) Dimethylcarbamoylchlo-
ride, TEA, 95 °C, 22 h (4CY1); (iii) MeOH, 10% Pd-C, 4 h, Hj, 4 bar; (B) (iv) BCl3, n-BugNI, dry
CH,Cl,, =78 °C, Nj; (C) (v) TBTU, NMM, dry DME, 0° to rt, Ny, 22 h (for 4AY1-4, 4BY1-3, 4CY1);
(vi) DCC, NHS, dry DME, 60 °C to rt, 21h (4AY5-6).
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The synthesis of the compounds started with the preliminary preparation of the
four key intermediates, namely three amino-rivastigmine (RIV) derivatives (3A, 3B, 3C,
Scheme 1A) and one cinnamic acid derivative (Y5CO,H, Scheme 1B).

The synthesis of the amino-RIV intermediates involved two reaction steps, which
were carried out as previously described [23,24]. Firstly, the carbamylation of the phenolic
derivatives (3-nitrophenol or 3-cyanophenol) was carried out by reaction with appropriate
carbamoyl chlorides (N-ethyl-N-methylcarbamoyl chloride or dimethylcarbamoyl chloride).
The nitro- and nitrilo-carbamoyl derivatives (2A—C) were obtained with yields of 67-93%.
These carbamate derivatives were subsequently subjected to reductive hydrogenation in
MeOH with the catalyst Pd-C 10%, under an H; atmosphere (4 bar) at room temperature
for 4 h, affording the corresponding amino— and aminomethylene—carbamate derivatives
(3A-C), with yields of 56-89%.

For the preparation of the final RIV hybrids, the primary amine-containing carba-
mates (amino-RIV derivatives) were condensed with several functionalized aromatic
carboxylic acids. However, since one of the target carboxylic acid reagents is not commer-
cially available, an extra preliminary reaction was performed (Scheme 1B). It involved
the acetal cleavage of a methylenedioxy cinnamic moiety of the commercially available
5-(1,3-benzodioxol-5-yl)-2,4-pentadienoic acid (piperic acid, YACO,H) to obtain the corre-
sponding derivative with two free phenolic hydroxyl (catechol) groups (Y5CO,H). This
alkyl-aromatic ether cleavage requires very mild conditions, as previously reported [30],
namely, using a mixture of the Lewis acid boron trichloride (BCl3) with anhydrous tetra-n-
butylammonium iodide (1-BugNI) in dry CH,Cl, under a nitrogen atmosphere and at low
temperature (—78 °C), affording the final product with 23% yield.

With the key intermediates in hand, the series of ten final RIV hybrids, (4AY1-6, 4BY1-
3, 4CY1) were obtained from the condensation of amino-RIV derivatives (3A-C) with
six aromatic carboxylic acids (YiCO,H, i = 1-6) using two alternative standard coupling
activating reagents (TBTU or DCC) under nitrogen atmosphere and dry DMF as a solvent,
as depicted in reaction Scheme 1C. The final RIV hybrids (4AY1-4, 4BY1-3, and 4CY1) were
obtained using TBTU, with yields of 45-86%, while for 4AY5 and 4AY6, the milder coupling
agent DCC was used, with 56-74% yields.

All the intermediates and final products were characterized by "HNMR spectroscopy
and ESI mass spectrometry, while the target final RIV hybrids were further characterized
by 3CNMR spectroscopy and HRMS (ESI) mass spectrometry.

3.2. Free-Radical-Scavenging Evaluation

The RIV hybrids were screened for their radical-scavenging activity by using the DPPH
method [24]. These assays were conducted in two stages: first, preliminary analyses were
performed for all the compounds to evaluate the percentage of radical-scavenging activity
by using a compound concentration of 100 uM. Afterwards, the compounds showing
more than 50% antioxidant activity (AA), under those conditions, were further assessed to
evaluate the respective EC5; values.

The data contained in Table 1 shows that compounds 4AY2, 4AY5, 4AY6, and 4BY2
present a high percentage (93.1-96%) of radical-scavenging activity at 100 uM, and so, their
ECsp (15.7-28 uM) values were subsequently determined. Meanwhile, the hybrids 4AY3,
4AY4, and 4BY3 have low radical-scavenging activity (<50% at 100 uM, see Table 1).
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Table 1. Biological activity for the studied set of RIV hybrids as well as reference compounds.

@)
R1 )L n Y1
R e

O
Compound Ry n %o AA? Ec?ﬁ;M) A%Eo }E}ﬁ? ' B%:) I(ilf\lal; ’ SI¢ % AR Self-Agg Inhib ¢
4AY1 Et 0 <50 - 200 3142 - 2042
4AY2 Et 0 95 +£3 181 4 0.4 69+7 36+£3 19 45+4
4AY3 Et 0 <50 - 50.5 4+ 0.1 31404 16.3 4544
4AY4 Et 0 <50 - 14.51 +0.04 152404 0.9 23 +3¢
4AY5 Et 0 96 + 2 15.7 4+ 0.4 110 +£5 72403 153 8245
4AY6 Et 0 93.1+0.8 28.0+£04 541 57406 0.9 7547
4BY1 Et 1 <50 - 200 75.0 £0.6 - 58+ 6
4BY2 Et 1 93.9 4 0.4 200+ 0.8 3242 37401 8.6 4743
4BY3 Et 1 <50 - 9146 09402 101 2943
acy1 Me 0 <50 - 200 6847 - 31+3e
Trolox - - - 13.8 £ 0.2 - - - -
Rivastigmine | - - - - 2+l 0.39 + 0.09 823 -
Curcumin - - - - - - - 77 £1
One-way ANOVA - - CL=20uM CL =40 uM
Compounds Y2 by, T ﬁ\f{(é_f)) 43;(?_{_3(},_5&1, 4AY4,4CY1 4%%%;5,6)'
rlvastlgmme rlvastlgmme curcumin
Numerator 4134 91.01 2508.7 1468.4 120.12 1901.6
Denominator 4108 0.274 33.22 10.40 15.01 25.79
Fvalue F(3,8) =1.006 F(;*éll(?g = F(7,8)=76.13 F(10,11) = 1412 F(1,6)=8002  F(827)=7374
p-value 0.439 <0.001 <0.001 <0.001 0.030 <0.001

2 Mean values of three independent experiments (DPPH method); P mean values of two independent
experiments + SD, performed with eeAChE and egBChE; € selectivity index: SI = ICsy (AChE)/ICsy (BChE); 4 mean
values of four independent measurements in duplicate for inhibition of AB4, aggregation (Ciyhibitor = 40 uM) (ThT
fluorescence method); ¢ ThT fluorescence assays (Cinnibitor = 20 HM); f Ref. [23]. For each type of assay, one-way
ANOVA was used, showing that the results are statistically different at a 95% confidence level (p < 0.05), except
for % AA assays (p > 0.05). Post hoc tests were carried out for AA ECsg, IC59 (AChE), IC5p (BChE), and % Af
Self-Agg Inhib (assays for which the null hypothesis was rejected), comparing each compound to the respective
reference compound: for each assay, all the compounds are significantly different from the control, except 4BY2
relative to rivastigmine for ICsy (AChE), 4BY3 relative to rivastigmine for ICs5p (BChE) and 4AY5 and 4AY6 relative
to curcumin for % A Self-Agg Inhib (see Table S1).

3.3. Inhibition of Cholinesterases

Both AChE and BChE are found ubiquitously throughout the body and possess a
variety of functions dependent upon their location. Particularly in the healthy brain, AChE
and BChE play, respectively, a major and a minor role in regulating brain acetyl choline
(ACh). However, in patients with AD, BChE activity progressively increases, while AChE
activity remains or even declines. Notwithstanding some differences in their structural
features and concomitant substrate specificity, both ChE enzymes have been considered
legitimate therapeutic targets for ameliorating the cholinergic deficit, and it has gained
major interest regarding the development of ChE dual inhibitors as anti-AD drugs.

An analysis of the results of ChE inhibition, presented in Table 1, shows that the best
inhibitory potential for AChE was found for 4AY6 (IC5y = 5 £+ 1 uM), while the best BChE
inhibition was found for 4BY3 (ICsy = 0.9 + 0.2 uM). Furthermore, in the case of AChE,
two compounds (4AY4 and 4AY6) are able to improve the enzymatic inhibition relative to
the parent compound (Rivastigmine), while the racemic mixture of 4BY2 showed similar
inhibitory activity (see Table S1). In the case of BChE, four compounds (4AY3, 4AY5, 4AY6,
and the racemic mixture of 4BY2) present good inhibitory potential (IC5y = 3.1-7.2 uM),
while the inhibitory activity of 4BY3 is analogous to that of Rivastigmine (see Table S1).
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All the compounds, except for the hybrids 4AY4 and 4AY6, showed moderate selectivity
towards BChE, as compared with that reported for Rivastigmine, though 4BY3 presented
an even higher selectivity index than the parent compound.

3.4. Inhibition of Self AB1_4y Aggregation

The inhibitory assays were generally performed in the presence of 40 uM of inhibitor,
though half of this concentration was used for 4AY4 and 4CY1 due to solubility limitations.
The obtained results, as a percentage of inhibition of Af4, aggregation, are depicted in
Table 1. An analysis of these results shows that all the compounds have anti-amyloidogenic
capacity, generally with very good values (>45%), though the best A31_4, aggregation inhi-
bition was found for two catecholate derivatives, 4AY5 and 4AY6, analogous to curcumin
(a selected reference compound with high anti-amyloidogenic activity), while the lowest
value was found for 4AY1.

3.5. Molecular-Docking Studies

Molecular-docking studies were performed to try to anticipate and rationalize the
experimental results obtained for inhibiting both cholinesterases by the RIV-based hybrids
(Section 3.3) and to identify binding interactions within the human enzyme active sites.
The in vitro enzyme inhibitory assays were performed with the commercially available
soluble isoforms eeAChE and eqBChE, and not with hAChE and hBChE, respectively,
mainly due to financial reasons. Although eeAChE and hAChE share a great level of
similarity (higher than 90%) and egBChE differs from hBChE in ca 15 amino acids, there is
literature evidence that, within each pair of enzymes (eeAChE/hAChE, eqBChE/hBChE),
the inhibition efficiency becomes different or similar depending on the inhibitor [58,59].
Therefore, comparisons between the in vitro and the in silico enzyme inhibitory studies
herein performed have to be analyzed with prudence.

Figure 2 illustrates the predicted binding poses of the most potent eeAChE inhibitors,
compounds 4AY4 and 4AY6, within the active site of hAChE. Both compounds position
their RIV moiety deeply within the CAS, exhibiting similar orientations and binding modes,
as well as most synthesized hybrids adopting a binding orientation comparable to 4AY4
and 4AY6. Notably, exceptions to this trend include compound 4AY3 and both isomers of
the Trolox derivatives (4AY2 and 4BY2), which displayed an alternative binding mode with
the RIV moiety preferentially located in the PAS, as shown in Figure S12.

Although racemic mixtures consist of enantiomers with identical chemical structures,
their biological activities often differ significantly. For the Trolox-based derivatives 4AY2
and 4BY2, both enantiomeric pairs exhibited some degree of spatial overlap in their docking
poses. Notably, the enantiomers of 4BY2 appear to have a higher degree of superimposition
compared to those of 4AY2, and in both cases, the RIV moiety is oriented toward the PAS.

Docking score values for the top-ranked binding poses of all compounds, along with
the crystallographic ligand donepezil, were obtained using the MOE London dG scoring
function and are presented in Table S2.

A further analysis of the interaction profiles of the RIV hybrids within the hAChE active
site, generated by ProLIF [55], revealed consistent interactions with several key residues.
Notably, TRP86 (hydrophobic, vdW contact), TYR337 (hydrophobic, - stacking), TYR341
(vdW contact), TYR124 (vdW contact), HIS447 (hydrophobic), and PHE338 (hydrophobic,
vdW contact) were frequently involved in ligand binding and are also characteristic of the
known inhibitor rivastigmine. In addition, most RIV hybrids (except 4AY4, 4AY5, and 4AY6)
shared interaction patterns with their respective parent acids. For example, the syringic acid
derivatives (4AY1, 4BY1, and 4CY1) interacted with TRP286 (hydrophobic) and TYR341
(hydrophobic, vdW contact). The Trolox derivatives (R4AY2, S4AY2, R4BY2, and S4BY2)
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engaged TRP86 (hydrophobic, 7 stacking, and vdW contact), TYR337 (hydrophobic),
and HIS447 (hydrophobic), while the piperic (4AY3) and cinnamic acid (4BY3) derivatives
primarily interact with TYR337 (hydrophobic) and TYR341 (hydrophobic).

TRP238 TRP-236

PHE-295 oLU-224

A ; el
PHE-207 = .o HIS-447 PHE-297
,,w‘ll‘ 4 ) - ,/\’ s :
: — ~ud/ TRP-124 -/
TRP-286 TRP-341 TRP-286 TRP-341
éZ’ 7
TRP-72 . ASP-74
(A)

Figure 2. Predicted binding poses for the RIV hybrids within the active site of FAChE, based on the
crystal structure with PDB ID: 4EY7 [37]: (A) compound 4AY4 (shown in salmon); (B) compound
4AY6 (shown in cyan).

&9 ALA-204 A

& SER-203

(B)

Concerning #BChE inhibition, the optimal docking poses for selected inhibitors (4BY3,
4AY6) are illustrated in Figure 3. Due to the larger and more flexible binding gorge of hBChE,
the docked compounds tend to adopt a broader range of conformations, including U-shaped
geometries in some cases, making the definition of a consistent binding orientation more
challenging. For example, the most potent #BChE inhibitor identified in this study, 4BY3,
positions both its acid-derived moiety and RIV fragment close to the CAS, suggesting
dual anchoring interactions that may enhance binding affinity (see Figure 3). In contrast,
compound 4AY6 adopts a more extended, linear conformation, with its RIV moiety oriented
to the PAS, indicating a distinct binding mode within the broader active-site gorge of A BChE.

For the chiral compounds 4AY2 and 4BY2, considerable differences in binding ori-
entation were observed between the R and S isomers. Specifically, the R enantiomer of
4AY?2 adopts a binding mode more closely aligned with that of potent inhibitors. In con-
trast, the S enantiomer of 4BY2 occupies a spatial orientation like that of 4BY3, the most
active compound.

Docking score values obtained using the GNINA scoring function are summarized in
Table S2. While the scores provide a useful, albeit imperfect, estimation of ligand-receptor
binding affinity, no consistent relationship could be established between these scores and
the experimental inhibitory activity of the compounds against BChE.

An interaction fingerprint analysis revealed that only three residues, SER198 (vdW
contact), PHE329 (hydrophobic, vdW contact), and VAL288 (hydrophobic), were commonly
engaged by the RIV hybrids and the parent drug rivastigmine. These interactions were
present in all compounds except both enantiomers of 4AY2 and 4BY2. A similar interaction
pattern was observed with the original acid-derived moieties, which also interacted with
SER198 and PHE329, except for 4AY2 and 4BY2.
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Figure 3. Predicted docking poses for the RIV hybrids within the active site of 1BChE, based on the
crystal structure with PDB ID: 5LKR [39]: (A) compound 4BY3 (shown in dark pink); (B) compound
4AY6 (shown in cyan).

3.6. Assessment of Cell Viability and Protective Effects

The RIV hybrids were tested to determine their protective role in the neuroblastoma
cell toxicity induced by either A4, peptide or iron/ascorbate. SH-SY5Y cells were
incubated with a set of concentrations of each of the compounds, and a dose-response
curve was performed to select the highest nontoxic concentration. This dose was found to
be 0.5 pM for compound 4AY5; 1 pM for compounds 4AY2 (AP1_42), 4AY4 (A31-42), 4AYS6,
4BY2, and 4BY3; 2.5 pM for compounds 4AY2 (iron/ascorbate) and 4AY4 (iron/ascorbate);
5 uM for compounds 4AY3 and 4CY1; 10 uM for compound 4AY1; and 15 uM for compound
4BY1 (Figure 4).

A significant decrease in cell viability was observed following incubation with AB1_4
(Figure 5) and iron/ascorbate (Figure 6) of an average of 66% and 60%, respectively. In-
terestingly, none of the tested compounds were able to rescue the cell toxicity induced by
APq_4p (Figure 5). Compounds 4AY2, 4AY4, and 4BY2 were capable of rescuing the cell
viability induced by ROS after treatment with iron/ascorbate (Figure 6).

3.7. Evaluation of Pharmacokinetic and Physicochemical Properties

The set of predicted properties include molecular weight (MW), van der Waals surface
area of polar nitrogen and oxygen atoms (PSA), octanol/water partition coefficient (clog
P, /w), binding interaction with human serum albumin (log K(HSA)), brain-blood partition
coefficient (log BB), apparent Caco-2 cell permeability (Caco-2 permeab.), apparent MDCK
(Madin-Darby canine kidney) cell permeability (MDCK permeab.), and percentage of
human oral absorption.

Table 2 reveals that, generally, the compounds fall within the optimal range of values
defined for each parameter. However, 4AY5 and 4AY6 exhibit suboptimal predicted Caco-2
and MDCK cell permeabilities and moderate/high percentages of human oral absorp-
tion, and 4BY1 also demonstrates an MDCK permeability value that is acceptable but
not optimal.

Since it is known that enantiomers can exhibit different metabolic, toxicological, and
pharmacological characteristics, the pharmacokinetic properties of the chiral compounds
(4AY2, 4BY2) were predicted separately for each enantiomer. While some pharmacokinetic
parameters for 4AY2’s R and S isomers are similar, the most significant discrepancy is
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observed in log BB, with S4AY2 showing a 6% higher value than R4AY2. For 4BY2,
significant differences were noted between the enantiomers, particularly in the MDCK
permeability values: R4AY2 has excellent permeability for MDCK cells, while S4BY2 is just
within the acceptable range.
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MTT reduction ability
(% relative to untreated cells)

4AY1 4AY2 4AY3 4AY4 4AY5 4AY6
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Figure 4. Independent single-compound dose-response screening of RIV compounds. SH-SY5Y
cells were treated with compounds (A) 4AY1-6, (B) 4BY1-3, and 4CY1 at varying concentrations for
24 h to assess their effects on cell viability measured using the MTT reduction assay. Results are
expressed relative to untreated cells, with the mean =+ standard error of the mean (SEM) derived from
at least three independent experiments. Compounds 4AY1, 4AY2, 4AY4, 4AY5; 4AY6, 4BY1, 4BY2,
4BY3, and 4CY1 were evaluated with ANOVA, with F-statistics parametric analysis of F(5,11) = 1.661,
p =0.2242; F(4,10) = 0.8752, p = 0.5120; F(4,10) = 2.479, p = 0.1114; F(4,10) = 0.8007, p = 0.5516;
F(5,12) = 0.6780, p = 0.6485; F(5,12) = 0.5487, p = 0.7368; F(5,12) = 1.352, p = 0.3084; F(4,22) = 0.1960,
p =0.9379; F(4,10) = 0.9102, p = 0.4943, respectively. Compound 4AY3 was evaluated with Kruskal-
Wallis non-parametric test with Dunn’s post hoc, H(4) = 4.900, p = 0.3262.
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Figure 5. Neuroprotective effect of RIV compounds against cellular toxicity induced by Af_4;.
The protective effect of the compounds (A) 4AY1-6 and (B) 4BY1-3 and 4CY1 was evaluated at a
single concentration for one hour, followed by a 24 h co-incubation with AB1_4,. Cell viability was
assessed using the MTT reduction assay. Results are expressed relative to untreated cells, with the
mean =+ standard error of the mean (SEM) derived from at least three independent experiments.
Statistical analysis was performed individually for each compound by comparing untreated, Af31—4-
treated, and compound + AP1—y co-treated groups. If the data were non-parametric, the Kruskal-
Wallis test followed by Dunn’s post hoc test was used. If the data were parametric, one-way ANOVA
followed by Dunnett’s post hoc test was applied. Test results were as follows. For 4AY1: H(2) = 13.02;
p < 0.0001; AB vs. Unt: p = 0.0011 **; Ap vs. 4AY1—10 uM: p > 0.9999. For 4AY2: H(2) = 15.83;
p <0.0001; AR vs. Unt: p = 0.0001 ***; AP vs. 4AY2—1 uM: p = 0.2333. For 4AY3: H(2) = 13.86;
p <0.0001; AB vs. Unt: p = 0.0022 **; AB vs. 4AY3—5 pM: p = >0.9999. For 4AY4: H(2) = 13.02;
p <0.0001; AP vs. Unt: p = 0.0039 **; AR vs. 4AY4—1 uM: p > 0.9999. For 4AY5: H(2) = 12.90;
p <0.0001; AR vs. Unt: p = 0.0015 **; AB vs. 4AY5—0.5 uM: p > 0.9999. For 4AY6: H(2) = 13.02;
p <0.0001; AR vs. Unt: p = 0.0011 **; AB vs. 4AY6—1 uM: >0.9999. For 4BY1: H(2) = 13.02; p < 0.0001;
AR vs. Unt: p = 0.0039 **; A vs. 4BY1—15 uM: p > 0.9999. For 4BY2: H(2) = 16.89; p < 0.0001;
Ap vs. Unt: p < 0.0001 ****; AB vs. 4BY2—1 uM: p = 0.1633. For 4BY3: H(2) = 12.85; p < 0.0001;
AP vs. Unt: p =0.0027 **; AB vs. 4BY3—1 puM: >0.9999. For 4CY1: H(2) = 13.82; p < 0.0001; A vs. Unt:
p =0.0007 ***; AR vs. 4CY1—5 uM: p > 0.9999. ** p < 0.01 compared to untreated cells.
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Figure 6. Neuroprotective effect of RIV compounds against cellular toxicity induced by iron/ascorbate
(Fe/Asc). The protective effect of the compounds (A) 4AY1-6 and (B) 4BY1-3 and 4CY1 was evaluated
at a single concentration for one hour, followed by a 24 h co-incubation with Fe/Asc. Cell viability
was assessed using the MTT reduction assay. Results are expressed relative to untreated cells, with
the mean =+ standard error of the mean (SEM) derived from at least three independent experiments.
Statistical analysis was performed individually for each compound by comparing untreated, Fe/Asc-
treated, and compound + Fe/Asc co-treated groups. If the data were non-parametric, the Kruskal-
Wallis test followed by Dunn’s post hoc test was used. If the data were parametric, one-way ANOVA
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followed by Dunnett’s post hoc test was applied. All comparisons were made among the three
groups for each compound tested. Test results were as follows. For 4AY1: F(2,17) = 16.68; p < 0.0001;
Fe/Asc vs. Unt: p <0.0001 ****; Fe/Asc vs. 4AY1—10 pM: p = 0.3493. For 4AY2: H(2) = 14.99;
p <0.0001; Fe/Asc vs. Unt: p = 0.0005 ***; Fe/Asc vs. 4AY2—2.5 uM: p = 0.0359 *. For 4AY3:
H(2) =12.93; p < 0.0001; Fe/Asc vs. Unt: p = 0.0006 ***; Fe/Asc vs. 4AY3—5 uM: p = 0.5802. For 4AY4:
F(2,17) = 34.61; p < 0.0001; Fe/Asc vs. Unt: p < 0.0001 ****; Fe/Asc vs. 4AY4—2.5 uM: p = 0.0390 *.
For 4AY5: F(2,16) = 39.60; p < 0.0001; Fe/Asc vs. Unt: p < 0.0001 ****; Fe/Asc vs. 4AY5—0.5 uM:
p = 0.4822. For 4AY6: F(2,16) = 37.27; p < 0.0001; Fe/Asc vs. Unt: p < 0.0001 ****; Fe/Asc vs. 4AY6—1
uM: p = 0.2798. For 4BY1: F(2,16) = 37.47; p < 0.0001; Fe/Asc vs. Unt: p < 0.0001 ****; Fe/Asc vs.
4BY1—15 puM: p = 0.2645. For 4BY2: F(2,17) = 35.35; p < 0.0001; Fe/Asc vs. Unt: p < 0.0001 ****; Fe/Asc
vs. 4BY2—1 puM: p = 0.0079 **. For 4BY3: F(2,16) = 29.47; p < 0.0001; Fe/Asc vs. Unt: p < 0.0001 ****;
Fe/Asc vs. 4BY3—1 uM: p = 0.5846. For 4CY1: F(2,18) = 32.64; p < 0.0001; Fe/Asc vs. Unt: p < 0.0001
**xx Fe/Asc vs. 4CY1—5 uM: p = 0.1669. *** p < 0.001, **** p < 0.0001 compared to untreated cells;
#p <0.05 and ## p < 0.01 compared to Fe/Asc-treated cells.

Table 2. Predicted pharmacokinetic properties of the RIV hybrids, as well as the parent Rivastigmine
drug found with QikProp v.2.5 [57].

Compound MW @ PSA® clog Py © log K (HSA) ¢ log BB © Caco-2 Permeab. MDCK Permeab. 8 % Oral Absorption !
4AY1 374.393 99.757 3.079 0.043 —0.783 1437 732 91
A @zz/ 8;/
4AY3 368.388 91.183 3.444 0.143 —0.615 1733 896 100
4AY4 394.426 91.452 4.123 0.327 —-0.797 1699 877 100
4AY5 356.377 115.137 2.512 0.032 —1.953 175 75 72
4AY6 382.415 115.078 3.143 0.187 —2.183 170 73 73
4BY1 388.419 102.759 3.19 0.129 —1.153 793 385 83
wa s DU S gy o 7 7
4BY3 382.415 94.46 3.627 0.252 —0.949 1016 503 91
4CY1 360.366 100.414 2.697 —0.039 —0.845 1122 561 88

Rivastigmine 250.34 38.483 2.448 —0.133 0.475 1381 776 100

a
d

acceptable range from 130 to 725; ® acceptable range from 7 to 200; ¢ acceptable range from —2.0 to 6.5;
acceptable range from —1.5 to +1.5; ¢ acceptable range from —3.0 to +1.2; f values of 25 are considered poor and
>500 are considered great; 8 with values <25 being poor and >500 being great; ! <25% is considered poor, and
>80% is considered high.

4. Discussion
4.1. Synthesis of the RIV-IND Hybrids

The synthesis pathway to obtain the ten final RIV hybrids (4AY1-6, 4BY1-3 and 4CY1)
was already shown in Section 3.1, Scheme 1A-C. In this procedure, the solvent used for
carbamylating 3-nitrophenol or 3-cyanophenol was TEA, which also acts as a base to
neutralize the HCI produced during the reaction. For most of the condensation reactions of
the amino-RIV derivatives (3A—C) with the six aromatic carboxylic acids (YiCO,H, i = 1-6),
TBTU was used because, based on similar reported reactions [23,24], it generally leads to
fewer side reactions and better yields than DCC. However, the same procedure was not
successful for the preparation of the hybrids 4AY5 and 4AY6 because a lot of side products
were formed, thus making the purification of the target compounds difficult. This abnormal
behavior may be attributed to the fact that the corresponding carboxylic reagents (Y5CO,H
and Y6CO,H) have a catechol group, which could also react with TBTU. Therefore, in
these cases, the acid-base condensation was carried out using DCC as a milder coupling
activating agent, therefore obtaining better yields.
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4.2. Free-Radical-Scavenging Activity

When assaying the radical-scavenging capacity of the RIV hybrids, it was verified that
the Trolox-based hybrids (4AY2 and 4BY2) have ECs( values similar to the parent acid com-
pound (Trolox), as already reported in the literature also for Trolox amide derivatives [60].
On the other hand, since the antioxidant capacity of phenolic acids is primarily related to
the number and position of phenolic OH groups [61], compounds 4AY5 and 4AY6 showed
the expected high radical-scavenging ability, like their parent compounds, caffeic acid
(ECsp = 21.7 £ 0.2 uM [62]) and (2E,4E)-5-(3,4-dihydroxyphenyl)penta-2,4-dienoic acid
(ECs9 = 18.2 £ 0.2 uM [63]), respectively.

Regarding compounds 4AY3, 4AY4, and 4BY3, their low radical-scavenging activities
(<50% at 100 uM) were somehow expected due to the absence of free phenol groups, and
neither piperic acid nor 3,4-(methylenedioxy)cinnamic acid are strong antioxidants [63,64].

Although syringic acid is recognized as a good antioxidant, the loss of activity of the
herein developed syringic acid derivatives (4AY1, 4BY1, and 4CY1) may be attributed to
the absence of carboxylic acid group in these RIV hybrids. In fact, a study on syringic acid
derivatives, in which hybridization occurred at the phenolic hydroxyl group but keeping
the carboxylic acid group in the final hybrids, showed that these compounds still retained
some antioxidant capacity [65], thus suggesting the importance of the carboxylic groups in
that activity.

4.3. Inhibition of Cholinesterase Activity

The evaluation of potential effects of the linker size on the ChE inhibitory activity can
be made on the basis of comparison of the results obtained for 4AY1, 4AY2, and 4AY3, in
contrast with those for the corresponding analogues 4BY1, 4BY2, and 4BY3, containing
one extra methylene group between the RIV and the aromatic acid moieties. Concerning
the syringic acid derivatives (4AY1 and 4BY1), although those effects on AChE inhibition
(AChEi) could not be accessed, the shorter linker size hybrid (4AY1) shows higher BChE
inhibitory activity (BChEi) than the corresponding analogue with longer size (4BY1). On
the other hand, 4AY3 shows higher AChEi but lower BChEi than 4BY3. Notably, the
racemic mixture of the Trolox derivative with shorter linker size (4AY2) presents lower
inhibitory capacity for both enzymes than that with longer size (4BY2). Furthermore, the
slight modification in the N-substituent groups of the RIV moiety, namely changing a
N-ethyl (4AY1) with a N-methyl group (4CY1), resulted in a lower BChEi, though both
hybrids present relatively low AChEi activity.

On the other hand, the effect of adding an extra alkene group in the aromatic acid moi-
ety in the two pairs of hybrids (4AY4 and 4AY6, compared to 4AY3 and 4AY5, respectively)
was analyzed. The results evidenced that this additional group consistently increased the
AChE;i, though with a more pronounced effect in the pair of the catechol-containing hybrids
(4AY5, 4AY6). Concerning the BChEi activity, that chain extension resulted in decreased
activity in the pair of benzodioxole-containing hybrids (from 4AY3 to 4AY4), while the
pair of catechol-containing hybrids (from 4AY5 to 4AY6) showed their activity slightly
increasing, thus keeping the same trend observed for AChEi.

A final further comparison can still be made between the activities of the pairs of
compounds (4AY4 and 4AY6) and (4AY3 and AY5), each pair including, respectively, a
catechol or a 1,3-benzodioxole group in the aromatic acid moiety, and the same chain length.
Regarding AChE], the catechol-containing hybrid (4AY6) shows higher activity than the
benzodioxole derivative (4AY4), while an opposite effect is noticed in the corresponding
pair of shorter size hybrids (4AY5 and 4AY3). However, concerning BChEi, both catechol
hybrids present higher activity than the corresponding benzodioxole analogues, though
with much closer ICs values.
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Overall, the hybridization with bigger size aromatic units with antioxidant activity,
as the derivatives of syringic acid (4AY1, 4BY1, 4CY1) and Trolox (4AY2, 4BY2) generally
somehow compromised ChE’s inhibition, with higher impact in AChE (with a shorter active
site cavity) than in BChE, making also their activity more dependent on the size of the
linker between the aromatic moieties. Regarding the hybrids with caffeic acid derivatives
(4AYi, i = 3-6), the presence of free catechol groups, in comparison with the corresponding
benzodioxole groups, generally leads to good ChEi activity, though also better BChEi than
AChE;, and, in most cases, with dependence on the linker size.

4.4. Inhibition of Self AB1-4y Aggregation

The inhibition of amyloid peptide aggregation, which ultimately can lead to the
formation of amyloid plaques, is of paramount importance in treating AD. Therefore, we
have assessed all the hybrids for their capacity to inhibit A3;_4» aggregation, employing a
reported method based on the fluorescence emission of thioflavin T [33,34].

A brief analysis of structure—activity relationships, namely concerning the length of
the linker between the RIV and the aromatic acid moieties, shows that the impact of adding
one methylene group depends on the last moiety. In fact, this structural modification
increases the %A} self-aggregation inhibitory activity nearly threefold in the syringic acid
derivatives (4AY1 and 4BY1), while in the racemic mixtures of the Trolox derivatives (4AY2
to obtain 4BY2), similar good values were obtained. And it is reduced ca 36% for the caffeic
acid derivatives (4AY3 and 4BY3). Moreover, the extension of the conjugation with one
alkene group in caffeic acid derivatives (4AY5 to get 4AY6) produces high inhibitory ability,
similar to curcumin. Furthermore, when comparing the results obtained for 4AY3 and 4AYS5,
which structure difference lies just in the change of a 1,3-benzodioxole to a catechol group
in the aromatic carboxylic acid moiety, there is about twofold enhancement in the inhibitory
capacity. Since compounds 4AY4 and 4CY1 have a poorer solubility in an aqueous medium,
a lower concentration of inhibitor was used (20 uM). So, the corresponding results also
reflect this difference in concentration conditions, which makes it more difficult to compare
these two compounds. However, based on the differences in the experimental conditions,
it can be suggested that the relationship found for the pair 4AY3/4AYS5 is followed in the
pair 4AY4/4AY6. In further studies, it could be interesting to test the effect of both chiral
compounds (4AY2 and 4BY2, with similar activity) as inhibitors of Ap aggregation, to
search for possible synergistic or antagonistic effects, although herein it was decided to
follow a one-drug multitarget strategy.

Overall, the obtained results indicated that, among this set of hybrids, the inclusion
of catechol groups has a major contribution to the enhancement of their A aggrega-
tion inhibitory activity, otherwise according to previously found in natural polyphenolic
compounds [66].

4.5. Molecular-Docking Studies

The primary pathophysiological strategy underlying the development of currently
FDA-approved drugs for AD involves compensating for the decline in the neurotransmitter
acetylcholine (ACh). This cholinergic deficit arises from the progressive degeneration of
cholinergic neurons, a process closely associated with the activity of the serine hydrolases
acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). Beyond their canonical
roles in ACh hydrolysis, both enzymes have also been implicated in the pathogenesis of
AD, particularly in amyloid-f (Ap) aggregation, neurotoxicity, and plaque maturation.
While AChE exhibits high substrate specificity for ACh, BChE possesses broader substrate
promiscuity, enabling it to hydrolyze a wider range of esters and neuroactive peptides [67].
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Thus, it is essential to recognize the structural differences between hAChE and hBChE
to guide the rational design of effective and selective inhibitors. Although the two human
enzymes share approximately 65% of amino acid sequence identity, they exhibit distinct
structural features. Both possess a catalytic active site (CAS) located at the base of a deep,
narrow, and predominantly hydrophobic gorge (ca 20 Ain depth), as well as a peripheral
anionic site (PAS) positioned near the entrance of the gorge [68,69]. However, amino
acid composition and gorge architecture differences influence substrate specificity, ligand
binding, and inhibitor selectivity between the two enzymes. These structural differences are
mainly attributed to the number and type of aromatic residues lining the active-site gorge,
which influence the overall shape and volume of the gorge. Specifically, the "BChE gorge is
broader and less constrained than that of hAChE, facilitating the accommodation of bulkier
ligands and providing easier access to the catalytic site [70,71]. Despite these differences,
the active sites of both enzymes share common structural features, including a conserved
catalytic triad composed of serine, histidine, and glutamate residues, as well as an acyl-
binding pocket and a choline-binding site, which are critical for substrate recognition and
catalytic activity.

The performed molecular-docking studies do not allow for establishing a clear correla-
tion between the docking orientation of the hybrids in FAChE and their in vitro inhibitory
activity. In fact, most assayed hybrids adopted a binding orientation comparable to the
most potent ones (4AY4 and 4AY6), suggesting that, in addition to the differences be-
tween eeAChE and hAChE, orientation alone does not account for the observed differences
in potency.

An analysis of the structural modifications within the hybrids revealed a notable
impact on their inhibitory activity against eeAChE. Specifically, adding an extra alkene
group was associated with a marked enhancement in activity. For example, compound
4AY4 (IC5p = 14.55 uM) demonstrated significantly greater potency than its structurally
simpler analogue 4AY3 (IC5y = 50.5 uM), and a similar trend was observed between
4AY6 (IC50 = 5 uM) and 4AY5 (IC5p = 110 uM). This structural modification appears to
influence the orientation and accommodation of the compounds within the enzyme’s
binding site, potentially enhancing key interactions. Concerning the racemic mixtures,
since the enantiomers of 4BY2 appear to have a higher degree of superimposition compared
to those of 4AY2, the enantiomers of 4BY2 may exhibit more similar biological activity than
those of 4AY2.

Although no direct correlation was observed between the docking scores and the
experimental AChE inhibitory activity, some trends were consistent with the in vitro results.
Compounds 4AY1, 4AY5, and 4CY1, which displayed lower experimental inhibitory activity,
also exhibited significantly less favorable docking scores than donepezil. Interestingly,
the enantiomers R4BY2 and S4BY2 achieved the highest docking scores, aligning with
the relatively strong inhibitory activity observed for 4BY2, which ranked third among
the tested compounds. It is well-recognized that achieving a perfect correlation between
docking scores and biological activity is challenging due to limitations in scoring functions,
since scoring functions often fail to fully capture the complexity of receptor-ligand binding
affinity and dynamics [72]. This underlies the importance of examining the qualitative
nature of molecular interactions within the enzyme’s active site to complement the docking
scores (see Section 3.5).

As observed for hAChE, no clear correlation could be established between the spa-
tial orientation of the RIV moiety and the compounds’ inhibitory potency toward BChE.
Structural variations within the hybrid molecules influenced their conformations within
the active site but did not consistently predict biological activity. For the chiral compounds
4AY2 and 4BY2, significant changes in binding positioning were observed between the R
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and S isomers and those of potent inhibitors, the findings suggesting that, for FBBChE, one
enantiomer may exhibit superior inhibitory activity compared to its stereoisomer.

In conclusion, although the docking studies did not reveal a consistent relationship
between ligand orientation in the active site and inhibitory potency determined in vitro,
they provided valuable insights into structural-binding determinants and highlighted
potential key residues involved in ChE inhibition.

4.6. Relevance of Findings to Neurodegeneration and Therapeutic Potential

Despite the multifactorial nature of Alzheimer’s disease (AD), two key pathological
features remain central to its progression: the accumulation of senile plaques formed by
amyloid-p (AB) aggregates—particularly the neurotoxic Af31_47 isoform—and increased ox-
idative stress through the production of reactive oxygen species (ROS) [73,74]. In line with
this, our experiments demonstrated a significant decrease in cell viability upon exposure
to AP1_4p and to the oxidative stress induced by iron/ascorbate treatment. The cell assays
herein performed (compound administration prior to A31_42 exposure) were able to assess
the potential neuroprotective effects of the compounds by mimicking a prophylactic or
early intervention scenario, which is commonly used in in vitro models to understand the
mechanism of action and screen neuroprotective agents. Alternatively, studies including
the administration of the compounds after Af3;_45 exposure could have been performed at
different times (short and long term protection), as well as repetitive treatments could be
analyzed if only short term protection was verified, thus modeling a therapeutic scenario
where amyloid aggregation would be already present.

The herein obtained results revealed that only in the context of oxidative stress did
compounds 4AY2, 4AY4, and 4BY2 show protective effects. Specifically, these compounds
significantly improved cell viability following iron/ascorbate exposure, restoring levels
close to those observed in untreated controls. In contrast, none of the tested compounds
were able to prevent the cytotoxicity induced by AB1_4».

Recent evidence suggests that mitochondrial dysfunction, often exacerbated by en-
vironmental factors, plays a pivotal role in the pathogenesis of AD [75,76]. Therefore, the
observed protective effects of selected RIV-derived compounds against oxidative damage
highlight their potential to modulate mitochondrial or redox homeostasis, though fur-
ther studies are required to elucidate their mechanisms of action and their relevance to
Af-associated toxicity.

4.7. Prediction of Pharmacokinetic and Physicochemical Properties

Some of the pharmacokinetic parameters of the herein developed compounds (in
Table 2) were calculated to anticipate their potential as therapeutic agents.

Compared with the rivastigmine drug, all the hybrids exhibit higher PSA values,
which has a significant role in drug design because polarity can restrict entry into the
human body, though the calculated values are still within an acceptable range. The clog
P, /w values have also increased with the RIV hybridization, indicating that the hybrids
are more lipophilic and, thus, with enhanced ability to cross cell membranes, compared to
rivastigmine. Regarding their interaction with human serum albumin (HSA), the predicted
values for all the rivastigmine hybrids are higher than for rivastigmine, showing that
their availability to bind or interact with the target protein should be more reduced, since
only the unbound fraction can leave the bloodstream, reach its site of action, and exert a
pharmacological effect. On the other hand, high HSA binding can decrease the compound’s
clearance rate.

Concerning log BB values, they are lower than those of rivastigmine, while for the
Caco-2 and MDCK values, the hybrids showed varied predicted permeabilities. For the
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permeability capacity, all the values are favorable, except for compounds 4AY5 and 4AY6,
which yield moderate—good values. In fact, some compounds exhibit higher values than
rivastigmine, while others present lower ones, highlighting variability in their ability to
penetrate the intestinal barrier of enteric cells and cross the brain-blood barrier (BBB).
Finally, noteworthy is the fact that none of the compounds (even the chiral ones) violate
Lipinski’s Rule of Five, suggesting they can be considered as potential oral drug candidates.

5. Conclusions

A series of novel compounds, generated through the hybridization of the cholinesterase
inhibitor rivastigmine with several antioxidant aromatic moieties, was developed and eval-
uated for multiple biological activities with potential relevance to AD therapy. In addition
to their expected activity against both AChE and BChE, conferred by the RIV core, some of
these hybrids also demonstrated significant antioxidant properties and ability to inhibit
the amyloid 3-peptide (Af) self-aggregation. The biological activity profiles of these com-
pounds were influenced by the type of the antioxidant motifs, the number of free phenolic
hydroxyl groups, and the type and size of the linker between the two main moieties. As
anticipated, the most potent antioxidant (radical-scavenging) activity was observed in
the Trolox-based hybrids (4AY2, 4BY2) and those containing free catechol groups (4AY5,
4AY6). Regarding the cholinesterase inhibition, hybrids incorporating larger antioxidant or
pro-antioxidant aromatic unities exhibited, somehow, a reduced activity compared to the
parent rivastigmine compound, particularly against AChE, which has a narrower active
site. Concerning the inhibition of BChE, among the tested compounds, the syringic acid
derivatives and the catechol-based hybrids showed, respectivelly, the lowest and higher
activities, while 4BY3 exhibited the most potent inhibitory activity, similarly to rivastig-
mine. All hybrids could inhibit A} self-aggregation but, generally, the catechol-containing
compounds evidenced higher activity. Compounds 4AY2, 4AY4, and 4BY2 showed pro-
tective effect in cells, with potential to modulate mitochondrial or redox homeostasis, but
none of the compounds assayed were able to avoid the cytotoxicity induced by Ap1_4.
Molecular docking studies revealed key structural features and binding interactions of
RIV-based hybrids with both AChE and BChE, highlighting recurrent interactions with
residues such as TRP86, TYR337, HIS447, and SER198. Although no general consistent
correlation was found between docking scores and experimental inhibitory potency, certain
structural modifications, particularly incorporating an alkene group, were associated with
improved activity, likely due to enhanced accommodation within the enzyme binding site.
Differences in binding orientation between enantiomers were also observed, suggesting
possible stereoselectivity in BChE inhibition. These findings underscore the importance of
qualitative interaction analysis in complementing docking scores and elucidating structure-
activity relationships. Together, these results and favorable predicted pharmacokinetic
profiles support the potential of some RIV-based hybrids as promising hit compounds for
further investigation in the context of AD, particularly as multifunctional agents targeting
multiple pathological features of the disease.
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