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Discovery of sustainable drugs for Alzheimer’s disease: cardanol-
derived cholinesterase inhibitors with antioxidant and anti-
amyloid properties 
Giselle de Andrade Ramos,a Andressa Souza de Oliveira,a Manuela Bartolini,b Marina Naldi,b Irene 
Liparulo,b Christian Bergamini,b Elisa Uliassi,b Ling Wu,c Paul E. Fraser,c Monica Abreu,d Alessandra 
Sofia Kiametis,d Ricardo Gargano,d Edilberto Rocha Silveira,e Guilherme D. Brand,f Lukas Prchal,g 
Ondřej Soukup,g,h Jan Korábečný,g,h Maria Laura Bolognesib* and Luiz Antonio Soares Romeiroa* 

As part of our efforts to develop sustainable drugs for Alzheimer’s disease (AD), we have been focusing on the inexpensive 
and largely available cashew nut shell liquid (CNSL) as a starting material for the identification of new acetylcholinesterase 
(AChE) inhibitors. Herein, we decided to investigate if cardanol, a phenolic CNSL component, could serve as a scaffold for 
improved compounds with concomitant anti-amyloid and antioxidant activities. Ten new derivatives, carrying the intact 
phenolic function and an aminomethyl functionality, were synthesized and first tested for their inhibitory potencies towards 
AChE and butyrylcholinesterase (BChE). 5 and 11 were found to inhibit human BChE at a single-digit micromolar 
concentration. Transmission electron microscopy revealed the potential of five derivatives to modulate Αβ aggregation, 
including 5 and 11. In HORAC assays, 5 and 11 performed similarly to standard antioxidant ferulic acid as hydroxyl scavenging 
agents. Furthermore, in in vitro studies in neuronal cell cultures, 5 and 11 were found to effectively inhibit reactive oxygen 
species production at 10 μM concentration. They also showed a favorable initial ADME/Tox profile. Overall, these results 
suggest that CNSL is a promising raw material for the development of potential disease-modifying treatments for AD.

Introduction 
Alzheimer's disease (AD) has become a major global public 
health concern as the world population ages.1 If increasing in 
life expectancy is a triumph of the current society, it is sadly 
associated with a parallel increase in morbidity and disability 
due to age-related dementia. It is expected that by 2050, people 
aged >60 will account for 22% of the world’s population, 80% of 
whom will be living in a low-and-middle-income country.2 
Clearly, the growing population of older people at high risk in 
populous countries like Brazil and India makes AD and related 

 
 

 

 

 

 

 

 

dementia an even more complex problem than has been 
thought. This is particularly true in terms of access to therapies. 
There is, therefore, an imperative need of low-cost drugs for use 
also in low- and middle-income countries. 
Nowadays, cholinesterase inhibitors (ChEIs) remain the 
mainstay of AD therapy, with three currently available drugs 
approved by the U.S. Food and Drug Administration (FDA) 
(donepezil, galantamine, and rivastigmine) and one by the 
Chinese State Food and Drug Administration (SFDA) (huperzine 
A).3 Although these drugs show limited clinical efficacy, with 
relatively short-lasting positive effects and no disease-
modifying activity, it is widely accepted that targeting central 
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cholinesterases (ChEs) can temporarily mitigate cognitive 
decline in AD patients. In addition, recent evidence from 
neuroscientists, structural biochemists, clinicians, 
neuropharmacologists, makes ChEIs a class of drugs that still 
deserves attention for other potential positive effects against 
AD.4  
As part of our efforts to develop sustainable AD drugs starting 
from the inexpensive and largely available cashew nut shell 
liquid (CNSL),5, 6 we recently reported on a methoxy-cardanol 
derivative (LTD161, 1; Fig. 1) that exhibited a promising profile.7 
 

Fig. 1. Methoxy-cardanol derivative LDT161 (1) obtained from 
the mixture of unsaturated cardanols (12). 
 
In fact, thanks to the ability of interacting with both the catalytic 
active site (CAS) and the peripheral anionic site (PAS) of 
acetylcholinesterase (AChE) — thus acting as a dual binding 
inhibitor8 — 1 showed a micromolar AChE activity.7 In addition, 
1 demonstrated positive features, such as a low toxicity and a 
favorable blood brain barrier (BBB) permeation prediction.  
More importantly, it was obtained through simple synthetic 
steps from a bio-based, cheap, and inedible waste material. 
However, 1 was not able to prevent Aβ42 self-aggregation when 

tested at 1/1 ratio. We speculated that this could be due to the 
methylation of the phenolic group of cardanol fragments (Fig. 
1).7  
To overcome the limitations of 1 and based on the knowledge 
of our and other’s previous studies (see below), we designed 
and synthesized ten new derivatives (2-11; Fig. 2) that carry the 
intact phenolic structure of cardanol (12), together with 
additional functional moieties.  
Our final aim was to develop new sustainable-by-design 
multifunctional derivatives that could combine the AChE 
inhibitory activity of 1 with other activities beneficial against AD, 
i.e., anti-amyloid and antioxidant ones. The amyloid-cascade 
and the oxidative-stress hypotheses of AD have actually been 
united to one concept by many groups,9-12 as such combination 
makes sense from the AD pathogenesis point of view.13 
Accordingly, a plethora of ChEIs able to simultaneously target 
both cascades have been developed (see14 for a recent review 
and 15 for a recent example). However, to best of our 
knowledge, there is no report dealing with this type of 
anticholinesterase/anti-amyloid/antioxidant molecules 
obtained from a waste material. 
Along these lines, we aimed to transform 1 from a dual-binding 
AChE inhibitor into a sustainable and multifunctional 
cholinesterase inhibitor, with disease-modifying potential.16 

Results and discussion 
Design of target compounds 2-11 

1 has been characterized as a dual-binding site inhibitor 
interacting with PAS through its aromatic end and fishing the 
CAS via the protonable amine function.7 Towards the goal of 
expanding the anti-AD profile of 1 by including anti-
amyloid/antioxidant activities, we properly manipulated 1’ 
structure (Fig. 2).

Fig. 2. Design rationale for cardanol derivatives 2-11. 
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First, we kept the free phenolic group of cardanol constant in all 
the target compounds. This was based on two reasons: (i) 
phenolic compounds, such as the red-wine polyphenol 
myricetin, the turmeric component curcumin, its analogs 
rosmarinic and ferulic acids, inhibit the formation of Aβ 
aggregates, as well as dissociate preformed fibrils.17, 18 (ii) 
Phenol is the chemical moiety responsible of the radical 
scavenging activity of many phytochemicals that have been 
shown to be more effective antioxidants than vitamin E and C.19 
Furthermore, phenolic lipids, such as cardanol, have an even 
higher anti-oxidant potential due to the presence of the long 
side chain attached to the phenol ring.20 The alkyl chain can 
stabilize oxidized molecules, thus hampering further radical 
formation. In addition, due to their lipophilicity, phenolic lipids 
can overcome limitations encountered with most small-
molecule antioxidants: they can permeate the BBB and exert 
their central anti-oxidant effect.20 
In parallel, we were inspired by the anti-amyloid activity of 
some recently reported Mannich bases.21, 22 
Furthermore, with respect to the C15 aliphatic chain of 12, we 
used a shorter (C8) homologue terminating with a primary 
alcoholic function (see general structure in Fig. 2). We have 
already reported that this modification positively modulates the 
excessive lipophilicity of our molecules and might reduce the 
potential surfactant properties.23 In addition, the introduction 
of a terminal H-donor/acceptor (-OH) substituent might both 
improve the membrane permeability and allow establishing a 
further H-bond interaction which might favor target(s) 
recognition.23 
Collectively, we designed the set of cardanol derivatives 2-11 
(Fig. 2), with the aim to obtain sustainable ChEIs, with 
concomitant antioxidant and anti-amyloid properties.  
 
Synthesis of target compounds 2-11 

The designed series of derivatives (2-11) was prepared by a 
Mannich aminomethylation of phenol 14 and benzyl, alkyl or 
heterocyclic amines as starting reagents (Scheme 1). 
In detail, phenol 14 was synthesized using a three-step protocol. 
First, acetylation of a mixture of unsaturated cardanols (12), 
isolated from CNSL by following the procedure described by 
Paramashivappa et al.,24, 25 gave the corresponding 
acetylcardanol mixture 13 in 92% yield. Next, oxidative cleavage 
of 13 by ozonolysis, followed by the reduction of the resulting 
secondary ozonide to the corresponding primary alcohol with 
sodium borohydride furnished 14 in 60% yield. Subsequently, 
treatment of 14 with the respective iminium ions, previously 

formed from the reaction of paraformaldehyde with the 
suitable secondary amines, provided the target derivatives 2-11 
with yields ranging from 32% to 81% (Scheme 1).  
All compounds described herein possessed analytical and 
spectral data in agreement with the proposed structures. 
 

Scheme 1. Synthetic procedure for the synthesis of 2-11. 
Reagents and conditions: (a) Ac2O, H3PO4, MW irradiation 2.45 
GHz, 270 W, 3 minutes, 92%; (13); (b) i. O3/O2, 
dichloromethane/methanol 1:1, - 70 °C, 1 h; ii. NaBH4, 60% (14); 
(c) i. (CH2O)n, secondary amines, ethanol, reflux, 1.5 h; ii. 14, 
reflux, 40 h, 32-81% (2-11). 

 

Biological profile of target compounds 

AChE and BChE inhibitory activity  
As a first step, the synthesized compounds 2-11 were tested for 
their ability to inhibit human AChE (hAChE) and BChE from 
human serum (hBChE) using the Ellman assay (Table 1).26  
Essentially, most cardanol derivatives were devoid of AChE 
inhibitory activity when tested at 20 μM (% of inhibition < 20). 
In contrast, for pyrrolidine and piperidine derivatives 4 and 5 
the inhibition at 20 μM was 31.1% and 40.5%, respectively. The 
IC50 values for the inhibition of AChE by 4 and 5, the most 
effective inhibitors of the current series, were 47.6 and 30 μM,
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Table 1 Inhibitory activity against human AChE and BChEa and antioxidant activity toward hydroxyl radicalsb of cardanol derivatives 
2-11.  

 
 

Code W 

% inhibition 
hAChE 

[I] = 20 μM 

IC50 hAChE 
(μM) ± SEM 

% inhibition 
hBChE 

[I] = 20 μM 

IC50 hBChE 
(μM) ± SEM 

HORAC 

# 
Gallic Acid 

Equivalents 

2 LDT544 
 

19.4 ± 7.1 ND d 68.3 ± 1.3 6.74 ± 0.7 3.70 ± 0.05 

3 LDT636 
 

12.4 ± 1.2 ND d 50.5 ±0.7 17.5 ± 3.5 5.49 ± 0.58 

4 LDT637 
 

31.1 ± 2.8 47.6 ± 4.1 59.0 ± 0.8 13.3 ± 0.5 4.88 ± 0.05 

5 LDT638 
 

40.5 ± 1.8 30.0 ± 2.6 73.5 ± 0.4 6.12 ± 0.8 4.37 ± 0.54 

6 LDT639 
 

12.1 ± 0.8 N.D. d 16.6 ± 2.4 N.D. d 4.38 ± 0.23 

7 LDT640 
 

< 5 N.D. d < 10 N.D. d 9.73 ± 0.86 

8 LDT641 
 

< 10 N.D. d 17.7 ± 3.1 N.D. d 1.49 ± 0.20 

9 LDT642 
 

< 5 N.D. d 10.6 ± 2.1 N.D. d 4.80 ± 0.49 

10 LDT643 

 
< 10 N.D. d <5 N.D. d 4.52 ± 0.64 

11 LDT692 
 

< 10 785 ± 42 77.1±0.2 4.62 ± 0.14 3.50 ± 0,23 

1 LDT161 n.a.c  5.65 ± 0.48   n.a.c 

Ferulic acid n.a.c     4.04 ± 0.51 
aIC50 inhibitory concentration (μM) or % inhibition at 20 μM of human recombinant AChE and human serum BChE. IC50 values are expressed as mean ± standard 
error of the mean (SEM) of at least two experiments each performed in triplicate. bAntioxidant activity is expressed as Gallic Acid Equivalent (GAE). GAE values 
are expressed as mean ± standard deviation (SD) of three experiments (n=3). cn.a. = not applicable; d N.D. = not determined. 
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respectively. Thus, the structural modification performed led to 
modest inhibitors, which were less active than 1 (IC50 = 5.65 μM) 
towards AChE inhibition. 
More encouragingly, 2-11 were found to be fairly potent (and 
selective) regarding the inhibition of BChE. The presence of a 
benzyl amine (1), an open-chain diethylamine (2) or cyclic 
pyrrolidine (4), piperidine (5) or azepane (11) was associated 
with the best enzymatic profiles. The inhibition at 20 μM ranged 
from 50.5% for 3 to 77.1% for 11. Conversely, the presence of a 
thiomorpholine (6) morpholine (7), or piperazine (8-10) nuclei 
seems detrimental for BChE (% of inhibition < 20). The most 
potent and selective inhibitor was 11 (LDT692) (IC50 = 4.62 μM), 
which exhibits a similar inhibitory potency as reference drug 
donepezil against BChE (7.42 ± 0.39 μM).27  
On the other hand, 4 and 5 emerged as dual AChE/BuChE 
moderate inhibitors: their activities against the two enzymes 
differ of 3.6 and 4.9, respectively.  
The collected data can be interpreted positively in light of 
recent observations pointing to BChE as a more effective target 
than AChE for the treatment of dementia.28 Several studies 
show a progressive reduction of AChE activity in AD patients, 
while BChE activity rises in response to the loss in hydrolysis 
capacity.29 Furthermore, BChE inhibitors have been reported to 
improve animal cognition in scopolamine-treated and AD 
mouse model, indicating their value for the treatment of 
dementia both from Alzheimer and other types.30, 31  
In summary, the structural manipulation of 1 proved successful 
only in terms of activity towards hBChE and only for selected 

compounds. Compounds carrying only one nitrogen atom in the 
cycle exhibit increasing selectivity toward BChE with increasing 
size of the cycle, reaching a value of approximately 170 for the 
seven-membered-ring 11. This is in agreement with the notion 
of a larger gorge of hBChE compared to hAChE,32 that allows 
BChE to accommodate larger rings easier. 
 
AChE and BChE docking studies 
Aiming at investigating the binding modes of 2-11 and at an 
improved understanding of the experimental data, molecular 
docking simulations were performed using the crystal 
structures of hAChE33 and hBChE34 (PDB IDs: 4EY7 and 6EQP, 
respectively). To validate our protocol, we first carried out a 
redocking of donepezil to the hAChE binding site. In this 
procedure, the ligand superimposed the crystal within a RMSD 
< 2 Å. Fig. 3 depicts the top scoring pose of each molecule in 
both cavities. Overall, 2-11 showed proper conformational 
flexibility and length, spanning the PAS and the acyl-binding 
pocket (A-site) of the gorges. In particular, the molecules 
reached deeper into the hBChE gorge, also spanning the CAS. 
The hBChE has a larger active site gorge than hAChE, due to the 
presence of a valine and a leucine instead of the bulkier 
phenylalanines of hAChE. As 2-11 are quite flexible, there was a 
trend of finding solutions mostly buried in the CAS. On the other 
hand, in the case of the hAChE, molecules were confined at the 
PAS and A-site not contacting the CAS. This finding suggests that 
the molecules are not dual binding, accounting for their low 
inhibitory percentages against hAChE. 

Fig. 3. Putative binding sites of 2-11 at human ChEs. In the case of hAChE, the molecules spanned the PAS (Tyr341, Asp74) and the 
A-site (Tyr337, Trp86) of the gorge. As they have no contact with the CAS, the molecules are not dual binding inhibitors. In the case 
of hBChE, the molecules spanned the PAS (Tyr332, Asp70), the A-site (Trp82) and also spanned the CAS (His428) as they are quite 
flexible.



  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Fig. 4. Putative binding modes of LDT638 (5) with hAChE and hBChE. 
 
Figures 4 and 5 depict putative binding modes of the most 
active cholinesterase inhibitors, i.e., 5 (LDT638) and 11 (LDT692) 
at both enzymes. Inside the hAChE gorge, 5 can perform π-
stacking interactions with residues Tyr341 (PAS) and Trp86 (A-
site) via its phenol and piperidine groups, respectively. 
Hydrogen bonds can be formed with residues Tyr124 and Asp74 
(PAS) via its protonated nitrogen. Also, 5 makes additional 
favorable contacts with Trp286 (PAS) and Phe338 (A-site) via 
aromatic hydrophobic interactions. In the complex with hBChE, 
5 can perform hydrogen bonds with Ser198 (CAS) and Asp70 
(PAS), via its protonated nitrogen and hydroxyl group, 
respectively. Furthermore, 5 can form a π-stacking interaction 
with Trp82 (A-site) via its phenol group and a t-stacking 
interaction between residue Trp231 (A-site) and the piperidine 
group. Finally, 5 makes close contacts with residues Tyr332 
(PAS) and Phe329 (A-site).  
As for the putative binding mode of 11 at the hAChE gorge 
(Figure 4), the molecule can perform multiple π-stacking 
interactions: in the A-site (Phe338, Tyr337, Trp86) via its 
azepine group, or in the PAS (Tyr341), via its phenol group. 
Hydrogen bonds can be formed with residues Tyr124 and Asp74 
(PAS) via its protonated nitrogen, similarly to 5. 11 makes 

additional favorable contacts with Trp286 (PAS) via aromatic 
hydrophobic interaction. When complexed with hBChE, it can 
establish π-stacking and t-stacking interactions, with residues 
Phe329 (A-site) and Trp231 (PAS), respectively, via its azepane 
group. In addition, 11 makes close contacts with Trp82 (A-site), 
via aromatic hydrophobic interaction. The possibility of 
hydrogen bonds with residues Ser198 and His438 of CAS, may 
support the higher inhibitory potency against hBChE. 
 
In vitro anti-amyloid profile 
To explore the anti-amyloid profile of 2-11, peptide Aβ42 was 
used. Specifically, fibril formation in the absence and in the 
presence of cardanol derivatives was examined by electron 
transmission microscopy (TEM). Since TEM can probe amyloid 
fibrils at the molecular level, it is widely used to qualitatively 
assess the impact of tested compounds on Aβ fibril overall 
abundance and morphology.35 
To this end, samples of Aβ42 at 65 µM were stained and 
visualized at t=0 and after 48 h incubation with and without 2-
11. Occurrence and morphology of Aβ aggregates was 
inspected. 
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Fig. 5. Putative binding modes of LDT692 (11) with hAChE and hBChE.
  
Fig. 6 shows that after 48 h incubation at 37 °C, large fibrillar 
assemblies could be observed only in control samples 
containing Aβ42 alone, whereas in presence of the selected 
inhibitors (2, 3, 5, 7 and 11) small and rather amorphous 
aggregates are evident. Thus, we could infer that 2, 3, 5, 7 and 
11 interfere with the formation of organized Aβ42 fibrils, 
promoting amorphous, non-toxic aggregates.  
In the past, most of Aβ-targeting strategies focused on the 
disassembly or inhibition of Aβ fibril formation. However, these 
strategies have been questioned as the decrease in fibrillar 
content would lead to an increased concentration of the more 
toxic soluble species of Aβ.36 Alternatively, phenolic derivative 
(-)-epigallocatechin-3-gallate (EGCG) seems to modulate Aβ 
activity by forcing the peptide to deviate from conventional 
fibrillar architecture in favor of off-pathway amorphous 
globular aggregate states that have been found to be benign in 
toxicity.37 It has been further suggested that the formation of 
these non-toxic amorphous aggregates could be additionally 
beneficial as they would function as potential sinks for soluble 
Aβ oligomers.38  
Likely, phenols 2-11 could similarly stimulate the formation of 
globular aggregates over fibrillar structures. 
 
In vitro antioxidant activity 
The antioxidant activity of cardanol derivatives 2-11 was 
assessed in vitro using the hydroxyl radical absorbance capacity 
(HORAC) assay. Based on the manufacturer’s protocol, gallic 
acid, a naturally occurring triphenolic compound,39,40 was used 
as internal reference compound and the antioxidant activity is 

given as Gallic Acid Equivalents (GAE). Ferulic acid was also 
assayed as reference antioxidant agent, as its radical scavenging 
properties have already been assessed as beneficial in 
protecting neuronal cells in an oxidative stress cell model.41 
Data listed in Table 1 show that all derivatives exerted an 
antioxidant activity close or higher than that exerted by gallic 
acid (GAE values ³ 1.49). Indeed, most derivatives performed 
similarly to ferulic acid as hydroxyl scavenging agents with GAE 
values ranging from 3.5 to 5.5. The best antiradical activity was 
showed by the morpholino derivative 7 (GAE of 9.73). 
Disappointingly, 7 was devoid of any anticholinesterase activity. 
Conversely, compounds 5 and 11, which are endowed with a 
good ChE inhibitory profile, performed as well as ferulic acid. 
 
In vitro blood-brain barrier permeation assay 
The in vitro BBB permeability of 2-11 was predicted by using the 
parallel artificial membrane permeability assay for BBB 
(PAMPA–BBB), an efficient and simple method for evaluating 
BBB permeation at the early stage of development.42 In this 
assay, porcine brain lipids are used as an artificial membrane to 
test the passive permeability of tested compounds. Six 
commercial drugs (Table 2), whose central nervous system 
(CNS) availability is known, were used as standards to validate 
our in-house assay. Compounds labeled as CNS (+) should be 
able to cross the BBB by passive diffusion as their effective 
permeability (Pe) values are higher than that of CNS standard 
drugs (i.e., tacrine, donepezil, rivastigmine).  
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Fig. 6. Representative TEM images of Aβ42 (control) at t = 0 (A) 
and after 48 h of incubation at 37 °C alone (B) and in the 
presence of 2 (LDT544) (C), 3 (LDT636) (D), 5 (LDT638) (E), 7 
(LDT640) (F), 11 (LDT692) (G). 
 
Threshold to classify a compound as CNS (+) or CNS (−) was set 
at Pe = 5.96, which corresponds to that of CNS-permeable 
tacrine. In fact, negative controls (chlorothiazide, cefuroxime 
and furosemide) show Pe values substantially below this 
threshold. Compound 2 was not categorized because of biased 
results due to its low solubility in the assay media. The results 
of Table 2 show that all the tested cardanol derivatives were 
predicted as CNS (+), with high Pe values. To note, the highest 
values is associated with 7, carrying a morpholino moiety, which 
is known to confer favorable BBB permeation properties.43 
Hence, notwithstanding 7 is devoid of an 
anticholinesterase/anti-amyloid multifunctional profile, it 
might find further application as a centrally active radical 
scavenging agent.  
Compounds 5 and 9, endowed with concomitant 
cholinesterase/anti-amyloid/antioxidant activities, were among 

the most permeable compounds. Conversely, compound 3 (Pe = 
9.6 × 10–6 cm/s), with a diethylamino moiety, displays the 
lowest permeability among the series. 
 
Table 2. Prediction of BBB penetration of 2-11 and marketed 
drugs, expressed as Pe ± SEM (n=2-3).  

Compound 
BBB penetration estimation 

Pe ± SEM (10-6 cm/s) CNS (+/-) 
LDT544 (2) N.D.a  
LDT636 (3) 9.6 ± 2.3 CNS + 
LDT637 (4) 23.1± 2.4 CNS + 
LDT638 (5) 19.5 ± 1.9 CNS + 
LDT639 (6) 18.8± 8.6 CNS + 
LDT640 (7) 32.0 ± 4.3 CNS + 

LDT641 (8) 15.3 ± 3.5 CNS + 

LDT642 (9) 39.3± 3.4 CNS + 

LDT643 (10) 21.7 ± 5.2 CNS + 

LDT692 (11) 12.0 ± 1.5 CNS + 

Tacrine 5.96 ± 0.59 CNS + 
Donepezil 21.49 ± 2.05 CNS + 
Rivastigmine 20.0 ± 2.07 CNS + 
Chlorothiazide 1.14 ± 0.53 CNS - 
Cefuroxime 0.62 ± 0.16 CNS- 
Furosemide 0.19± 0.07 CNS - 

aN.D. stands for not determined due to low solubility in assay buffer. 
 
Antioxidant activity in SHSY-5Y cells 
With all the in vitro characterization data in hand, compounds 
that were deemed to have cholinesterase activity, anti-amyloid 
and antioxidant capacity, and showed positive PAMPA–BBB 
values were progressed to the next stage of investigation (i.e., 
cell culture experiments). In vitro experiments showed that 5 
and 11 display an antioxidant activity similar to that of ferulic 
acid, together with a hBChE and hAChE inhibitory profile (Table 
1), modulate amyloid aggregation, and are predicted to cross 
BBB. For these reasons, we selected 5 and 11 to be further 
tested for their ability to protect neuronal cells from oxidative 
stress. 
During AD pathology, the imbalance between the generation 
and detoxification of reactive oxygen species (ROS), referred to 
as oxidative stress, induces widespread damage by oxidizing 
lipids, proteins, and DNA.44 Since neuronal membranes contain 
many polyunsaturated fatty acids, neurons are particularly 
vulnerable to free radical attacks. Being oxidative stress an early 
and prominent feature of AD,45 it appears rational that 
antioxidants will be beneficial in the treatment of AD.46 In this 
study, SHSY-5Y human neuronal cell line was used to estimate 
the protective effects of 5 and 11 against ROS (Fig. 7). ROS 
production induced by the organic peroxide t-BuOOH (TBH) was 
measured by using the cell-permeant probe 2',7'-
dichlorodihydrofluorescein diacetate (H2DCFDA), which is de-
esterified inside cells and converted to the highly fluorescent 
2',7'-dichlorofluorescein (DCF) upon oxidation. Trolox was used 
as an antioxidant reference compound. In the absence of the 
oxidative stress, incubation with 5 and 11 did not affect 

(A) (B)

(C) (D)

(E) (F)

(G)
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significantly ROS levels. When cells were challenged with a mild 
oxidative stress by 100 µM TBH for 30 min, the expected 
increase of intracellular ROS was observed (Fig. 7). Interestingly, 
a 24 h pre-incubation with both 5 and 11 significantly reduced 
intracellular ROS concentration (p < 0.001). Notably, at 10 µM 
concentration, compounds 5 and 11 protected cells from 
oxidative stress in a similar fashion to 100 µM Trolox.47 Thus, in 
these experimental conditions, 5 and 11 are more effective 
antioxidants than Trolox. In addition, they have been predicted 
to cross BBB. This is particularly relevant, as failures of 
antioxidants in AD clinical studies has been at least partly 
attributed to their inability to cross the BBB after systemic 
administration.48 

Fig. 7. Reactive oxygen species (ROS) determination in live SH-
SY5Y cells. ROS were detected by staining the cells with 
H2DCFDA. Cells were incubated for 24 h with compounds 5 and 
11 (10 µM), Trolox (100 µM) or vehicle (CTRL) and oxidative 
stress was detected in the presence and absence of 100 µM t-
BuOOH (TBH) exposure. Data are presented as percentage of 
DCF signal normalized to control. Error bars indicate ± SD. (n=3), 
***P<0.001. 
 
Toxicity in HepG2 cells  
Therapy with tacrine, the first marketed ChE inhibitor, has been 
associated with a very high rate of serum enzyme elevations, 
which has been associated with liver injury.49 Because of this 
side effect and the availability of other better tolerated ChEIs, 
tacrine is now no longer used. To this end, we preliminary 
tested the hepatotoxicity of cholinesterase inhibitors 5 and 11 
in cells from human hepatocellular carcinoma (HepG2) by MTT 
assay (Fig. 8). 

Data from Fig. 8 show that compounds 5 and 11 have no 
significant cytotoxic effect up to 10 µM. This reinforces the 
favorable early-tox profile of 5 and 11. 

Fig. 8. Cell viability determined by MTT assay. Human 
hepatocarcinoma cells (HepG2) were treated with 5 and 11 for 
24 h at a concentration ranging from 1.25 µM to 10 µM. Data 
are presented as a percentage of viable cells in comparison with 
vehicle-treated controls. Error bars indicate ± SD, n=3. 
 
Plasma stability and kinetic solubility 
Considering that Mannich bases may be unstable we further 
checked the plasma stability of 5 and 11, as well as their 
solubility properties. Compounds 5 and 11 were stable in 
plasma over 60-minute timeframe (Fig. 9). After 120 minutes 
there were still 97 ± 1.4 % of compound 5 and 85 ± 7.0 % of 
compound 11. Furthermore, we have shown experimentally 
that compounds 5 and 11 are soluble in the 5% DMSO/PBS 
solution in concentration <3.9 mM and <5 mM, respectively. 
Thus, 5 and 11 show preliminary favorable drug-likeness. 

Fig. 9. Plasma stability of compounds 5 (A) and 11 (B). 
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Conclusions 
AD, which was initially thought to be a disease confined to the 
Western countries, has now gone global, becoming a pressing 
worldwide challenge with no therapy available. Thus, there is a 
quest for treatments that are not only effective, but also 
accessible to the global patient population. The molecules 
reported herein were designed with these requirements in 
mind. Particularly, we aimed to expanding the pharmacological 
profile of 1, previously developed as a cholinesterase inhibitor 
and obtained by an inexpensive food waste material, i.e., CNSL. 
Notably, by properly modifying 1’s structure, we came up with 
5 and 11, which combine cholinesterase activity together with 
anti-amyloid and antioxidant capacity and potential higher 
synthetic accessibility than conventional drugs. As regards to 
the initial ADME/Tox evaluation, they were found potentially 
BBB permeable, plasma-stable, soluble and devoid of 
hepatotoxicity. Thus, we succeeded in identifying 5 and 11 as 
sustainable multifunctional cholinesterase inhibitors, 
modulating amyloid and oxidative cascades. 
This work also provides initial clues into the development of 
cheap and effective antioxidants derived from CNSL that can be 
followed for further AD drug design and development. 
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