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ABSTRACT 

 

A novel series of feruloyl-donepezil hybrid compounds were designed, synthesized and 

evaluated as multitarget drug candidates for the treatment of Alzheimer’s Disease (AD). 

In vitro results revealed potent acetylcholinesterase (AChE) inhibitory activity for some 

of these compounds and all of them showed moderate antioxidant properties. 

Compounds 12a, 12b and 12c were the most potent AChE inhibitors, highlighting 12a 

with IC50 = 0.46 µM. In addition, these three most promising compounds exhibited 

significant in vivo anti-inflammatory activity in the mice paw edema, pleurisy and 

formalin-induced hyperalgesy models, in vitro metal chelator activity for Cu
2+

 and Fe
2+

, 

and neuroprotection of human neuronal cells against oxidative damage. Molecular 

docking studies corroborated the in vitro inhibitory mode of interaction of these active 

compounds on AChE. Based on these data, compound 12a was identified as a novel 

promising drug prototype candidate for the treatment of AD with innovative structural 

feature and multitarget effects.   

 

Key words:  feruloyl-donepezil hybrids, Alzheimer’s Disease, multitarget-directed 

ligands  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

1. INTRODUCTION 

 

Alzheimer’s disease (AD) is a progressive neurodegenerative condition, 

characterized by cognitive impairment and behavioral abnormalities [1]. In the late stage of 

the disease, patients lose their personal independence, requiring daily familiar and nursing 

care, progressing to death. AD is a multifactorial disease, with several interconnected 

neuropathological events, probably as a result of the combination of risk factors, including 

age, genetic and environmental factors [2]. It is estimated that more than 18 million people 

are currently affected by AD worldwide, with an expected increase of patient numbers to 

114 million by 2050 [3]. The pathophysiology of AD is not completely understood, but 

much progress has been achieved in recent years in unveiling the mechanisms of 

neurodegeneration, given the importance of this disease on the world scene. AD’s 

pathogenesis involves imbalance in numerous biochemical pathways such as the 

production and clearance of β-amyloid (Aβ) peptides, accumulation of 

hyperphosphorylated tau protein [4–6], decrease in brain acetylcholine (ACh) levels [7,8], 

dyshomeostasis of  biometals such as Zn
2+

, Fe
2+

,
 
Cu

2+  
[9,10], oxidative stress and 

mitochondrial dysfunction [11], and neuroinflammation [12], leading to neuronal damage 

and death. 

Currently, most of the approved drugs for AD treatment are acetylcholinesterase 

(AChE) inhibitors (e.g. donepezil (1), tacrine (2), rivastigmine (3) and galantamine (4) Fig. 

1). Such drugs restore cognitive function and hence improve the quality of life of AD 

patients [8].  

 

 

Fig. 1. Chemical structures of AChE inhibitors currently used in the treatment of AD 

 

It has now been accepted that complex multifactorial diseases, such as cancer, 

diabetes, hypertension and neurodegenerative diseases, cannot be efficiently treated by the 



 
 

modulation of a single target. As a consequence, the multi-target-directed ligand (MTDL) 

approach has emerged as a new paradigm in drug discovery. This innovative strategy 

proposes the design of new scaffolds with two or more pharmacophoric subunits connected 

in a single molecule that could, in turn, modulate the interaction and biological response of 

multiple molecular targets simultaneously [13–15]. 

 Considering the MTDLs concept, donepezil, the current first choice drug for AD 

treatment, is among the most popular pharmacophore inspirations used for the design of 

novel drug candidates, since it is a very potent, low toxic and well tolerated AChE 

inhibitor [16–19]. Curcumin (5, Fig.2), an abundant natural polyphenol found in Curcuma 

longa rhizomes, is also widely used as scaffold for the planning of new MTDLs for AD 

[20–24]. Curcumin has potent antioxidant and anti-inflammatory properties, playing an 

important role in the decrease of oxidative damage, inflammation [25,26] and amyloid 

accumulation [27], with an additional biometal chelating ability [28]. In vivo studies with 

curcumin on transgenic animal models have disclosed its various beneficial effects for the 

treatment of AD. These studies demonstrate that 5 is also capable of reverting the 

formation of amyloid plaques, preventing Aβ-induced oxidative stress, and modulating the 

expression of inflammatory mediators [29]. 

Based on the MTDL strategy, we report here the design, synthesis and 

pharmacological evaluation of a new series of molecular hybrids feruloyl-donepezil based 

on the combination of the pharmacophoric N-benzylpiperidine, subunit from donepezil (1) 

responsible for its adequate recognition by AchE and the subunit feruloyl present in ferulic 

acid (6) and curcumin (5) (Fig. 2). Variation of the substituent groups in the aromatic rings 

moiety derived from donepezil and feruloyl aimed structure-activity relationship (SAR) 

studies and the identification of potential effective drug candidates for AD treatment, with 

an innovative mechanism of action. 

 

 

 

 

 



 
 

 

Fig. 2. Design strategy for a new series of feruloyl-donepezil hybrid compounds 

 

This series of hybrid compounds were investigated for their in vitro direct and 

indirect antioxidant, anticholinesterase, metal chelating and neuroprotective properties, 

and in vivo anti-inflammatory effects. In addition, molecular docking studies were 

performed to determine the binding mode of the best AChE inhibitors.  

 

2. RESULTS AND DISCUSSION 

 

2.1. Chemistry 

 

The synthetic convergent route for accessing the desired compounds 12a-n is 

shown in Scheme 1. 4-piperidinemethanol (6) was used as starting material for the 

preparation of the key intermediates 9a-g, by a reductive amination reaction with a 

series of functionalized benzaldehydes in the presence of NaBH3CN/ZnCl2. Thereafter, 

ferulic acid (9a) and iso-ferulic acid (9b) were converted into their acyl-chloride 

derivatives 10a-b by using thionyl chloride. In a final step, derivatives 10a and 10b 



 
 

were coupled to the N-benzylpiperidine key-intermediates 9a-g to yield the target-

compounds 12a-n. 

 

 

Scheme 1. Reagents and conditions: (a) NaBH3CN, ZnCl2, MeOH, rt, 72 h, 70-87%; (b) SOCl2, 

DMF, CH2Cl2, N2, 1h, 98%; (c) CH2Cl2, N2, 15 min, rt, 55-70% 

 

 

2.2. In vitro AChE activity inhibition 

 

Firstly, all feruloyl-donepezil hybrids compounds (12a-n) were screened for 

their cholinesterase inhibition profile on Electrophorus electricus AChE (EeAChE), at 

the fixed concentration of 30 μM. As shown in Fig. 3, 12a, 12b and 12c were the most 

potent AChE inhibitors. However, only compounds 12a and 12b reached 50% 

inhibition, and their IC50 and selectivity versus equine serum butyrylcholinesterase 

(eqBuChE) were determined next. The unsubstituted benzylpiperidine compound 12a 

showed a submicromolar IC50 value for EeAChE (0.46 μM) and marked selectivity, 

being 53-fold less potent for eqBuChE (Fig. 4 and Table 1). Compound 12b was about 

30-fold less potent than 12a for EeAChE and only inhibited eqBuChE by 4.3% at 30 

μM, so it was not further investigated. Curcumin (5) showed only a minor 

anticholinesterase activity, which is unlikely to contribute to its biological effects in 



 
 

vivo. In the substrate competition assay for EeAChE, compound 12a reduced Vmax 

without affecting the apparent Km, therefore indicating a simple (pure) non-competitive 

inhibition, with a Ki of 1.04 μM (Fig. 4). The reference compound donepezil (1) also 

had no discernible effect on the apparent Km, showing a single Ki of 38 nM. These 

results suggested that the regiochemistry of the hydroxy and methoxy substituents on 

the phenylpropanoid moiety is a strong determinant of AChE inhibitory activity, as 

could be observed for the most active ferulic acid derivatives in comparison to all their 

regioisomers derived from iso-ferulic acid. In addition, the higher potency of compound 

12a suggests that substitution on the aromatic ring of the N-benzylpiperidine subunit 

leads to a decrease in the AChE inhibitory activity, independent of its size or electron 

donating or withdrawing ability. 

 

Fig. 3. Screening of feruloyl-donepezil hybrids (12a-12n) for EeAChE inhibition. The 

compounds were pre-incubated for 10 min with the enzyme and reaction was followed for 5 min 

and activity (velocity) was expressed as percent of control (vehicle). Data are means and pooled 

SD from 2-4 experiments, each performed in triplicate. 

 



 
 

 

Fig. 4. Inhibition curves and mechanism of inhibition of 12a. A. Concentration-dependent 

inhibition of EeAChE and eqBuChE by 12a. Independent experiments are shown in different 

symbols, which are mean ± SD of triplicates; fitted curve parameters are shown in Table 2. B. 

Substrate competition data for EeAChE and best-fitting model (simple linear non-competitive 

inhibition). The concentration of 12a (µM) is indicated to the right of each curve. Data are 

pooled from two experiments, each performed in triplicate. 

Table 1. Cholinesterase inhibitory activity, DPPH scavenging capacity, neurotoxic and direct 

antioxidant effects in neuron cells of compounds 12a-n 

Compounds Cholinesterase 

inhibiton IC50 (µM)
a
 

DPPH 

scavenging 

EC50 (µM)
b
 

Neuron 

Antioxidant 

effects 

IC50 (µM)
c
 

Neurotoxicity 

IC50 (µM)
d
 

EeAChE eqBuChE 

12a 0.46 (3) 24.97 (2) 49.41 16.87  n.d.
f
 (6%)

g
 

12b 16.74 (3) - 46.66 25.94 n.d. (9%) 

12c >30 - 45.38 n.d.
e
   n.d. (28%) 

12d > 30 - 73.77 - - 

12e > 30 - 78.09 - - 

12f > 30 - > 100 - - 

12g > 30 - > 100 - - 

12h > 30 - > 100 - - 

12i > 30 - > 100 - - 

12j > 30 - > 100 - - 

12k > 30 - 20.47 - - 

12l > 30 - > 100 - - 

12m > 30.00 - 12.45 - - 



 
 

12n > 30.00 - > 100 - - 

Donepezil 0.026 (2) 4.69 (2) - n.d. - 

Curcumin 132.13 (3) >300 (2) - -  

Trolox - - 04.86 - - 

ferulic acid - - 35.54 11.82 - 

iso-ferulic acid - - > 100 - - 

a
 The IC50 are geometric means from the number of independent experiments indicated in parenthesis; 

each was performed in triplicate. 

b
 Antioxidant activity are shown as EC50 values in µM concentrations. All compounds were analyzed in 

triplicate and the results expressed as average 

c 
Concentration of compound resulting in 50% inhibition of ROS formation induced by H2O2 (100 µM) in 

neuronal SH-SY5Y cells. The values are mean of at least two independent experiments;   

d 
Concentration of compound resulting in 50% inhibition of neuronal viability after 24 h treatment; 

e 
n.d: IC50 not determined because less than 50% inhibition of ROS formation induced by H2O2 in 

neuronal SH-SY5Y cells was observed at the highest concentration tested (40 µM); 

f 
n.d: IC50 not determined because less than 50% inhibition of neuronal viability was observed at the 

highest concentration tested (40 µM); 

g 
Values in parenthesis are percent inhibition of neuronal viability observed at highest tested concentration 

(40 µM). 

 

 

2.3. Molecular docking study with human AChE 

 

The compound 12a exhibited similar binding mode and slightly similar affinity 

scores in both the free and acetylated forms of the enzyme (Table 2 and Fig. 5), with 

the scores proving to be slightly better than donepezil. Interestingly, the predicted 

binding mode for this compound is quite similar to the experimental conformation 

observed for the AChE-donepezil complex (PDB code 4ey7), retaining several key 

interactions: (i) the phenyl and the piperidine groups are located in the same region, 

with the phenyl group making stacking interactions with Trp86 and the piperidine 

Nitrogen atom interacting with Tyr337 through cation-π and with a water molecule 

(W931) through a hydrogen bond; (ii) hydrogen bond between the carbonyl of the ester 

group and the NH main chain of Phe295 (carbonyl group of the indanone ring in 

donepezil), (iii) stacking interaction between the 2-methoxyphenol ring and the indole 

system of Trp286 located at the peripheral anionic site (PAS). Additionally, the 

hydroxyl group of the phenol is located at hydrogen-bond distance from Tyr72 (3.06 Å). 



 
 

 

Fig. 5. Docking results for 12a in the free (light blue) and acetylated (yellow) states, superposed 

with the experimental binding mode of donepezil (transparent green). W931 is represented as a 

red sphere and the hydrogen bonds are highlighted as orange dashed lines. 

 

The predicted binding modes of 12b in the free and acetylated enzyme are also 

similar, exhibiting the nitrophenyl ring oriented to the catalytic triad (Table 2 and Fig. 

6). The main interactions found are: (i) hydrogen bond between the nitro group and the 

hydroxyl from Tyr133, (ii) salt bridge between nitro and the side chain of Glu202, (iii) 

stacking interactions between the nitrophenyl ring and Trp86 (not planar) and His447, 

(iv) cation-π between the NH group in the protonated piperidine and Phe338 (bad 

geometry), Tyr337 and Trp86 (long distance, > 6Å), (vi) hydrogen bond between the 

carbonyl in the ester group with NH of the Phe295 main chain, (vii) stacking 

interactions between the indanone moiety and Trp286 from PAS (good geometry). 

 

Fig. 6. Docking results for 12b in the free (light blue) and acetylated (yellow) states, superposed 

with the experimental binding mode of donepezil (transparent green). W931 is represented as a 

red sphere and the hydrogen bonds are highlighted as orange dashed lines. 



 
 

 

The binding modes of 12c are significantly similar in both the free and 

acetylated forms of AChE (Table 2 and Fig. 7), performing similar interactions to those 

observed for donepezil with some geometry deviations: (i) stacking interactions 

between the 4-bromine-phenyl ring and Trp86, with the bromine atom oriented to the 

catalytic triad and surrounded by three structural waters (W731, W722 and W729, not 

shown), (ii) cation-π between the NH group in the protonated piperidine and Tyr337 

and Phe338, (iii) hydrogen bond between the carbonyl in the ester group and the NH of 

the Phe295 main chain, (iv) stacking interactions with Trp286 from PAS (best 

interaction in the acetylated form). The significant difference between the scores in the 

free and acetylated forms (~2.6 kcal/mol) might be due to the best geometry of 

interactions with Trp286 in the PAS (stacking interactions) and with Phe338 (cation-π 

with the protonated NH oriented to the phenyl ring in the acetylated form while the 

same group is pointing to the opposite site of the aromatic ring). 

 

Fig. 7. Docking results for 12c in the (A) free (light blue) and acetylated (yellow) states, 

superposed with the experimental binding mode of donepezil (transparent green). W931 is 

represented as a red sphere and the hydrogen bonds are highlighted as orange dashed lines. 

 

All three compounds exhibited a significant degradation of the docking scores in 

the Michaelis complex. Compounds 12a and 12c, which exhibited the best docking 

scores, retain the overall orientation in the binding site. On the other hand, compound 

12b exhibited a totally inverted orientation when compared with the predicted binding 

modes for the free and acetylated enzyme. 

 

 



 
 

Table 2. Docking scores of the compounds 12a, 12b, 12c and donepezil (used as reference) 

provided by docking with Glide in the Extra Precision Mode. 

Compound Free AChE Acetylated AChE Michaelis Complex 

12ª -16.129 -16.956 -11.567 

12b -15.586 -15.982 -9.961 

12c -13.913 -16.566 -11.463 

Donepezil -15.469 -15.862 -11.757 

 

 

2.4. In vitro direct antioxidant activity evaluation  

 

There is ample evidence that oxidative stress plays an important role in inducing 

and activating multiple cell signaling pathways that contribute to production of toxic 

substances and then promotes the development of AD [30]. Thereby, compounds 12a-n 

were evaluated for their antioxidant activity by using the radical scavenging DPPH 

assay in different concentrations (12.5, 25, 50, 100 µM). Ferulic acid, iso-ferulic acid 

and trolox were used as standard compounds and the results are shown in Table 2. It 

was found that almost all of the ferulic acid related derivatives were effective in 

scavenging free radicals, in comparison to the iso-ferulic parent compounds. 

Interestingly, ferulic acid exhibited more than 100-fold higher antioxidant potency 

compared to iso-ferulic acid, which revealed that the higher antioxidant profile of 

compounds 12a-e, 12k and 12m is probably derived from their ferulic acid pattern. 

These results clearly demonstrate that, similarly to AChE inhibition, regiochemistry 

plays a key role in the antioxidant activity of the target compounds. This result could be 

explained by analogy with the effect of para-hydroxy substituted cinnamic acids, in 

which the oxygen atom of the hydroxyl group is able to share a positive charge and 

thereby increase radical stabilization through conjugation extension. However, if the 

hydroxyl radicals assume a meta orientation, the oxygen atom is unable to share the 

charge, probably influencing the ability for radical scavenging [31]. 

We then evaluated the neurotoxic and direct antioxidant effects of compounds 

12a, 12b and 12c which showed the best abilities to inhibit the cholinesterase activity 

and counteract the DPPH radical in neuronal SH-SY5Y cells. As reported in Table 1, 



 
 

treatment for 24 h of SH-SY5Y cells with compounds 12a and 12b (1.25-40 µM) did 

not affect the neuronal viability using MTT assay, while the similar treatment with 

compound 12c showed a slight decrease in neuronal viability (28%) at the highest 

concentration (40 µM) used. In parallel, we recorded the strong ability of compounds 

12a and 12b, but not 12c, to counteract the intracellular ROS formation induced by 

H2O2 in SH-SY5Y cells using DCFDA probe (Table 1). Both compounds 12a and 12b 

showed concentration-dependent antioxidant effects with a significant decrease of ROS 

formation at 10, 20 and 40 µM (all p<0.001). Compound 12c significantly inhibited the 

ROS formation only at 10 µM (p<0.001), showing pro-oxidant effects at higher 

concentrations (Fig. 8). Antioxidant profiles similar to those of 12a and 12b were 

recorded with ferulic acid (Table 1, Fig. 8). As expected, donepezil did not show any 

direct antioxidant effects (data not shown). These results show the absence of cytotoxic 

and pro-oxidant effects for compounds 12a and 12b and suggest that their ferulic acid 

pattern effectively contributes to counteract the ROS formation in neuron SH-SY5Y 

cells. 

 

Fig. 8. Compounds 12a, 12b, 12c and ferulic acid counteract the ROS formation induced by 

H2O2 in neuronal SH-SY5Y cells. The cells were treated with various concentrations of 



 
 

compounds and H2O2 (100 µM) for 30 min. At the end of the treatment, intracellular ROS 

formation was determined using DCFDA probe (as described in the experimental section). The 

arbitrary units of fluorescence (AUF) values are shown as mean  SD of three independent 

experiments (
###

p<0.001 vs sham; ***p<0.001 vs treated with H2O2). 

 

2.5. Chelation of pro-oxidant metals    

 

A considerable amount of literature data has shown that the dyshomeostasis of 

biometals such as Cu
2+,

 Zn
2+,

 Fe
2+

 and Fe
3+

 in CNS and their interactions with amyloid 

protein precursor (APP) and Aβ could contribute to AD pathology [10], [9], [32]. In 

particular, copper and iron are redox active and can generate ROS via the Fenton and 

Haber–Weiss reaction, and promote neurotoxic Aβ oligomer formation. Therefore, 

compounds with metal-chelating properties could represent an additional therapeutic 

strategy for the treatment of AD. The ability of compounds 12a-c to chelate biometals 

such as Cu
+2

, Fe
+2

, Fe
+3

 and Zn
2+

 was studied by UV−vis spectroscopy with 

wavelengths ranging from 200 to 400 nm, according to the methodology described by 

Chen and cols. [20]. Compound 12a selectively chelated copper and iron. The 

absorption spectra of 12a at the concentration of 75 μM alone or incubated in the 

presence of CuSO4, FeSO4, FeCl3 or ZnCl2 (150 μM) for 30 min in ethanol are shown in 

Fig. 9. Compound 12a displayed absorptions with ƛmax (log ε) at 328.20 nm (0.970), 

299.00 nm (0.660) and 237.20 nm (0.517). When Cu
2+

 was added to the solution of 12a, 

it caused a significant shift of the band at 237.20 nm (0.517) to 248.00 nm (0.470), 

indicating the formation of the corresponding complex via metal chelation. Similarly, 

after addition of Fe
2+

, a shift of the band at 237.20 nm (0.517) to 249.20 nm (0.430) was 

also observed. In contrast, the addition of FeCl3 and ZnCl2 did not cause any significant 

shift in the absorption bands, which confirms that compound 12a is capable of chelating 

only Cu
2+

 and Fe
2+

, but not Fe
3+ 

and Zn
2+

. Compounds 12b and 12c showed the same 

profile as the compound 12a (data not shown). 



 
 

 

Fig.9. UV-absorbance spectra of 12a alone or in the presence of ZnCl2, FeSO4, FeCl3 and CuSO4. 

 

We then determined the ability of compound 12a to counteract the ROS 

formation elicited by Fenton reaction with either Cu2+ or Fe2+ and H2O2 in neuronal SH-

SH5Y cells. In both the reactions, 5, 10 and 20 µM of compound 12a significantly 

counteracted the ROS formation in neuronal SH-SH5Y cells (p<0.001) (Fig. 10). 

 

 

Fig.10. Compound 12a counteracted the ROS formation induced by either FeSO4/H2O2 or 

CuSO4/H2O2 in neuronal SH-SY5Y cells. The cells were treated with various concentrations of 

compound 12a and either FeSO4/H2O2 or CuSO4/H2O2 (25 µM/100 µM) for 30 min. At the end 

of the treatment, intracellular ROS formation was determined using DCFDA probe (as 

described in the experimental section). The arbitrary units of fluorescence (AUF) values are 

shown as mean  SD of three independent experiments (
###

p<0.001 vs sham; ***p<0.001 vs 

treated with either FeSO4/H2O2 or CuSO4/H2O2). 

 

 



 
 

2.6. In vitro indirect antioxidant activity evaluation 

 

Recent studies report that molecules like curcumin which contain Michael 

acceptor functionalities and phenolic hydroxyl groups with direct antioxidant properties 

can also induce antioxidant and cytoprotective proteins at cellular level. In particular, 

these indirect antioxidants activate the Keap1/Nrf2/ARE pathway resulting in 

transcriptional induction of glutathione (GSH) and Phase II detoxification enzymes that 

act catalytically (not being consumed and having long half-lives), and are unlikely to 

evoke pro-oxidant effects [33]. 

On the basis of these considerations, we determined the intracellular GSH levels 

after a 24 h treatment of neuronal SH-SH5Y cells with 20 µM compounds 12a, 12b and 

12c using MCB probe. As reported in Fig. 12a, compounds 12a, 12b, but not 12c, 

increased the GSH levels with a maximum of 1.4- and 1.2-fold increase, respectively. 

Furthermore, compound 12a induced a time-dependent increase of GSH levels with a 

maximum of 24-fold increase at 24 h (Fig. 12b). We then chose compound 12a to 

evaluate its ability to activate Nrf2 binding to ARE at nuclear level, an essential event 

for the induction of GSH synthetic enzyme genes, by TransAM ELISA kit. At the 20 

µM concentration of 12a we recorded a strong time dependent increase of nuclear Nrf2 

activity starting at 1 h. COS-7 cells transfected with Nrf2 were used as a positive 

control (Fig. 12c). The activity of this positive control showed the reliability of this 

assay (data not shown). Finally, to ascertain whether the increase of the total GSH level 

observed in SH-SY5Y cells could really translate into antioxidant effects, we treated the 

SH-SY5Y cells 24 h before adding the H2O2. Remarkably, 20 µM of compound 12a 

significantly prevented the ROS formation evoked by H2O2 in SH-SY5Y cells (Fig. 

12d). 

 



 
 

 

Fig. 11. Compound 12a increases cytosolic GSH and nuclear Nrf2 levels as well as indirect 

antioxidant effects in neuronal SH-SY5Y cells. The cells were treated with 20 µM of 

compounds 12a, 12b, 12c for 24 h (a) or various increasing treatment time (b, c). At the end of 

the treatment, cytosolic GSH and nuclear Nrf2 levels were determined using MCB probe and 

immunoassay, respectively (as described in experimental section). (d) After the 24 h treatment 

with 20 µM of compound 12a, the cells were also treated with H2O2 (100 µM, 30 min) to 

evaluate the intracellular ROS formation using DCFDA probe (as described in the experimental 

section) in SH-SY5Y cells. The results are expressed as a percentage of control cells. The 

values are reported as mean  SD of three independent experiments (*p<0.05, **p<0.01, 

***p<0.001 vs sham; 
#
p<0.05, 

##
p<0.01 vs untreated; 

§§
p<0.01 vs treated with H2O2). 

 

 

2.7. In vitro neuroprotective activity evaluation 

 

 Several studies have suggested that Aβ oligomers cause a selective synaptic 

dysfunction and/or neuronal loss in cortex and hippocampus, two stricken brain regions 

in AD [4]. In one proposed mechanism, Aβ oligomers adhere to the plasma membrane 

of neurons and cause lesions by a combination of radical species-initiated lipid 

peroxidation and formation of ion-permeable pores which initiate a cascade of 

pathological processes that end with neuronal death [34]. We evaluated the ability of 



 
 

compound 12a to counteract the ROS formation, early and late neurotoxic events 

elicited by Aβ1-42 oligomers. Twenty micromolar of compound 12a decreased ROS 

formation elicited by Aβ1-42 oligomers in neuronal SH-SY5Y cells (Fig. 12). In parallel, 

compound 12a did not counteract early vacuole formation and enhancement of 

exocytosis induced by Aβ1-42 oligomers in neuronal SH-SY5Y cells using MTT assay 

(data not shown) but it showed interesting neuroprotective effects against the late 

neuronal death elicited by Aβ1-42 oligomers. 

 

Fig. 12. Compound 12a counteracts ROS formation and neuronal death induced by Aβ1-42 

oligomers in neuronal SH-SY5Y cells. The cells were treated with 20 µM of compound 12a and 

Aβ1-42 oligomers (20 µM) for either 4 h (a) or 24 h (b). At the end of the treatment, intracellular 

ROS formation and neuronal death were determined using DCFDA and propidium iodide probe 

(as described in the experimental section). (c) Representative images of ROS formation. The 

results are expressed as a percentage of control cells. The values are reported as mean  SD of 

three independent experiments (
###

p<0.001 vs sham; **p<0.01, ***p<0.001 vs treated with Aβ1-

42 oligomers). 

 

 



 
 

 

2.8. In vivo COX-1, COX-2 and 5-LOX activity evaluation 

 

A recent study suggested that the pharmacophoric subunit derived from 

curcumin could display anti-inflammatory effects through the inhibition of 

cycloxygenases 1 (COX-1) and 2 (COX-2), and 5-lypoxygenase (5-LOX) [35]. In this 

context, we evaluated the ability of compounds 12a and 12c to inhibit the activity of 

COX-1, COX-2 and 5-LOX of mice treated with the compounds and carrageenan, a 

pro-inflammatory lipopolysaccharide. In particular, COX-1, COX-2 and 5-LOX 

activities were measured in mice serum by using enzyme-linked immunosorbent assay. 

As shown in Fig. 13, compounds 12a, 12c and indomethacin, a positive control, 

significantly decreased the activity of COX-1 (inhibition of 40%, 30% and 50%, 

respectively) and COX-2 (27%, 60% and 42%, respectively); by contrast, only 

compound 12a was able to  inhibit 5-LOX activity (30%). Face to these results, 

compound 12a showed the widest inhibitory activity profile on COX-1, COX-2 and 5-

LOX. 

 

 

Fig. 13. Effect of compounds 12a and 12c on COX-1, COX-2 and 5-LOX activity in mice 

treated with carrageenan (CG). Mice were treated with compounds 12a, 12c (100 µmol/kg, p.o) 

and indomethacin (IND, 100 µmol/kg, p.o.) 1 h before intraplantar injection of carrageenan (400 

µg/paw). After 3 h, the COX-1, COX-2 and 5-LOX activity was determined as reported in the 

Experimental section. Values are expressed as mean ± SEM (n=8) in terms of enzymatic 

activity percentage (*P<0.05 compared to the carrageenan group; **P<0.01 compared to the 

carrageenan group and the indomethacin group). 

 



 
 

 

 

2.9. In vivo anti-inflammatory activity evaluation 

 

It is currently accepted that inflammation is a hallmark of AD pathogenesis. 

Therefore, suppression of the neuroinflammation process may be a potential therapeutic 

approach against AD [36], [37], [38]. Thus, compounds 12a-c were additionally 

evaluated for their in vivo anti-inflammatory effects. These compounds were firstly 

assayed in the formalin-induced antinociceptive model at a dose of 100 µmol/kg p.o. 

The formalin test consists of two distinct phases. In the first one (neurogenic phase), a 

peripheral nociceptive effect due to formalin activation of tissue nociceptors is 

observed. In a second phase (inflammatory phase), the nociceptive effect is observed as 

a consequence of the release of several pro-inflammatory molecules (e.g. histamine, 

serotonin and bradykinin) in an acute inflammatory response [39], [40]. According to 

our results depicted in Fig. 14, only compounds 12a and 12c exhibited a significant 

antinociceptive activity in comparison to the control and indomethacin. Compound 12a 

showed an antinociceptive response in both first and second phases, while compound 

12c was significantly active only in the inflammatory phase. In agreement with these 

results, compounds 12a and 12c were capable of reducing the time of licking during the 

inflammatory phase, suggesting that both have an anti-inflammatory effect, which could 

be a result of inhibition of formation and/or liberation of inflammatory mediators or by 

directly blocking their receptors [41]. In addition, compounds 12a and 12c did not alter 

motor performance in the open field model, confirming that the reduced licking time 

observed in the formalin test was not due to motor impairment (data not shown). 

 

 



 
 

 

Fig. 14. Effect of compounds 12a, 12b and 12c in a mice model of formalin-

induced inflammatory pain. Mice were pre-treated orally with vehicle, compounds 12a-c (100 

µmol/kg), indomethacin (100 µmol/kg), morphine (39 µmol/kg) or vehicle (saline + DMSO 

2%) prior to formalin administration. The total time spent licking the hindpaw was measured in 

the first and second phases after intraplantar injection of formalin. Values are expressed as mean 

± SEM (n=8) (*p<0.05, **p<0.01, and ***p<0.001 compared to control group). 

 

Taking into account the effects of compounds 12a and 12c in the second phase 

of the formalin test, they were then selected for further anti-inflammatory evaluation in 

LPS-induced peritonitis, carrageenan-induced paw edema and Von Frey models. 

Leukocyte migration to the inflammation site is a fundamental event in the onset of the 

inflammatory response [42]. Considering that this cell migration inhibition is also one 

of the characteristic effects of anti-inflammatory drugs, compounds 12a and 12c were 

evaluated in the LPS-induced peritonitis assay. This acute model of inflammation is 

used to evaluate leukocyte migration by the count of total leukocytes released during 

acute inflammation response after intraperitoneal administration of a phlogistic agent 

[43].  Results depicted in Fig. 15 show that both compounds 12a and 12c significantly 

inhibited leukocyte migration in comparison to the control group (vehicle + LPS) and 

dexamethasone, reinforcing their anti-inflammatory properties.   

 



 
 

 

Fig. 15. Effect of compounds 12a and 12c in a mouse model of LPS-induced peritonitis.  Mice 

were pre-treated orally with compounds 12a and 12c (100 µmol/kg), dexamethasone (10 

mg/kg, p.o.) or vehicle (saline + DMSO 2%) prior to LPS administration. The number of 

leukocytes recruited in the peritoneal cavity was determined.  Values are expressed as mean ± 

SEM (n=8).  #P<0.05 compared with the saline + vehicle group; 
***

P<0.01, 
**

P<0.01and 

*
P<0.05 compared with the vehicle + LPS group. 

 

In another approach, compounds 12a and 12c were additionally tested for their 

ability to interfere in the carrageenan-induced mechanical hypernociception (Von Frey 

test). In this model, it is evaluated the animal sensitivity to a mechanical stimulus after 

induced-hyperalgesia by an intraplantar injection of carrageenan. The induction of 

hypernociception by carrageenan occurs through activation of the cytokine cascade that 

leads to the release of inflammatory mediators (e.g. prostaglandins), which cause the 

activation of Aδ and C fiber sensory nerve endings, increasing the local flow and 

vascular permeability by the release of substance P and neurokinin A [44], [45]. The 

results shown in Fig. 16 A and B demonstrate that administration of carrageenan caused 

hyperalgesia with the peak of effect in the 3
rd

 hour after intraplantar administration. 

Compounds 12a and 12c exhibited a significant antinociceptive effect after the 3
rd

 hour 

of treatment. Compound 12a showed a very similar effect to indomethacin used as drug 

control, while 12c was shown to be active during all periods of the experiment with a 

greater breadth of statistical significance compared to the indomethacin and vehicle 

groups. As depicted in Fig. 16 B, both compounds exhibited their maximum anti-



 
 

inflammatory activity in the 3
rd

 hour after treatment, with a fast decrease in their 

effectiveness after this time. 

 

Fig. 16. Effect of compounds 12a and 12c on mechanical hyperalgesia in a mice model of 

carrageenan-induced paw edema. Mice were pre-treated orally with compounds 12a and 12c 

(100 µmol/kg p.o) or indomethacin (100 µmol/kg p.o) prior to intraplantar injection of 

carrageenan (100 μg/paw). The results are presented as threshold for touch sensitivity (weight in 

grams). Values are expressed as mean ± SEM (n=8). ### P<0.01 compared with the saline + 

vehicle group; 
*** 

P<0.01, 
**

P<0.01 and 
*
P<0.05 compared with the vehicle + carrageenan 

group. 

 

Aiming to confirm the anti-inflammatory effect of compounds 12a and 12c, we 

also performed the carrageenan-induced paw edema assay. In this model, the 

development of edema induced by carrageenan is a biphasic event. The early phase (1–2 

h) is mainly mediated by histamine, serotonin and bradykinin, followed by a late phase 

(3-6 h) sustained by the release of prostaglandins and NO produced by an inducible 

isoform of cyclooxygenase (COX-2) and NO-synthase (iNOS) [46], [47]. In this assay, 

compounds 12a and 12c promoted a significant decrease in the formation of 



 
 

carrageenan-induced paw edema in comparison to the vehicle group (Fig. 17). The 

inhibitory profile of both compounds was similar to indomethacin, showing a maximum 

effect at the 3
rd

 hour, with a higher potency for compound 12a. The mechanism of 

action of indomethacin is produced by blockade of cyclooxygenases and, in turn, 

preventing the biosynthesis of prostaglandins. Taking all these results together, it is 

possible to suggest that compounds 12a and 12c exert their anti-inflammatory effect by 

this same mechanism of action. 

 

Fig. 17. Effect of compounds 12a and 12c in a mouse model of carrageenan-induced paw 

edema. Mice were pre-treated orally with compounds 12a and 12c (100 µmol/kg p.o) or 

indomethacin (100 µmol/kg p.o) prior to intraplantar injection of carrageenan (Cg, 100 μg/paw). 

The results are presented as the paw volume (µL) variation in relation to the basal values. 

Values are expressed as mean ± SEM (n=8).  *P<0.05, **P<0.01, ***P<0.001 compared with 

control group. 

 

3. EXPERIMENTAL SECTION 

 

3.1. Chemistry 

 

All chemicals used were purchased from Sigma Aldrich. Solvents were purified 

and dried by standard procedures. Reactions was monitored by thin layer 

chromatography (TLC) on aluminum plates precoated with silica gel 60 F254 and the 

spots were visualized using a UV lamp (λ = 254 nm). Chromatographic separations 

were performed on silica gel (90-150 µm; Merck) columns by flash chromatography. 

NMR spectra of target compounds measured on a Bruker AC-300 spectrometer 

operating at 300 MHz for 
1
H and 75 MHz for 

13
C MHz and IR spectra were performed 

on Thermo Scientific Nicolet iS50 FT-IR spectrometer. 



 
 

 

 

 

 

3.1.1. General procedures for the preparation of compounds 9a-9g 

 

A mixture of 4-piperidine methanol (1.2 mmol) and functionalized 

benzaldehydes (1.0 mmol) in 10 mL of anhydrous methanol and molecular sieve 4A° 

was stirred for 1 h.  The solution of sodium cyanoborohydride (1.0 mmol) and zinc 

chloride (0.5 mmol) in anhydrous methanol (10 mL) also was stirred for 1 hour in r.t. 

After two hours the solutions were mixed and stirring was continued for 72 hours. The 

reaction mixture was treated with 0.1 M NaOH (10 mL) and extracted with ethyl 

acetate.  The combined extracts were washed with brine, dried, and evaporated to 

dryness. Purification of the crude products were purified by flash column 

chromatography using DCM-MeOH (8:2) as eluents.to afford 9a-9g. 

 

3.1.1.1. 1-benzyl piperidine-4-methanol (9a) 

 

IR-ATR (cm
-1

) 3340, 3084, 3026, 2915, 1600, 1494, 1451, 1256, 1040, 736, 697. NMR 

1
H (, CDCl3, 300 MHz): 7.23-7.31 (m, 4H, HAr), 3.50 (s, 2H, CH2Ar), 3.45 (d, 2H, J= 

6.3 Hz, CH2OH), 2.87-2.94 (m, 2H, CH2CH2N), 1.96 (t, J=11.7 Hz, 2H, CH2CH2N), 

1.66-1.72 (m, 2H, CH2CH2N), 1.21-1.34 (m, 2H, CH2CH2N), 1.42-1.55 (m, 1H, 

CH2CHCH2). NMR 
13

C (, CDCl3, 75 MHz): 137.74, 129.41, 128.13, 127.04, 67.34, 

63.39, 53.34, 38.35, 28.59. 

 

 

3.1.1.2. 1-(4-nitrobenzyl) piperidine-4-methanol (9b) 

 

IR-ATR (cm
-1

) 3306, 3103, 2945, 1604, 1595, 1511, 1443, 1347, 1252, 1036, 849, 803. 

NMR 
1
H (, CDCl3, 300 MHz): 8.17 (d, 2H, J=9.0 Hz, HAr), 7.51 (d, 2H, J=8.2 Hz, 

HAr), 3.58 (s, 2H, CH2Ar), 3.51 (d, 2H, J= 6.3 Hz, CH2OH), 2.85-2.88 (m, 2H, 

CH2CH2N), 1.98-2.07 (m, 2H, CH2CH2N), 1.71-1.74 (m, 2H, CH2CH2N), 1.27-1.37 (m, 

2H, CH2CH2N), 1.45-1.60 (m, 1H, CH2CHCH2). NMR 
13

C (, CDCl3, 75 MHz): 147.08, 

129.46, 123.47, 129.46, 146.79, 147.08, 67.82, 62.54, 53.60, 38.39, 28.78. 



 
 

 

 

 

 

3.1.1.3. 1-(4-methoxybenzyl) piperidine-4-methanol (9c) 

 

IR-ATR (cm
-1

) 3361, 3072, 2926, 1611, 1583, 1511, 1244, 1178, 1034, 851, 818. NMR 

1
H (, CDCl3, 300 MHz): 6.84 (d, 2H, J=8.7 Hz, HAr), 7.22 (d, 2H, J=8.7 Hz, HAr), 

3.44 (s, 2H, CH2Ar), 3.45 (d, 2H, J= 6.4, CH2OH), 3.79 (OCH3), 2.86-2.92 (m, 2H, 

CH2CH2N), 1.93 (t, J=11.7, 2H, CH2CH2N), 1.66-1.72 (m, 2H, CH2CH2N), 1.20-1.33 

(m, 2H, CH2CH2N), 1.41-1.53 (m, 1H, CH2CHCH2). NMR 
13

C (, CDCl3, 75 MHz): 

159.24, 131.32, 126.91, 113.78, 66.60, 61.60, 52.51, 37.67, 27.60. 

 

3.1.1.4. 1-(4-chlorobenzyl) piperidine-4-methanol (9d) 

 

IR-ATR (cm
-1

) 3326, 3056, 2919, 1596, 1576, 1489, 1253, 1039, 843, 802. NMR 
1
H (, 

CDCl3, 300 MHz): 7.20-7.29 (m, 4H, HAr), 3.42 (s, 2H, CH2Ar), 3.39 (d, 2H, J= 6.3 

Hz, CH2OH), 2.80-2.85 (m, 2H, CH2CH2N), 1.87-1.95 (m, 2H, CH2CH2N), 1.62-1.68 

(m, 2H, CH2CH2N), 1.16-1.29 (m, 2H, CH2CH2N), 1.36-1.45 (m, 1H, CH2CHCH2). 

NMR 
13

C (, CDCl3, 75 MHz): 136.30, 130.65, 132.70, 128.24, 67.18, 62.53, 53.24, 

38.23, 28.52. 

 

3.1.1.5. 1-(4-bromobenzyl) piperidine-4-methanol (9e) 

 

IR-ATR (cm
-1

) 3343, 3054, 2941, 1639, 1592, 1490, 1239, 1039, 1072, 844, 803. NMR 

1
H (, CDCl3, 300 MHz): 7.43 (d, 2H, J=8.5 Hz, HAr), 7.20 (d, 2H, J=8.5 Hz, HAr), 

3.45 (s, 2H, CH2Ar), 3.47 (d, 2H, J= 6.4 Hz, CH2OH), 2.85-2.92 (m, 2H, CH2CH2N), 

1.92-2.00 (m, 2H, CH2CH2N), 1.68-1.73 (m, 2H, CH2CH2N), 1.21-1.36 (m, 2H, 

CH2CH2N), 1.42-1.56 (m, 1H, CH2CHCH2). NMR 
13

C (, CDCl3, 75 MHz): 137.27, 

130.89, 131.27, 120.82, 67.76, 62.60, 53.34, 38.44, 28.59. 

 

3.1.1.6. 1-(4-morpholinobenzyl) piperidine-4-methanol (9f) 

 



 
 

IR-ATR (cm
-1

) 3374, 3034, 1611, 1515, 1449, 1217, 1068, 1114, 924. NMR 
1
H (, 

CDCl3, 300 MHz): 7.22 (d, 2H, J=8.4 Hz, HAr), 6.86 (d, 2H, J=8.7 Hz, HAr), 3.86 (t, 

J=9.6 Hz, 2H, NCH2CH2O), 3.44 (s, 2H, CH2Ar), 3.48 (d, 2H, J= 6.3 Hz, CH2OH), 3.15 

(t, J=9.6 Hz, 2H, NCH2CH2O), 2.88-2.94 (m, 2H, CH2CH2N), 1.90-2.00 (m, 2H, 

CH2CH2N), 1.67-1.73 (m, 2H, CH2CH2N), 1.22-1.35 (m, 2H, CH2CH2N), 1.43-1.53 (m, 

1H, CH2CHCH2). NMR de 
13

C (, CDCl3, 75 MHz): 131.30, 124.59, 115.23, 151.01, 

66.48, 66.77, 61.19, 52.15, 48.90, 37.49, 27.20. 

 

3.1.1.7. 1-(1,3dioxolbenzyl-5-ylmethyl)-piperidine-4-methanol (9g) 

 

IR-ATR (cm
-1

) 3369, 3068, 2943, 1502, 1491, 1441, 1209,1243, 1100, 1033, 872, 808. 

NMR 
1
H (, CDCl3, 300 MHz): 6.86 (s, 1H, HAr), 6.74 (s, 2H, HAr), 5.93 (s, 2H, 

OCH2O), 3.43 (s, 2H, CH2Ar), 3.48 (d, 2H, J= 7.2 Hz, CH2OH), 2.88-2.94 (m, 2H, 

CH2CH2N), 1.92-2.01 (m, 2H, CH2CH2N), 1.68-1.73 (m, 2H, CH2CH2N), 1.23-1.36 (m, 

2H, CH2CH2N), 1.43-1.55 (m, 1H, CH2CHCH2). NMR 
13

C (, CDCl3, 75 MHz): 131.72, 

147.59, 146.64, 122.49, 109.73, 107.85, 100.89, 67.73, 63.03, 53.19, 38.45, 28.59. 

 

3.1.2. General procedures for the preparation of compounds 12a-12n 

 

To a mixture of ferulic acid or iso-ferulic acid (1 mmol) in dry dichloromethane 

(5mL), thionyl chloride (10 mmol) and DMF (25 µL) were added, and the resulting 

solution was stirred under argon atmosphere for 60 min at rt.  After evaporation of the 

solvent, the residue was dissolved in dry dichloromethane (10 mL) and slowly added to 

the appropriate intermediate (9a-g) (1.5 mmol). The reaction mixture was stirred for 15 

min at r.t. under argon atmosphere. The solvent was evaporated under vacuum.  

Purification of the crude products was by flash column chromatography using DCM-

MeOH (9.5:0.5) as eluents to afford 12a-12n. 

 

 

3.1.2.1. (E)-(1-benzylpiperidin-4-yl)methyl 3-(4-hydroxy-3-methoxyphenyl)acrylate 

(12a) 

 

IR-ATR (cm
-1

): 3422, 3062, 2937, 1703, 1631, 1588, 1451, 1281, 1029, 1154, 736, 698. 

NMR 
1
H (, CDCl3, 300 MHz):  6.88 ( d, 1H, J=8.1, HAr), 7.01 (d, 1H, J=1.8, HAr), 



 
 

7.04 (dd, 1H, J=8.2 and 1.9, HAr), 7.30-7.31 (m, 5H, HAr), 7,60 (d, 1H, J=15.9, 

CH=CH), 6.27 (d, 1H, J=15.9, CH=CH), 4.06 (d, 2H, J=6.0, COOCH2), 2.93-2.97 (m, 

2H, CH2CH2N), 1.97-2.05 (m, 2H, CH2CH2N), 1.71-1.76 (m, 3H, CH2CH2N and 

CH2CHCH2), 1.40-1.49 (m, 2H, CH2CH2N), 3.53 (s, 2H, CH2Ar), 3.89 (s, 3H, OCH3). 

NMR 
13

C (, CDCl3, 75 MHz):  114.95, 146.98, 148.19, 109.44, 126.83, 123.04, 144.88, 

115.31, 167.35, 68.65, 35.38, 28.74, 53.18, 63.32, 137.80, 129.38, 127.12, 128.21, 55.87. 

HRMS (ESI) calculated for C23H27NO4 [M+H]
+
: m/z 382.20183; found: 382.20205 

 

3.1.2.2. (E)-(1-(4-nitrobenzyl)piperidin-4-yl)methyl 3-(4-hydroxy-3-

methoxyphenyl)acrylate  (12b) 

 

IR-ATR cm
-1

): 3373, 3072, 2992, 1698, 1631, 1588, 1509, 1343, 1256, 1149, 1028, 

844, 741. NMR 
1
H (, CDCl3, 300 MHz):  6.87 ( d, 1H, J=8.0, HAr), 7.00 (d, 1H, J=1.8, 

HAr), 7.09 (dd, 1H, J= 8.1 and 1.8, HAr), 7.48 (d, 2H, J=8.7, HAr), 8.13 (d, 2H, J=8.7, 

HAr) 7.58 (d, 1H, J=15.9, CH=CH), 6.26 (d, 1H, J=15.9, CH=CH), 4.05 (d, 2H, J=6.0, 

COOCH2), 2.84-2.87 (m, 2H, CH2CH2N), 1.98-2.06 (m, 2H, CH2CH2N), 1.70-1.75 (m, 

3H, CH2CH2N and CH2CHCH2), 1.31-1.45 (m, 2H, m, 2H, CH2CH2N), 3.56 (s, 2H, 

CH2Ar), 3.87 (s, 3H, OCH3). NMR 
13

C (, CDCl3, 75 MHz):  115.05, 146.62, 148.27, 

109.57, 126.94, 123.15, 145.06, 115.35, 167.44, 68.69, 35.41, 28.98, 53.50, 62.58, 147.19, 

123.56, 129.64, 147.07, 56.01. HRMS (ESI) calculated for C23H26N2O6 [M+H]
+
: m/z 

427.18691; found: 427.18635 

 

3.1.2.3. (E)-(1-(4-bromobenzyl)piperidin-4-yl)methyl 3-(4-hydroxy-3-

methoxyphenyl)acrylate  (12c) 

 

IR-ATR (cm
-1

): 3428, 3063, 2937, 1699, 1630, 1588, 1509, 1253, 1115, 1030, 726. 

NMR 
1
H (, CDCl3, 300 MHz):  6.85 ( d, 1H, J=7.5, HAr), 7.05 (d, 1H, J=2.0, HAr), 

7.09 (dd, 1H, J= 8.3 and 2.0, HAr), 7.19 (d, 2H, J=8.4, HAr), 7.42 (d, 2H, J=8.3, HAr), 

7.62 (d, 1H, J=15.9, CH=CH), 6.31 (d, 1H, J=15.9, CH=CH), 4.05 (d, 2H, J=6.0, 

COOCH2), 2.86-2.90 (m, 2H, CH2CH2N), 1.93-2.01 (m, 2H, CH2CH2N), 1.60-1.76 (m, 

3H, CH2CH2N and CH2CHCH2), 1.31-1.47 (m, 2H, CH2CH2N), 3.44 (s, 2H, CH2Ar), 

3.90 (s, 3H, OCH3).  NMR 
13

C (, CDCl3, 75 MHz):  113.02, 149.15, 151.06, 109.54, 

127.32, 122.58, 144.60, 115.70, 167.15, 69.91, 35.37, 28.88, 53.14, 62.51, 136.72, 130.73, 



 
 

131.21, 120.69, 55.83. HRMS (ESI) calculated for C23H26BrNO4 [M+H]
+
: m/z 

460.11234; found: 460.11243 

 

3.1.2.4. (E)-(1-(4-morpholinobenzyl)piperidin-4-yl)methyl 3-(4-hydroxy-3-

methoxyphenyl)acrylate (12d) 

 

IR-ATR (cm
-1

): 3427, 3067, 2954, 1698, 1609, 1439, 1378, 1261, 1159, 1118, 923, 805. 

NMR de 
1
H (, CDCl3, 300 MHz):  6.93 ( d, 1H, J=7.5, HAr), 7.09-7.17 (m, 4H, HAr), 

6.88 (d, 2H, J=8.3, HAr), 7.56 (d, 1H, J=15.9, CH=CH), 6.35 (d, 1H, J=15.9, CH=CH), 

4.00 (d, 2H, J=6.5, COOCH2), 2.90-2.95 (m, 2H, CH2CH2N), 1.93-2.02 (m, 2H, 

CH2CH2N), 1.63-1.68 (m, 3H, CH2CH2N and CH2CHCH2), 1.34-1.46 (m, 2H, 

CH2CH2N), 3.46 (s, 2H, CH2Ar), 3.80 (s, 3H, OCH3), 3.16 (t, 4H, J=4.6, CH2NCH2), 

3.74 (t, 4H, CH2OCH2). NMR 
13

C (, CDCl3, 75 MHz):  115.48, 147.27, 148.54, 109.71, 

127.90, 123.16, 145.12, 115.71, 167.44, 68.55, 35.34, 28.43, 52.83, 62.42, 130.80, 129.28, 

115.22, 150.74, 56.01, 49.42, 67.02. HRMS (ESI) calculated for C27H34N2O5 [M+H]
+
: 

m/z 467.25459; found: 467.25468 

 

3.1.2.5. (E)-(1-(4-methoxybenzyl)piperidin-4-yl)methyl 3-(4-hydroxy-3-

methoxyphenyl)acrylate  (12e) 

 

IR-ATR (cm
-1

): 3383, 3067, 2935, 1713, 1631, 1583, 1244, 1157, 1117, 1029, 973, 814.  

NMR 
1
H (, CDCl3, 300 MHz):  6.98 ( d, 1H, J=7.5, HAr), 7.06 (d, 1H, J=2.00, HAr), 

7.10 (dd, 1H, J= 7.5 and 2.0, HAr), 7.30 (d, 2H, J=7.2, HAr), 6.83 (d, 2H, J=7.2, HAr), 

7.59 (d, 1H, J=15.1, CH=CH), 6.42 (d, 1H, J=15.1, CH=CH), 4.05 (d, 2H, J=6.8, 

COOCH2), 2.96-2.99 (m, 2H, CH2CH2N), 2.00-2.08 (m, 2H, CH2CH2N), 1.73-1.78 (m, 

3H, CH2CH2N and CH2CHCH2), 1.39-1.51 (m, 2H, CH2CH2N), 3.56 (s, 2H, CH2Ar), 

3.92 (s, 3H, OCH3), 3.80 (s, 3H, CH3). NMR 
13

C (, CDCl3, 75 MHz):  114.83, 146.88, 

148.09, 109.38, 126.85, 123.05, 144.84, 115.37, 167.30, 68.63, 35.37, 28.64, 52.88, 62.50, 

126.89, 130.63, 113.58, 158.80, 55.25, 55.92. HRMS (ESI) calculated for C24H29NO5 

[M+H]
+
: m/z 412.21239; found: 412.2134 

 

3.1.2.6. (E)-(1-benzylpiperidin-4-yl)methyl 3-(3-hydroxy-4-methoxyphenyl)acrylate 

(12f) 



 
 

 

IR-ATR (cm
-1

): 3371, 3060, 2935, 1698, 1629, 1588, 1510, 1450, 1249, 1029, 1154, 

740, 698. NMR 
1
H (, CDCl3, 300 MHz):  6.97 (d, 1H, J=7.5, HAr), 7.12 (m, 2H, HAr), 

7.28-7.31 (m, 5H, HAr), 7.60 (d, 1H, J=15.1, CH=CH), 6.35 (d, 1H, J=15.1, CH=CH), 

4.05 (d, 2H, J=6.7, COOCH2), 2.94-2.98 (m, 2H, CH2CH2N), 1.98-2.06 (m, 2H, 

CH2CH2N), 1.73-1.77 (m, 3H, CH2CH2N and CH2CHCH2), 1.41-1.49 (m, 2H, 

CH2CHCH2)  3.54 (s, 2H, CH2Ar), 3.83 (s, 3H, OCH3). NMR 
13

C (, CDCl3, 75 MHz):  

110.78, 149.08, 145.36, 114.51, 125.67, 121.65, 144.43, 115.18, 167.26, 68.32, 35.03, 

28.65, 52.28, 62.87, 137.50, 129.32, 127.52, 128.52, 55.87. HRMS (ESI) calculated for 

C23H27NO4 [M+H]
+
: m/z 382.20183; found: 382.2032. 

 

3.1.2.7. (E)-(1-(4-nitrobenzyl)piperidin-4-yl)methyl 3-(3-hydroxy-4-

methoxyphenyl)acrylate (12g) 

 

IR-ATR cm
-1

): 3319, 3062, 2938, 1698, 1630, 1590, 1516, 1346, 1243, 1118, 1028, 

855, 729. NMR 
1
H (, CDCl3, 300 MHz):  6.96 ( d, 1H, J=8.0, HAr), 7.09-7.11 (m, 2H, 

HAr), 7.49 (d, 2H, J=8.7, HAr), 8.18 (d, 2H, J=8.7, HAr), 7.59 (d, 1H, J=15.9, 

CH=CH), 6.35 (d, 1H, J=15.9, CH=CH), 4.05 (d, 2H, J=6.5, COOCH2), 2.85-2.90 (m, 

2H, CH2CH2N), 2.00-2.09 (m, 2H, CH2CH2N), 1.72-1.78 (m, 3H, CH2CH2N and 

CH2CHCH2), 1.34-1.47 (m, 2H, CH2CH2N), 3.55 (s, 2H, CH2Ar), 3.85 (s, 3H, 

OCH3).NMR 
13

C (, CDCl3, 75 MHz 110.75, 149.19, 145.34, 114.41, 125.61, 121.40, 

144.23, 115.15, 167.69, 68.49, 35.49, 29.01, 53.55, 62.63, 147.05, 123.59, 129.68, 147.30, 

56.09. HRMS (ESI) calculated for C23H26N2O6 [M+H]
+
: m/z 427.18691; found: 

427.18705 

 

3.1.2.8. (E)-(1-(4-bromobenzyl)piperidin-4-yl)methyl 3-(3-hydroxy-4-

methoxyphenyl)acrylate (12h) 

 

IR-ATR (cm
-1

): 3406, 3063, 2934, 1698, 1630, 1589, 1510, 1253, 1116, 1029, 772. 

NMR  

1
H (, CDCl3, 300 MHz):  6.98 ( d, 1H, J=7.5, HAr), 7.09 (d, 1H, J=2.0, HAr), 7.13 (dd, 

1H, J= 7.4 and 2.0, HAr), 7.20 (d, 2H, J=8.4, HAr), 7.43 (d, 2H, J=7.5, HAr), 7.60 (d, 

1H, J=15.1, CH=CH), 6.41 (d, 1H, J=15.1, CH=CH), 4.05 (d, 2H, J=6.7, COOCH2), 

1.69-1.76 (m, 3H, CH2CH2N and CH2CHCH2), 1.34-1.46 (m, 2H, CH2CH2N) 2.87-2.93 



 
 

(m, 2H, CH2CH2N), 1.94-2.03 (m, 2H, CH2CH2N), 3.45 (s, 2H, CH2Ar), 3.88 (s, 3H, 

OCH3).  NMR
13

C (, CDCl3, 75 MHz):  111.23, 148.45, 145.01, 114.17, 125.22, 121.63, 

144.21, 115.37, 167.39, 69.84, 35.24, 28.92, 52.98, 62.43, 136.89, 130.34, 131.12, 120.42, 

55.92. HRMS (ESI) calculated for C23H26BrNO4 [M+H]+: m/z 460.11234; found: 

460.11370 

 

3.1.2.9. (E)-(1-(4-morpholinobenzyl)piperidin-4-yl)methyl 3-(3-hydroxy-4-

methoxyphenyl)acrylate (12i) 

 

IR- ATR (cm
-1

): 3395, 3066, 2948, 1711, 1631, 1589, 1464, 1268, 1155, 1119, 979, 

815. NMR de 
1
H (, CDCl3, 300 MHz):  7.00 ( d, 1H, J=7.5, HAr), 7.07-7.12 (m, 2H, 

HAr), 7.20 (d, 2H, J=7.6, HAr), 6.81 (d, 2H, J=8.3, HAr), 7.58 (d, 1H, J=15.1, 

CH=CH), 6.32 (d, 1H, J=15.1, CH=CH), 4.03 (d, 2H, J=6.5, COOCH2), 1.70-1.73 (m, 

3H, CH2CH2N and CH2CHCH2), 1.34-1.46 (m, 2H, CH2CH2N), 2.91-2.95 (m, 2H, 

CH2CH2N), 1.94-2.03 (m, 2H, CH2CH2N), 3.45 (s, 2H, CH2Ar), 3.83 (s, 3H, OCH3 ), 

3.16 (t, 4H, J=4.6, CH2NCH2), 3.74 (t, 4H, J=4.7, CH2OCH2). NMR 
13

C (, CDCl3, 75 

MHz): 110.91, 148.12, 146.48, 114.81, 125.95, 121.26, 144.98, 115.20, 167.36, 68.75, 

35.68, 28.34, 52.63, 62.12, 130.83, 128.74, 115.89, 150.68, 56.05, 49.42, 66.89. HRMS 

(ESI) calculated for C27H34N2O5 [M+H]
+
: m/z 467.25459; found: 467.25471 

 

3.1.2.10. (E)-(1-(4-methoxybenzyl)piperidin-4-yl)methyl 3-(3-hydroxy-4-

methoxyphenyl)acrylate (12j) 

 

IR-ATR (cm
-1

): 3400, 3063, 2932, 1698, 1629, 1585, 1509, 1365, 1243, 1154, 1119, 

1028, 974, 813. NMR 
1
H (, CDCl3, 300 MHz):  7.00 ( d, 1H, J=7.5, HAr), 7.11 (d, 1H, 

J=2.1, HAr), 7.06 (dd, 1H, J= 7.5 and 2.0, HAr), 7.31 (d, 2H, J=7.5, HAr), 6.95 (d, 2H, 

J=7.5, HAr), 7.59 (d, 1H, J=15.1, CH=CH), 6.45 (d, 1H, J=15.1, CH=CH), 4.07 (d, 2H, 

J=6.5, COOCH2), 2.93-2.97 (m, 2H, CH2CH2N), 1.97-2.06 (m, 2H, CH2CH2N), 1.70-

1.76 (m, 3H, CH2CH2N and CH2CHCH2), 1,38-1,50 (m, 2H, CH2CH2N), 3.56 (s, 2H, 

CH2Ar), 3.87 (s, 3H, OCH3), 3.78 (s, 3H, CH3). NMR 
13

C (, CDCl3, 75 MHz):  111.03, 

148.07, 146.98, 114.38, 125.72, 121.75, 144.74, 115.07, 167.42, 68.23, 35.43, 28.32, 

52.41, 62.31, 127.09, 130.89, 113.61, 158.70, 55.50, 55.94. HRMS (ESI) calculated for 

C24H29NO5 [M+H]
+
: m/z 412.21239; found: 412.21244 



 
 

 

3.1.2.11. (E)-(1-(4-chlorobenzyl)piperidin-4-yl)methyl 3-(4-hydroxy-3-

methoxyphenyl)acrylate  (12k) 

 

IR-ATR (cm
-1

): 3386, 3064, 2935, 1704, 1632, 1588, 1509, 1248, 1116, 1029, 807.  

NMR de 
1
H (, CDCl3, 300 MHz):  6.89 ( d, 1H, J=8.2, HAr), 7.06 (d, 1H, J=2.1, HAr), 

7,10 (dd, 1H, J= 7.5 and 2.2, HAr), 7.59 (d, 1H, J=15.9, CH=CH), 6.41 (d, 1H, J=15.9, 

CH=CH), 4.07 (d, 2H, J=6.4, COOCH2), 2.87-2.91 (m, 2H, CH2CH2N), 1.94-2.03 (m, 

2H, CH2CH2N), 1.70-1.75 (m, 3H, CH2CH2N and CH2CHCH2), 1.37-1.46 (m, 2H, 

CH2CH2N), 3.55 (s, 2H, CH2Ar), 7.24-7.26 (d, 2H, J=7.3, HAr), 3.84 (s, 3H, OCH3). 

NMR 
13

C (, CDCl3, 75 MHz):  114.88, 147.35, 148.66, 109.76, 126.47, 122.96, 145.05, 

115.28, 167.35, 68.38, 35.12, 28.34, 52.89, 62.15, 135.54, 130.84, 128.34, 133.01, 55.79. 

HRMS (ESI) calculated for C23H26ClNO4 [M+H]
+
: m/z 416.16286; found: 416.16289. 

 

3.1.2.12. (E)-(1-(benzo[d][1,3]dioxol-5-ylmethyl)piperidin-4-yl)methyl 3-(4-hydroxy-

3-methoxyphenyl)acrylate (12l) 

 

IR-ATR (cm
-1

):  3388, 3069, 2923, 1701, 1630, 1588, 1503, 1368, 1240, 1117, 1032, 

927, 808. NMR 
1
H (, CDCl3, 300 MHz):  6.99 ( d, 1H, J=7.2, HAr), 7.06 (d, 1H, J=1.8, 

HAr), 7.10 (dd, 1H, J= 8.4 and 1.9, HAr), 7.57 (d, 1H, J=15.1, CH=CH), 6.42 (d, 1H, 

J=15.0, CH=CH), 4.04 (d, 2H, J=6.0, COOCH2), 2.93-2.95 (m, 2H, CH2CH2N), 1.93-

2.00 (m, 1H, CH2CH2N), 1.63-1.67 (m, 3H, CH2CH2N and CH2CHCH2), 1.39-1.45 (m, 

2H, CH2CH2N), 3.53 (s, 2H, CH2Ar), 6.85 (s, 1H, HAr), 6.78 (m, HAr), 3.84 (s, 3H, 

OCH3), 5.95 (s, 2H, OCH2O). NMR 
13

C (, CDCl3, 75 MHz):  115.00, 147.68, 148.26, 

109.68, 126.94, 123.15, 144.91, 115.66, 166.76, 69.53, 34.00, 29.60, 52.96, 62.72, 131.39, 

107.92, 147.04, 146.75, 109.50, 122.43, 55.95, 100.95. HRMS (ESI) calculated for 

C24H27NO6 [M+H]
+
: m/z 426.19166; found: 426.1917 

 

3.1.2.13. (E)-(1-(4-chlorobenzyl)piperidin-4-yl)methyl 3-(3-hydroxy-4-

methoxyphenyl)acrylate  (12m) 

 

IR-ATR (cm
-1

): 3393, 3062, 2936, 1712, 1631, 1585, 1509, 1261, 1115, 1030, 806. 

NMR 
1
H (, CDCl3, 300 MHz):  6.93 (d, 1H, J=8.2, HAr), 7.09-7.12 (m, 2H, HAr), 7.59 



 
 

(d, 1H, J=15.9, CH=CH), 6.43 (d, 1H, J=15.9, CH=CH), 4.05 (d, 2H, J=6.5, COOCH2),  

2.85-2.93 (m, 2H, CH2CH2N), 1.93-2.02 (m, 2H, CH2CH2N), 1.69-1.76 (m, 3H, 

CH2CH2N and CH2CHCH2), 1.36-1.44 (m, 2H, CH2CH2N),  3.56 (s, 2H, CH2Ar), 7.23-

7.26 (d, 2H, J=7.3, HAr), 3.82 (s, 3H, OCH3). NMR 
13

C (, CDCl3, 75 MHz):  110.78, 

145.36, 148.66, 114.28, 126.47, 122.96, 144.23, 115.19, 167.36, 68.39, 35.12, 28.34, 

52.89, 62.15, 135.55, 130.84, 128.52, 133.02, 55.80. HRMS (ESI) calculated for 

C23H26ClNO4 [M+H]
+
: m/z 416.16286; found: 416.16292 

 

 

 

 

3.1.2.14. (E)-(1-(benzo[d][1,3]dioxol-5-ylmethyl)piperidin-4-yl)methyl 3-(3-hydroxy-

4-methoxyphenyl)acrylate  (12n) 

 

IR-ATR (cm
-1

): 3374, 3125, 2926, 1703, 1631, 1588, 1506, 1369, 1256, 1119, 1030, 

905, 727. NMR 
1
H (, CDCl3, 300 MHz):  7.00 (d, 1H, J=7.5, HAr), 7.09 (d, 1H, J=1.8, 

HAr), 7.14 (dd, 1H, J= 8.4 and 1.9, HAr), 7.59 (d, 1H, J=15.1, CH=CH), 6.42 (d, 1H, 

J=15.0, CH=CH), 4.05 (d, 2H, J=6.5, COOCH2), 2.90-2.97 (m, 2H, CH2CH2N), 1.99-

2.04 (m, 2H, CH2CH2N), 1.70-1.74 (m, 3H, CH2CH2N and CH2CHCH2), 1.37-1.48 (m, 

2H, CH2CH2N), 3.55 (s, 2H, CH2Ar), 6.85 (s, 1H, HAr), 6.80 (m, HAr), 3.80 (s, 3H, 

OCH3), 5.97 (s, 2H, OCH2O). NMR 
13

C (, CDCl3, 75 MHz):  111.45, 149.38, 145.44, 

114.12, 125.12, 121.14, 144.23, 115.38, 167.32, 69.01, 35.76, 28.35, 51.39, 62.98, 132.19, 

107.43, 146.19, 147.04, 108.96, 121.92, 55.95, 100.83. HRMS (ESI) calculated for 

C24H27NO6 [M+H]
+
: m/z 426.19166; found: 426.19049 

 

3.2. Anti-cholinesterase activity assays 

 

For the in vitro evaluation of inhibition of EeAChE (E.C. 3.1.1.7, type V-S, 

purified from Electrophorus electricus) and eqBuChE (E.C. 3.1.1.8, purified from 

equine serum), kinetic assays were performed by Ellman’s method [48] modified for 

96-well plates as previously described [49,50]. In a well containing 20 μL of enzyme 

(0.5 U/mL) and 5 μL of 5,5’-dithiobis-(2-nitrobenzoic) acid (10 mM) in sodium 

phosphate buffer (0.1 M, pH 7.4), 100 μL of compound solution (two times 



 
 

concentrated) were added along with 55 μL of phosphate buffer (0.1M, pH 7.4) to 

achieve 180 μL. 10 min later, 20 μL of the appropriate substrate (acetylthiocholine or 

butyrylthiocholine iodide, 0.5 M final) were added and absorbance was read in a 

SpectraMax 250 spectrophotometer (Molecular Devices) at 412 nm during 5 min with 

12 s intervals. Progression curves were acquired through SOFTmax PRO 5.0 

(Molecular Devices) from which maximum hydrolysis velocity was estimated and 

analysis performed with Prism (Graphpad). The substrate competition data from two 

experiments were pooled and analyzed by global fitting of alternate inhibition models, 

selected by likelihood criteria [49]. All reagents were purchased from Sigma-Aldrich 

(Brazil). Derivatives were dissolved at 0.05 M in DMSO and diluted in phosphate 

buffer to the described concentrations immediately before use. The solvent had no 

detectable effect at the highest final concentration used (0.2% v.v.). 

 

3.3. Molecular docking study with AChE 

 

In this work we evaluated the possible binding modes of three compounds 12a, 

12b and 12c in three different states of AChE: the free and acetylated enzyme as well as 

the Michaelis complex (AChE complexed with the substrate ACh). All models were 

based on the structure of the AChE complexed with the potent inhibitor donepezil at 

resolution of 2.35Å (PDB code 4ey7) [51]. Since the three-dimensional structure of the 

acetylated enzyme has not been experimentally determined yet, we generated the 

acetylated model from the X-ray structure of AChE-donepezil (PDB code 4ey7), since 

this inhibitor is proposed to inhibit the enzyme on both free and acetylated forms [52]. 

The presence of conserved waters in the binding site was analyzed through 

superimposition of diverse AChE-inhibitor complexes, i.e. 4ey7 [51], 1q83, 1q84 [53] 

and 2ckm [54]. The four water molecules W729, W722, W731, W737 and W931 were 

extracted from the structure of the AChE complexed with donepezil (PDB code 4ey7) 

and considered explicitly during the docking experiments. The AChE structures were 

prepared using the Protein Preparation Wizard [55] tool in Maestro Suite 2014 (version 

9.7, Schrödinger, LLC, New York, NY, 2014). In this preparatory step, all hydrogen 

atoms were added, the protonation states and tautomers of His residues were optimized 

using PROPKA at pH 7.0 [56]. The energy grid was generated in the Glide module 

(Glide, version 6.2, Schrödinger, LLC, New York, NY, 2014) and the coordinate center 

was based on the native ligand present in the 4ey7 complex (X: 9.6, Y: -6.7 and Z: -



 
 

35.73). The structures of the compounds were manually designed in the Maestro Suite 

2014 (version 9.7, Schrödinger, LLC, New York, NY, 2014), while the structure of the 

reference ligand donepezil was extracted from the AChE-donepezil complex (PDB code 

4ey7). Only the E diastereomers of the compounds were considered for docking studies. 

All structures were prepared with LigPrep (version 2.9, Schrödinger, LLC, New York, 

NY, 2014) and the protonation states were determined with Epik in pH = 7.0±0.5 

[57,58]. Docking studies were performed with the Glide software (version 6.2, 

Schrödinger, LLC, New York, NY, 2014) using the Extra Precision Docking mode [59] 

and all other options were maintained with default values. Only the top ranked pose for 

each configuration of each compound (according to the XP Pose Rank) and the ring 

conformation with the lowest potential energy were maintained for the analyses. The 

docking score reported is the score provided by the scoring function utilized by the 

Extra Precision Docking mode. 

 

3.4. DPPH scavenging activity 

 

The ability of compounds 12a–12n to scavenge DPPH free radicals was 

evaluated according to the method of Hatano and cols. [60]. A concentration series 

(100, 50, 25 and 12.5 μM in ethanol) of each compound was prepared. A 4mL aliquot of 

sample solution was mixed with 1 mL of DPPH (0.5 mM in ethanol). This mixture was 

vigorously shaken at room temperature for 30 min. The absorbance of the mixture was 

then measured at 517 nm. A low absorbance value indicates effective free radical 

scavenging. Each solution was analysed in triplicate, and the average values were 

plotted to obtain the EC50 against DPPH by linear regression. The activity of trolox, a 

recognized antioxidant, ferulic acid and iso-ferulic acid was used as a standard over the 

same range of concentrations. The radical-scavenging activity was evaluated as the 

percentage of inhibition according to the following equation: 

%inhibition = [(absorbance of control − absorbance of sample)/absorbance of 

control)] × 100. 

 

3.5. Metal chelation assay 

 

The chelating studies were performed in ethanol using UV−vis 

spectrophotometer (SHIMADZU UV-1800) with wavelength ranging from 200 to 400 



 
 

nm. The absorption spectra of 12a, 12b and 12c (75 μM) alone or in the presence of 

CuCl2, FeSO4, FeCl3 or ZnCl2 (150 μM) in ethanol were recorded at room temperature. 

 

3.6. Evaluation of in vitro neurotoxicity, anti-oxidant and neuroprotective activity 

 

3.6.1. Cell Cultures 

 

Human neuronal (SH-SY5Y) cells were routinely grown in Dulbecco’s modified 

Eagle’ Medium (DMEM) supplemented with 10% fetal bovine serum, 2 mmol/L-

glutamine, 50 U/mL penicillin and 50 µg/mL streptomycin at 37 ˝C in a humidified 

incubator with 5% CO2.  

 

3.6.2. Determination of neurotoxicity induced by compounds 

 

Neuronal viability in terms of mitochondrial activity was evaluated with the 3-

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, as 

previously described [61]. Briefly, SH-SY5Y cells were seeded in 96-well plates at 2 x 

10
4
 cells/well, incubated for 24 h and subsequently treated with various concentrations 

of compounds (1.25–40 µM) for 24 h at 37 °C in 5% CO2. The treatment medium was 

then replaced with MTT (5 mg/mL) in phosphate-buffered saline (PBS) for 2 h at 37 °C 

in 5% CO2. After washing with PBS, the formazan crystals were dissolved with 

isopropanol. The amount of formazan was measured (570 nm, reference filter 690 nm) 

using a multilabel plate reader (VICTOR™ X3, PerkinElmer, Waltham, MA, USA). 

The neurotoxicity is expressed as concentration of compound resulting in 50% 

inhibition of cell viability. 

 

3.6.3. Determination of intracellular ROS formation induced by H2O2 and metals 

 

ROS formation was determined using the fluorescent probe 2’-7’ 

dichlorodihydrofluorescein diacetate (DCFH-DA), as previously reported with minor 

modification [61]. Briefly, SH-SY5Y cells were seeded in 96-well plates at 3 x 10
4
 

cells/well and incubated for 24 h at 37 ˝C in 5% CO2. Subsequently cell culture medium 

was removed and 100 µL of DCFH-DA (10 µg/mL) were added to each wells. After 30 

min of incubation at room temperature the DCFH-DA solution was replaced with 



 
 

various concentrations of compounds (5-40 µM) and either H2O2 (100 µM) or 

FeSO4/H2O2, or CuSO4/H2O2 (100 µM/25 µM). In parallel, the SH-SY5Y cells were 

also treated with compounds for 24 h before the treatment with H2O2. The ROS 

formation was measured (excitation at 485 nm and emission at 535 nm) using a 

multilabel plate reader (VICTOR™ X3). The values are expressed as arbitrary 

fluorescence units (AUF). 

 

3.6.4. Determination of intracellular glutathione levels 

 

Cellular GSH levels were determined by the monochlorobimane (MCB) assay in 

96-well plates as previously reported with minor modification [62]. Briefly, SH-SY5Y 

cells were seeded in 96-well plates at 2 x 10
4
 cells/well, incubated for 24 h and 

subsequently treated with 20 µM of compound for various treatment times (3-24 h) at 

37 °C in 5% CO2. The treatment medium was then replaced with MCB (50 µM) in PBS 

for 30 min at 37 °C in 5% CO2. The amount of GSH was measured (excitation at 360 

nm and emission at 465 nm) using a multilabel plate reader (VICTOR™ X3, 

PerkinElmer, Waltham, MA, USA). The values are expressed as a percentage of control 

cells. 

 

3.6.5. Nuclear extraction and Nrf2 binding activity assay 

 

Nuclear extraction and Nrf2 binding activity assay were performed using the 

Nuclear Extract and TransAM Nrf2 kits (Active Motif, Carlsbad, CA, USA), 

respectively, according to the manufacturer’s guidelines. Protein concentration in 

samples was measured using the Bio-Rad Protein Assay Dye reagent. Briefly, SH-

SY5Y cells were seeded in cultures dishes (size 60 mm) at 2×10
6
 cells/dish, incubated 

for 24 h and subsequently treated with 20 µM of compound for various treatment times 

(1-6 h) at 37 °C in 5% CO2. At the end of treatment, 20  g of nuclear extract was 

evaluated by TransAM Nrf2 Kit. The values are expressed as a percentage of control 

cells. 

 

3.6.6. Aβ1-42 oligomer preparation  

 



 
 

Aβ1-42 peptides (Bachem AG, Bubendorf, Switzerland) were first dissolved in 

hexafluoroisopropanol to 1 mg/mL, sonicated, incubated at room temperature for 24 h 

and lyophilized. The resulting unaggregated Aβ1-42 film was dissolved with 

dimethylsulfoxide and stored at 20°C until use. The Aβ1-42 aggregation to oligomeric 

form was prepared as previously described [63]. The morphology of oligomeric Aβ1-42 

forms obtained was checked using transmission electron microscopy. 

 

3.6.7. Determination of intracellular ROS formation induced by Aβ1-42 oligomers 

 

ROS formation induced by Aβ1-42 oligomers was determined using the 

dihydroethidium (DHE), as previously reported [64]. Briefly, SH-SY5Y cells were 

cultured in BD FalconTM 8-well Culture slides (surface area 0.7 cm2/well) at 1x10
4
 

cells/well for 24 h. The cells were then treated for 3 h with compound (20 µM) and Aβ1-

42 oligomers (10 µM) at 37 °C in 5% CO2. At the end of treatment, the cells were 

washed and incubated with DHE (10 µM) for 30 min in the dark. After removal of the 

probes, cells were washed with PBS and incubated with DMEM serum free for 1 h at 

37°C. Intracellular ROS formation was measured under a fluorescence microscope 

(Eclipse Ti Inverted microscope, Nikon instruments Europe, Amsterdam, Netherlands). 

Fluorescence images were captured with NIS-Elements imaging software (Nikon 

instruments Europe). Four randomly selected areas with 50–100 cells in each were 

analyzed and the values obtained are expressed as arbitrary fluorescence units (AUF). 

 

3.6.8. Determination of MTT Formazan Exocytosis induced by Aβ1-42 oligomers 

 

MTT Formazan Exocytosis induced by Aβ1-42 oligomers was determined using 

MTT assay, as previously reported [65]. Briefly, SH-SY5Y cells were seeded in 96-well 

plates at 3 x 10
4
 cells/well, incubated for 24 h and subsequently treated with compound 

(20 µM) and Aβ1-42 oligomers (10 µM) for 4 at 37 °C in 5% CO2. The treatment 

medium was then replaced with MTT (5 mg/mL) in PBS for 2 h at 37 °C in 5% CO2. 

The SH-SY5Y cells were then examined under a microscope and photographed to 

detect MTT formazan exocytosis. The needle-like crystals on the surface of the cells 

treated with only Aβ1-42 oligomers, which are easily visible under a light microscope, 

represent exocytosed MTT formazan. 

 



 
 

3.6.9. Determination of neuronal death induced by Aβ1-42 oligomers 

 

Neuronal death induced by Aβ1-42 oligomers was determined using the fluorescent 

probe propidium iodide (PI), as previously reported with minor modification [66]. 

Briefly, SH-SY5Y cells were seeded in 96-well plates 5x10
3
 cells/well, incubated for 24 

h and subsequently treated with compound (20 µM) and Aβ1-42 oligomers (10 µM) for 

24 at 37 °C in 5% CO2. The treatment medium was then replaced with PI (25 µg/mL) in 

PBS for 10 min at 37 °C. The stained cells with PI were then examined under a 

fluorescence microscope (Eclipse Ti Inverted microscope). Four randomly selected 

areas with 50–100 cells in each were analyzed and the values obtained are expressed as 

percentage of death cells and calculated by the formula: (propidium iodide-positive 

cells/n total cells) x 100. 

 

 

 

 

 

 

3.7. Evaluation of anti-inflammatory activity in vivo 

 

3.7.1. Animals 

 

Adult male Swiss mice (22–28 g) were obtained from the Central Animal 

Facility of the Federal University of Alfenas and housed under controlled light (12:12 h 

light–dark cycle; lights on at 6:00 am) and temperature conditions (23 ± 1◦C) with 

access to water and food ad libitum. Except for the night before the experiments, when 

they were submitted to an overnight fast. The animals were allowed to habituate to the 

housing facilities for at least 1 week before the experiments began. The experimental 

protocol was approved by the local Research Ethics Committee of the Federal 

University of Alfenas (protocol n° 633/2015). 

 

3.7.2. Formalin-induced nociception 

 



 
 

This test was based on the method by Hunskaar et al. [67]. A formalin solution 

(5% in 0.9% saline) was injected (20 μl/paw) into the sub-plantar region of the right 

hind paw, and the animals were individually placed in transparent observation 

chambers, as previously described [41],[68]. Oral treatments (p.o) with vehicle, 

indomethacin 12a, 12b and 12c (100 μmol/kg) were given 1 h prior to formalin 

injection (n=8 per group). Morphine (39 μmol/kg) was administrated (i.p.) 30 min 

before the test.  

Animals were observed from 0 to 5 min (neurogenic pain) and from 20 to 

30 min (inflammatory pain) after the formalin injection, and the time spent licking the 

injected paw was recorded and considered as indicative of nociception. 

 

3.7.3. Open field behavioral test 

 

To discard the possible nonspecific muscle relaxant or sedative effects of 12a 

and 12c, the motor performance of the mice was evaluated in the open-field apparatus as 

previously reported by Veloso [68]. Groups of mice (n=8) were treated with vehicle or 

12a or 12b 1 h before the test. Each animal was placed in the center of the open-field 

arena. Four squares of apparatus were defined as the center, and the 12 squares along 

the walls were considered the periphery. Each mouse (n = 8 per group) was placed in 

the exact center of the arena, and activity was scored as a line crossing when a mouse 

removed all four paws from one square and entered another. Line crossings among the 

central four squares and the peripheral 12 squares of the open field were counted 

separately. 

 

3.7.4. Peritonitis induced by lipopolysaccharide 

 

To assess the possible effect of the compounds 12a and 12c on leukocyte 

recruitment to the peritoneal cavity, the animals (n=8 per group) were orally pre-treated 

with vehicle, 12a or 12c (100 µmol/kg), or dexamethasone (1 mg/kg), and 30 min later, 

lipopolysaccharide (LPS) from Escherichia coli serotype 026:B6 dissolved in sterile 

saline was administered at a dose of 100 μg/kg (i.p). Four hours after the injection of 

LPS, mice were killed with an inhalatory overdose of halothane, and the cells from the 

peritoneal cavities were harvested by an injection of 10 ml of PBS containing 0.5% 

sodium citrate. The abdomens were gently massaged, and the blood-free cell suspension 



 
 

was carefully aspirated with a syringe. Abdominal washings were placed into plastic 

tubes, and total cell counts were performed immediately in a Neubauer chamber. The 

results were presented as the number of cells per cavity [69]. 

 

3.7.5. Mechanical nociceptive paw test 

 

The mechanical nociceptive thresholds of the animals was evaluated according 

to the up-and-down method [70] using the Von Frey filaments (North Coast Medical, 

Inc. Morgan Hill, CA). The mice were placed in acrylic boxes and on a wire screen, 

providing access to the paw of the animals 60 min before test. The Von Frey filaments 

were applied perpendicularly on the plantar region outside of the hind paw of animals, 

for a period of approximately 4 seconds or until the animal demonstrates nocifensive 

behavior, characterized by paw withdrawal, then licking and/or "flinching". The 

evaluation of mice begins with the 0.4 g filament. In this method, at least 6 tests, with 

10 second intervals, were made per animal. The absence of animal's response to a 

particular filament led to use other filament of greater mass, until there is a withdrawal 

response. Vehicle, 12a or 12c or indomethacin was orally administered 1 h before the 

intraplantar injection of carrageenan (100 µg/paw). The results are expressed by the 

average nociceptive threshold in grams. 

 

3.7.6. Carrageenan-induced mice paw edema. 

 

Paw edema was measured with a plethysmometer (Ugo Basile, mod 7140) based 

on the method of Levy (1969) [71]. The basal volume of the right hind paw was 

determined before the administration of any drug and the animals were divided into 

experimental groups (n=10 per groups) in such a way that the mean volumes of the 

different groups were similar. The vehicle (DMSO 2%, sterile saline), 12a, 12c, 

indomethacin (100 µmol/kg) were orally administered 1 h before the intraplantar (i.pl.) 

injection of carrageenan (400 µg/20 μl). The paw volume was measured 1, 3 and 5 h 

after the injection of the inflammatory stimulus. The results are presented as the paw 

volume (µL) variation in relation to the basal values.   

 

3.7.7. COX-1/2 and 5-LOX production 

 



 
 

Mice were treated with drugs (100 µmol/kg, p.o.) or vehicle 1 h before 

carrageenan i.pl. injection. Three hours after carrageenan injection, the rats were 

anesthetized with chloral hydrate and blood samples were collected from the heart. 

Blood sample of different groups was centrifuged at 1500 rpm/20 min and the serum 

was collected and frozen at -70
o
C. The analysis of COX-1, COX-2 and 5-LOX protein 

expression was done according to the manufacturer's instruction (USCN Life Science 

Inc. for COX-1; R&D Systems for COX-2 and 5-LOX) using an antibody specific 

coated onto the wells. The plates are then read by a microplate reader at 450 nM [72,73] 

 

3.7.8. Statistical analysis 

 

The data obtained were analyzed using the GraphPad software program version 

4.0 and expressed as mean ± S.E.M. Statistical significances of differences among 

groups were evaluated by analysis of variance (ANOVA) followed by the Bonferroni 

test. p values less than 0.05 (p < 0.05) were considered significant. 

 

 

 

 

 

4. CONCLUSIONS 

 

In summary, a series of fourteen novel feruloyl-donepezil hybrids were designed 

and synthesized as multifunctional agents for the treatment of AD by fusing the 

pharmacophore of donepezil with a similar pattern  with curcumin and ferulic  acid. 

Among all tested compounds, 12a, 12b and 12c showed the highest inhibitory 

activities for EeAChE. Kinetic and molecular docking studies revealed that compounds 

12a and 12c were a non-competitive inhibitors that could interact both with PAS of 

AChE. The selected compounds 12a-c were further evaluated for various biological 

properties relevant for AD, including antioxidant activity (DPPH), neuroprotection 

against ROS and Aβ-induced toxicity, metal-chelating properties and anti-inflammatory 

effects in vivo. The results of the in vitro and in vivo assays demonstrated that 

compound 12a shows multiple desirable effects, consistent with the intended MTDLs 

profile. This compound is the most potent inhibitor of AChE and also displays the 



 
 

highest antioxidant activities in neuronal SH-SY5Y cells, both direct and indirect 

(activating the Keap1/Nrf2/ARE pathway), besides being a good biometal-chelator. 

Furthermore, our results suggest that compound 12a has neuroprotective effects against 

the late neuronal death elicited by Aβ1-42 oligomers, and a significant in vivo anti-

inflammatory activity in different models. Taking together, all these results suggest that 

12a could be considered as a potential multifunctional neuroprotective agent and a new 

lead candidate prototype for the treatment of AD. 
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ABBREVIATION 

 

AD           Alzheimer Disease 

Aβ            β-Amyloid 

ACh         Acetylcholine 

AChE      Acetylcholinesterase 

APP        Amyloid precursor protein 

COX       Ciclooxigenase 



 
 

DCFDA   2',7'-dichlorodihydrofluorescein diacetate 

GSH        Glutatione 

LOX       Lipooxigenase 

LPS         Lipopolysaccharide 

MCB       Monochlorobimane 

MTDL    Multi-Targer-Direct-Ligant 

ROS        Reactive oxygen species 

SAR        Structure–activity relationship 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Cholinesterase inhibitory activity, DPPH scavenging capacity, neurotoxic and direct 

antioxidant effects in neuron cells of compounds 12a-n 

Compounds Cholinesterase 

inhibiton IC50 (µM)
a
 

DPPH 

scavenging 

EC50 (µM)
b
 

Neuron 

Antioxidant 

effects 

IC50 (µM)
c
 

Neurotoxicity 

IC50 (µM)
d
 

EeAChE eqBuChE 

12a 0.46 (3) 24.97 (2) 49.41 16.87  n.d.
f
 (6%)

g
 

12b 16.74 (3) - 46.66 25.94 n.d. (9%) 

12c >30 - 45.38 n.d.
e
   n.d. (28%) 

12d > 30 - 73.77 - - 

12e > 30 - 78.09 - - 

12f > 30 - > 100 - - 

12g > 30 - > 100 - - 

12h > 30 - > 100 - - 

12i > 30 - > 100 - - 

12j > 30 - > 100 - - 

12k > 30 - 20.47 - - 

12l > 30 - > 100 - - 

12m > 30.00 - 12.45 - - 

12n > 30.00 - > 100 - - 

Donepezil 0.026 (2) 4.69 (2) - n.d. - 

Curcumin 132.13 (3) >300 (2) - -  

Trolox - - 04.86 - - 

ferulic acid - - 35.54 11.82 - 

iso-ferulic acid - - > 100 - - 

a
 The IC50 are geometric means from the number of independent experiments indicated in parenthesis; 

each was performed in triplicate. 

b
 Antioxidant activity are shown as EC50 values in µM concentrations. All compounds were analyzed in 

triplicate and the results expressed as average 

c 
Concentration of compound resulting in 50% inhibition of ROS formation induced by H2O2 (100 µM) in 

neuronal SH-SY5Y cells. The values are mean of at least two independent experiments;   

d 
Concentration of compound resulting in 50% inhibition of neuronal viability after 24 h treatment; 

e 
n.d: IC50 not determined because less than 50% inhibition of ROS formation induced by H2O2 in 

neuronal SH-SY5Y cells was observed at the highest concentration tested (40 µM); 

f 
n.d: IC50 not determined because less than 50% inhibition of neuronal viability was observed at the 

highest concentration tested (40 µM); 

g 
Values in parenthesis are percent inhibition of neuronal viability observed at highest tested concentration 

(40 µM). 
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Table 2. Docking scores of the compounds 12a, 12b, 12c and donepezil (used as reference) 

provided by docking with Glide in the Extra Precision Mode. 

Compound Free AChE Acetylated AChE Michaelis Complex 

12ª -16.129 -16.956 -11.567 

12b -15.586 -15.982 -9.961 

12c -13.913 -16.566 -11.463 

Donepezil -15.469 -15.862 -11.757 

 

 



 

Fig. 1. Chemical structures of AChE inhibitors currently used in the treatment of AD 

 

 

 

 

Fig. 2. Design strategy for a new series of feruloyl-donepezil hybrid compounds 
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Fig. 3. Screening of feruloyl-donepezil hybrids (12a-12n) for EeAChE inhibition. The 

compounds were pre-incubated for 10 min with the enzyme and reaction was followed for 5 min 

and activity (velocity) was expressed as percent of control (vehicle). Data are means and pooled 

SD from 2-4 experiments, each performed in triplicate. 

 

 

Fig. 4. Inhibition curves and mechanism of inhibition of 12a. A. Concentration-dependent 

inhibition of EeAChE and eqBuChE by 12a. Independent experiments are shown in different 

symbols, which are mean ± SD of triplicates; fitted curve parameters are shown in Table 2. B. 

Substrate competition data for EeAChE and best-fitting model (simple linear non-competitive 

inhibition). The concentration of 12a (µM) is indicated to the right of each curve. Data are 

pooled from two experiments, each performed in triplicate. 

 



 

Fig. 5. Docking results for 12a in the free (light blue) and acetylated (yellow) states, superposed 

with the experimental binding mode of donepezil (transparent green). W931 is represented as a 

red sphere and the hydrogen bonds are highlighted as orange dashed lines. 

 

 

Fig. 6. Docking results for 12b in the free (light blue) and acetylated (yellow) states, superposed 

with the experimental binding mode of donepezil (transparent green). W931 is represented as a 

red sphere and the hydrogen bonds are highlighted as orange dashed lines. 

 

 



 

Fig. 7. Docking results for 12c in the (A) free (light blue) and acetylated (yellow) states, 

superposed with the experimental binding mode of donepezil (transparent green). W931 is 

represented as a red sphere and the hydrogen bonds are highlighted as orange dashed lines. 

 

 

Fig. 8. Compounds 12a, 12b, 12c and ferulic acid counteract the ROS formation induced by 

H2O2 in neuronal SH-SY5Y cells. The cells were treated with various concentrations of 

compounds and H2O2 (100 µM) for 30 min. At the end of the treatment, intracellular ROS 

formation was determined using DCFDA probe (as described in the experimental section). The 

arbitrary units of fluorescence (AUF) values are shown as mean  SD of three independent 

experiments (
###

p<0.001 vs sham; ***p<0.001 vs treated with H2O2). 



 

 

Fig.9. UV-absorbance spectra of 12a alone or in the presence of ZnCl2, FeSO4, FeCl3 and CuSO4. 

 

 

 

 

Fig.10. Compound 12a counteracted the ROS formation induced by either FeSO4/H2O2 or 

CuSO4/H2O2 in neuronal SH-SY5Y cells. The cells were treated with various concentrations of 

compound 12a and either FeSO4/H2O2 or CuSO4/H2O2 (25 µM/100 µM) for 30 min. At the end 

of the treatment, intracellular ROS formation was determined using DCFDA probe (as 

described in the experimental section). The arbitrary units of fluorescence (AUF) values are 

shown as mean  SD of three independent experiments (
###

p<0.001 vs sham; ***p<0.001 vs 

treated with either FeSO4/H2O2 or CuSO4/H2O2). 

 



 

Fig. 11. Compound 12a increases cytosolic GSH and nuclear Nrf2 levels as well as indirect 

antioxidant effects in neuronal SH-SY5Y cells. The cells were treated with 20 µM of 

compounds 12a, 12b, 12c for 24 h (a) or various increasing treatment time (b, c). At the end of 

the treatment, cytosolic GSH and nuclear Nrf2 levels were determined using MCB probe and 

immunoassay, respectively (as described in experimental section). (d) After the 24 h treatment 

with 20 µM of compound 12a, the cells were also treated with H2O2 (100 µM, 30 min) to 

evaluate the intracellular ROS formation using DCFDA probe (as described in the experimental 

section) in SH-SY5Y cells. The results are expressed as a percentage of control cells. The 

values are reported as mean  SD of three independent experiments (*p<0.05, **p<0.01, 

***p<0.001 vs sham; 
#
p<0.05, 

##
p<0.01 vs untreated; 

§§
p<0.01 vs treated with H2O2). 

 

 



 

Fig. 12. Compound 12a counteracts ROS formation and neuronal death induced by Aβ1-42 

oligomers in neuronal SH-SY5Y cells. The cells were treated with 20 µM of compound 12a and 

Aβ1-42 oligomers (20 µM) for either 4 h (a) or 24 h (b). At the end of the treatment, intracellular 

ROS formation and neuronal death were determined using DCFDA and propidium iodide probe 

(as described in the experimental section). (c) Representative images of ROS formation. The 

results are expressed as a percentage of control cells. The values are reported as mean  SD of 

three independent experiments (
###

p<0.001 vs sham; **p<0.01, ***p<0.001 vs treated with Aβ1-

42 oligomers). 

 

 



 

Fig. 13. Effect of compounds 12a and 12c on COX-1, COX-2 and 5-LOX activity in mice 

treated with carrageenan (CG). Mice were treated with compounds 12a, 12c (100 µmol/kg, p.o) 

and indomethacin (IND, 100 µmol/kg, p.o.) 1 h before intraplantar injection of carrageenan (400 

µg/paw). After 3 h, the COX-1, COX-2 and 5-LOX activity was determined as reported in the 

Experimental section. Values are expressed as mean ± SEM (n=8) in terms of enzymatic 

activity percentage (*P<0.05 compared to the carrageenan group; **P<0.01 compared to the 

carrageenan group and the indomethacin group). 

 

 

 

 

Fig. 14. Effect of compounds 12a, 12b and 12c in a mice model of formalin-induced 

inflammatory pain. Mice were pre-treated orally with vehicle, compounds 12a-c (100 µmol/kg), 

indomethacin (100 µmol/kg), morphine (39 µmol/kg) or vehicle (saline + DMSO 2%) prior to 

formalin administration. The total time spent licking the hindpaw was measured in the first and 



second phases after intraplantar injection of formalin. Values are expressed as mean ± SEM 

(n=8) (*p<0.05, **p<0.01, and ***p<0.001 compared to control group). 

 

 

Fig. 15. Effect of compounds 12a and 12c in a mouse model of LPS-induced peritonitis.  Mice 

were pre-treated orally with compounds 12a and 12c (100 µmol/kg), dexamethasone (10 

mg/kg, p.o.) or vehicle (saline + DMSO 2%) prior to LPS administration. The number of 

leukocytes recruited in the peritoneal cavity was determined.  Values are expressed as mean ± 

SEM (n=8).  #P<0.05 compared with the saline + vehicle group; 
***

P<0.01, 
**

P<0.01and 

*
P<0.05 compared with the vehicle + LPS group. 

 

 



 

Fig. 16. Effect of compounds 12a and 12c on mechanical hyperalgesia in a mice model of 

carrageenan-induced paw edema. Mice were pre-treated orally with compounds 12a and 12c 

(100 µmol/kg p.o) or indomethacin (100 µmol/kg p.o) prior to intraplantar injection of 

carrageenan (100 μg/paw). The results are presented as threshold for touch sensitivity (weight in 

grams). Values are expressed as mean ± SEM (n=8). ### P<0.01 compared with the saline + 

vehicle group; 
*** 

P<0.01, 
**

P<0.01 and 
*
P<0.05 compared with the vehicle + carrageenan 

group. 

 

 



 

Fig. 17. Effect of compounds 12a and 12c in a mouse model of carrageenan-induced paw 

edema. Mice were pre-treated orally with compounds 12a and 12c (100 µmol/kg p.o) or 

indomethacin (100 µmol/kg p.o) prior to intraplantar injection of carrageenan (Cg, 100 μg/paw). 

The results are presented as the paw volume (µL) variation in relation to the basal values. 

Values are expressed as mean ± SEM (n=8).  *P<0.05, **P<0.01, ***P<0.001 compared with 

control group. 

 



 

Scheme 1. Reagents and conditions: (a) NaBH3CN, ZnCl2, MeOH, rt, 72 h, 70-87%; (b) SOCl2, 

DMF, CH2Cl2, N2, 1h, 98%; (c) CH2Cl2, N2, 15 min, rt, 55-70% 
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