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Abstract: The synthesis of the new hybrids followed a hybridization with the aid of
hydroxy-benzotriazole (HOBT) and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI.HCL) in
dry DMF or thionyl chloride between curcumin analogues and cinnamic acid derivatives. IR, 1H-NMR,
13C-NMR, LC/MS ESI+, and elemental analysis were used for the confirmation of the structures of the
novel hybrids. The lipophilicity values of compounds were calculated theoretically and experimentally
via the reversed chromatography method as RM values. The novel derivatives were studied through
in vitro experiments for their activity as antioxidant agents and as inhibitors of lipoxygenase,
cyclooxygenase-2, and acetyl-cholinesterase. All the compounds showed satisfying anti-lipid
peroxidation activity of linoleic acid induced by 2,2′-azobis(2-amidinopropane) hydrochloride
(AAPH). Hybrid 3e was the most significant pleiotropic derivative, followed by 3a. According to
the predicted results, all hybrids could be easily transported, diffused, and absorbed through the
blood–brain barrier (BBB). They presented good oral bioavailability and very high absorption with
the exception of 3h. No inhibition for CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 was
noticed. According to the Ames test, all the hybrids induced mutagenicity with the exception of 3d.
Efforts were conducted a) to correlate the in vitro results with the most important physicochemical
properties of the structural components of the molecules and b) to clarify the correlation of actions
among them to propose a possible mechanism of action. Docking studies were performed on soybean
lipoxygenase (LOX) and showed hydrophobic interactions with amino acids. Docking studies on
acetylcholinesterase (AChE) exhibited: (a) hydrophobic interactions with TRP281, LEU282, TYR332,
PHE333, and TYR336 and (b) π-stacking interactions with TYR336.
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1. Introduction

Alzheimer’s disease (AD) is the most common cause of dementia. According to World Alzheimer’s
report 2019, over 50 million people worldwide are living with dementia, and this number is expected to
be increased to more than 152 million by 2050 [1]. Multiple neurochemical pathways are involved in the
pathology of AD. Several factors have been implicated in the development of AD. Thus, the rationale
for multi-target therapy becomes evident when reviewing the multiple neurochemical pathways
common to the disease.

AD is mainly characterized by the accumulation of amyloid-β (Aβ) plaques and neurofibrillary
tangles (NFTs) of the Tau protein in the brain [2]. Chronic brain inflammation and oxidative stress
also appear in AD. Acetylcholinesterase (AChE) plays a crucial role in AD patients. Recently, the role
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of neocortical acetylcholine (Ach) in spatial memory was defined. The discovery of the cholinergic
deficit in AD underlined the role of AChE as a therapeutic target [3]. Six different classes of molecules
could be useful in the medical treatment options for cholinergic deficit: (a) AChE inhibitors, increasing
the synaptic levels of acetylcholine (ACh) by preventing its hydrolysis; (b) ACh precursors, such as
phosphatidylcholine, enhancing the availability of choline; (c) ACh releasers, facilitating the release of
ACh from presynaptic neurons; (d) M1 and M3 receptor agonists; (e) M2 receptor antagonists; and (f)
nicotinic agonists or substances having nicotinic-like effects [4].

Mannich base derivatives with chalcone structures (enone scaffold) were found to present better
AChE inhibitory activity than other compounds [5]. Thus, the design and synthesis of curcumin
analogues in which the β-diketone motif is replaced by a small alicyclic amine might offer alternative
AChE inhibitors.

Accumulating evidence has demonstrated that cyclooxygenase (COX) inhibitors are involved
in the management of AD through their action on the down-stream effects of the insulin signaling
pathway inhibiting neuro-inflammation and oxidative stress [6]. Moreover, it was previously suggested
that the expression of cyclooxygenases (COXs) may affect β-amyloid peptide generation through
mechanisms that involve the Prostaglandin E2 PGE2-mediated potentiation of γ-secretase activity,
further supporting a role for COX-2 in the neuropathology of AD [7].

Additionally, 5-lipoxygenase (5-LOX), a pro-inflammatory enzyme widely distributed within
the central nervous system, was found to be upregulated in AD [8,9]. An in vivo study also revealed
that either the inhibition or knockout of 5-LOX significantly reduced γ-secretase expression and
the Aβ level [10]. Hence, the 5-LOX pathway likely plays a crucial role in the development of the
full pathological phenotype of AD, which includes aberrant Aβ production and deposition, as well
as altered Tau phosphorylation. Based on previous studies, a specific 5-LOX inhibitor could be a
significant promising molecule for the therapy of AD [11]. Since AD is a multifactorial disorder,
multitarget agents have been designed and synthesized as a promising approach to target its complex
etiology [12].

Curcumin (Figure 1), a natural phenolic compound extracted from the rhizome of the plant Curcuma
longa, is of great interest to researchers due to its wide variety of bioactivities, e.g., anti-inflammatory,
antioxidant, and anti-AD [13,14]. It is known that curcuminoids are classified as pan-assay interference
compounds (PAINS) [15]. Many researchers have described the potential “dark side of curcumin:”
poor pharmacokinetic/pharmacodynamic (PK/PD) properties, low efficacy in several disease models,
and toxic effects under certain testing conditions are rendering its use significantly limited [12,16,17].
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While curcumin has received the label of being pharmacodynamically fierce (hits many targets)
yet pharmacokinetically feeble, these results apparently have not deterred researchers interested in the
design, synthesis, and development of curcumin analogues [12,16].

In the last decade, researchers have focused on curcumin analogues with anti β-secretase or
beta-site amyloid precursor protein cleaving enzyme 1 (BACE1), amyloid precursor protein APP, α- and
β-secretases (Aβ fibrils aggregation), glycogen synthase kinase 3 beta (GSK-3β) (NTFs formation),
metal accumulation and mitochondrial dysfunction (oxidative stress), interleukin 6 (IL-6), nuclear factor
kappa (NF-kB), tumor necrosis factor-α (TNF-α), 5-LOX (neuro-inflammation), and AChE inhibition [12]
properties, trying to optimize their beneficial multitarget properties against AD and improve the
pharmacokinetic profile. Influential structural modifications of curcumin that improve its stability and
solubility involve (i) the elimination of the hydrolysis-prone keto-enol functionality [18] (Figure 1) and
(ii) the incorporation of several alternative substituents on the terminal phenyl rings or the installation
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of a single carbonyl group either as an acyclic agent or embedded in a small ring as 4-piperidinone.
Both structural modifications avoid the extraordinarily rapid decomposition of curcumin at pH 6.5 and
above in an aqueous medium and deliver improved pharmacokinetic profiles in mouse models [19].

As a result, a series of curcumin analogues containing a mono-carbonyl moiety incorporated in a
piperidone ring have been reported (Figure 2) [16]. These analogues have been found to possess high
anticancer activity [20–26], reacting readily with thiols as Michael acceptors [27].
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Ferulic, caffeic and other phenolic cinnamic acids (CAs) have been reported to present
biological interest attributed to their anti-inflammatory [28–30], anti-oxidative [31], anti-tumor [32],
anti-microbial [33], and cytoprotective activities ameliorating neuro inflammation in neurogenerative
diseases [34], as well as anti-hypertensive and anti-hyperlipidemic activities minimizing the oxidation
of low-density lipoprotein (LDL) [35]. Investigations on cinnamic acid derivatives developed potential
new AChE inhibitors and elucidated the structure–activity relationship [36].

In the last decade, scientists have focused on multifunctional molecules instead of a single
molecule hitting one target. Multi-target drugs can be beneficial for the treatment of complex and
multifactorial diseases. A variety of multi-target molecules containing the cinnamic acid moiety have
been reported [37,38].

Recently, for the treatment of complex diseases, hybrid drugs combining two pharmacophore
moieties in one molecule have been developed. Molecular hybridization is a powerful strategy to
produce multifunctional or conjugated drugs. These molecules are more medically effective than
their individual components [38]. Many efforts have been made in the field of synthesis of curcumin
hybrids to obtain a multifunctional drug. Characteristic curcumin hybrids are quinoline–curcumin
hybrids, melatonin–curcumin hybrids, donepezil– and tacrine–curcumin hybrids, benzo[b]thiophene
1,1-dioxide (BTP)–curcumin hybrids, sulfonamide–curcumin hybrids, thalidomide–curcumin hybrids,
coumarin– and isatin–curcumin hybrids [39]. Thus, we decided to design and synthesize a series of
hybrids of curcumin analogues with cinnamic acid derivatives as advantageous multi-target agents.

During the last decade, our group has designed and synthesized curcumin analogues 1a–i as
anti-proliferative and anti-inflammatory agents [40,41] (Figure 3). These compounds presented LOX
inhibition and anti-lipid peroxidation activity, and they were found to be implicated in NF-kB inhibition
signaling pathway in L929s and A549 cell lines [41].In addition, various research groups have evaluated
1a, 1b, 1i, and 1j for antimicrobial, cytotoxic, and anti-proliferative properties [26,42–48] and 1a as an
inhibitor of acethylcholinesterase (AChE) and butyryl-cholinesterase (BuChE) [49,50].

Furthermore, we have designed and synthesized several cinnamic acid derivatives as potent
lipoxygenase inhibitors and antioxidant, anti-cancer, and anti-inflammatory agents (Figure 4) [37].

Earlier, Dimmock et al. [51], synthesized N-[4-(3-aryl-3-oxo-1-propenyl) phenylcarbonyl]-3,5-bis
(phenylmethylene)-4-piperidones. All compounds were evaluated for murine toxicity, as well as for
their possible penetration of the central nervous system (CNS).

The known “parent” molecule 1g [47,52,53] and the 1a–i [40] curcumin analogues (Figure 3) were
synthesized and included in this study. We used modelling studies on our library structures (curcumin
analogues and cinnamic acids derivatives) [28–30,37,38] as tools in order to design LOX, COX-2, and
AChE hybrid inhibitors.

In an attempt to obtain more potent curcumin analogues to keep the biological properties and
safety profile intact, we conducted biological studies on various synthetic derivatives of curcumin
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mainly focused on changes in the β-diketone structure and the aryl substitution scaffold. Therefore, we
synthesized a number of compounds: (a) by replacing the piperidinone ring by a five-membered ring,
like cyclopentanone (1k); (b) replacing the nitrogen in the piperidinone ring by an oxygen (1l and 1m)
or a sulfur (1n); and (c) replacing the carbonyl group of the piperidinone by a C=S group (1o and 1p).

The drug-likeness of the derivatives (final hybrids and curcumin analogues) was determined
from the theoretical calculation of various molecular properties. The in silico results were evaluated,
and the violations of Lipinski’s rule were considered using several platforms as well as the prediction
of Absorbance, Distribution, Metabolism, Elimination, Toxicology, ADMET properties and toxicity.
The gathered information supported the synthesis of the hybrid compounds in an effort to define the
importance and correlation of lipophilicity and the steric and electronic parameters on the biological
activities and to improve them.Molecules 2020, 25, x FOR PEER REVIEW 4 of 28 
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2. Results and Discussion

2.1. Chemistry

The design and synthesis of the new multitarget curcumin analogue–cinnamic hybrids were
based on a combination of curcumin analogues containing a monocarbonyl moiety incorporated into
a piperidone ring [40] with the amide linkage of the cinnamic acids derivatives [36,51] (Figure 5).
Variations were accomplished by the choice of suitable substituted cinnamic acids of our
compilation [28–30,37,38], as well as of suitable curcumin analogues that showed interesting biological
activities in our previous [40,41] and recent work. Furthermore, new curcumin analogues, acids,
and hybrids were synthesized by using our in silico results.
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Figure 5. Scaffold combinations and synthetic procedure for the hybridization: (i) a mixture of curcumin
analogue (1 eq.) with acid (1.5 eq.), HOBT (2 eq.), and EDCI.HCL (3.5 eq.) in dry DMF (3–5 mL) stirring
at r.t. under nitrogen or argon gas; (ii) a mixture of acid (0.003 mol), thionyl chloride (0.007 mol),
N,N-dimethylformamide (0.04 mL), and dry dichloroethane (40 mL) under reflux for 6 h. A curcumin
analogue (0.003 mol) was added and cooled in an ice-bath for 20 min. Et3N (0.006 mol) in dichloroethane
(20 mL) was added dropwise at the ice-bath temperature.

For the synthesis of the desired curcumin analogues 1a–j, a Claisen–Schmidt condensation was
accomplished [40] between the 4-piperidinehydrochloride monohydrate and the appropriate aryl
aldehyde at a molar ratio of 1:2, in acetic acid by passing dry HCl gas through the mixture. All the
synthesized compounds were characterized spectrophotometrically, and the results were in agreement
with the previous findings [40]. The X-ray crystallography studies of previously synthesized analogues
confirmed the isolation of E, E isomers [23,53]. The olefinic double bond was found to possess E stereo
chemistry. The NH absorptions were not observed for most of the compounds in series 1. The findings
were in agreement with earlier publication [40].

The compounds 1k–n and 1q were prepared by the condensation of the appropriate ketone and
arylaldehyde under basic conditions in ethanol using microwave (MW) irradiation to afford the target
curcumin analogues. Compounds 1k, 1l, 1m, and 1n had been synthesized earlier under different
experimental conditions [54–57]. We used a different synthetic procedure, and the structures of the
known compounds were verified according to literature spectral data, elemental analysis, or mps.
In all cases, our synthetic technique was simpler.

Lawesson’s reagent is a mild and convenient thionating agent for ketones, esters, and amides
that allows for the preparation of thioketones, thioesters, and thioamides in good yields. Compounds
1g and 1a were transformed to the corresponding 1o and 1p using the Lawesson’s reagent [58].
Mild conditions were used. It seems that the volume of Substituent A influenced the yield of the
reaction. Thus, compound 1o resulted in a higher yield % (71%) compared to the results provided by
1p. Spectrometric data supported the given structures (Figure 6).
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The synthesis of cinnamic acids 2a–c was established by the Knoevenagel–Doebner condensation
of the suitable aldehyde with malonic acid in the presence of pyridine and piperidine as we have
earlier reported [37].

The structural characterization of the new curcumin analogues 3a–h was based on their spectral
data and elemental analyses. For example, the IR spectra of compounds revealed an absorption band
at 1669–1659 cm− characteristic to carbonyl group of the curcumin analogue and to the amide group
of the hybrid. Their 1H-NMR spectra revealed two signals at δ 7.67–7.96 ppm assignable to vinylic
protons of benzylidenes. The survey of the 13C-NMR spectra of title compounds revealed that the
carbonyl carbon was displayed downfield at >189 ppm and the amidic carbonyl group at >165 ppm.
The LC–MS results pointed to the presence of [M + CH3OH]+, [M + CH3OH + Na]+, and [M + Na]+.
The physicochemical properties of the novel derivatives are given in the experimental section.

2.2. Physicochemical Studies

2.2.1. Experimental Determination of Lipophilicity as RM Values

Since lipophilicity is described as a major physicochemical parameter that affects ligand–target
binding interactions, solubility, ADME (absorption, distribution, bioavailability, metabolism,
and elimination), and toxicological effects, we considered it important to experimentally determine this
property as RM values. The RPTLC (reverse phase thin layer chromatography) method, which has been
characterized as a secure, rapid, and appropriate technique for expressing lipophilicity, was applied
(Table 1) [37]. We tried to correlate the milog P values, the theoretically calculated lipophilicity
in one equation, with the RM values of all the compounds (Table 1). However this attempt was
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found to be unsuccessful. The perusal of the lipophilicity values of hybrids showed that 3a, 3b, 3e,
and 3f are lipophilic compounds when counting the experimental/theoretical lipophilicity values.
Considering the curcumin analogues, it seemed that only for 1k and 1m was there an agreement in
both experimental/theoretical values. Hybrids 3c and 3h presented the lowest lipophilicity—as RM

values—among the hybrids (negative scale), as well as similar (−0.658/−0.657; Table 1), whereas the
calculation indicated a higher lipophilicity. This disagreement could be attributed to several factors,
e.g., different solvation, silanophilic interaction, H-bridges, and differences in chemical structures.

Table 1. Experimentally determined lipophilicity values (RM).

Compounds RM ± S.D. Milog P a

1k 0.872 ± 0.039 6.42
1l 0091 ± 0.036 3.91

1m 0.577 ± 0.027 5.87
1n 0.131 ± 0.142 6.41
1o −0.848 ± 0.19 4.62
1p −0.679 ± 0.035 6.58
1q −0.019 ± 0.143 5.39
2a −0.485 ± 0.044 1.91
2b −0.576 ± 0.077 2.89
2c −0.852 ± 0.059 0.94
3a 0.599 ± 0.024 5.88
3b 0.509 ± 0.062 7.58
3c −0.658 ± 0.061 6.60
3d 0.237 ± 0.06 8.45
3e 0.514 ± 0.039 5.95
3f 0.564 ± 0.045 6.04
3g 0.235 ± 0.039 6.93
3h −0.657 ± 0.013 5.62

Curcumin 0.175 ± 0.029 2.30

SD < 10%; a theoretically calculated logarithm of partition coefficient between n-octanol and water (www.
molinspiration.com [59]).

2.2.2. In Silico Determination of Drug-Likeness

Drug-likeness qualitatively assesses the possibility for a molecule to become an oral drug with
respect to bioavailability. Nowadays, experimental procedures for the determination of human
pharmacokinetic properties have been progressively replaced by in silico procedures since the
computational tools are faster, simpler, and more cost-effective [60].

Herein, we used a variety of useful in silico methods to screen the ADMET properties of our
compounds for comparison reasons. We simultaneously analyzed the used curcumin analogues
and the final hybrids. In this regard, we obtained and entered in the online software versions of
(i) Molinspiration software version 2016.10 (www.molinspiration.com) [59], (ii) the MolSoft platform
(http://molsoft.com/mprop/) [61], (iii) the CypRules platform (https://cyprules.cmdm.tw/) [62], (iv) the
preADMET platform (https://preadmet.bmdrc.kr/) [63], and (v) the SwissADME platform (http://www.
swissadme.ch) [64], in order to obtain the chemical structures and simplified molecular-input line-entry
system (SMILES) notations of the synthesized curcumin analogues, cinnamic acids, and hybrids.

According to Lipinski’s rule, the poor absorption or permeation is related to the presence of
more than 5 H-bond donors and 10 H-bond acceptors. Furthermore, values of the molecular weight
(MW) > 500 and calculated log P value > 5 lead to poor absorption/permeability. We noticed that all
hybrids (3a–h) presented high lipophilicity values and MWs (Table 2).

We calculated the molecular properties predictors via the MolSoft platform (Table SI,
Supplementary Material). The percentage of absorption (%ABS) was calculated by using %ABS
= 109 − (0.345 × topological polar surface area (TPSA)) [65] and is referred to as the degree of
absorption. With the exception of hybrid 3h and the analogue 1f, all the other hybrids presented a very

www.molinspiration.com
www.molinspiration.com
www.molinspiration.com
http://molsoft.com/mprop/
https://cyprules.cmdm.tw/
https://preadmet.bmdrc.kr/
http://www.swissadme.ch
http://www.swissadme.ch
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high absorption—higher than curcumin. The log S values were found to be very low compared to the
corresponding curcumin (Table SI, Supplementary Material).

All the curcumin analogues also presented high absorption % values. The bioavailability of
bioactive molecules is characterized by their TPSA. This descriptor is highly correlated with the
hydrogen bonding properties of a molecule. The TPSA values of the hybrids were observed in the
range of 34.38–77.84 Å2, whereas curcumin analogues 1a–q showed TPSA values 11.17–44.60 Å2

(1f with 68.44 was the only exception). These values were lower the limit of 160 Å2 underlying a good
oral bioavailability. The upper limit for the TPSA for a molecule to penetrate the brain is around 90 Å2.
Thus, all these molecules are able to penetrate the brain (Table 2).

LogBB is important in silico parameter to identify CNS-active agents. Since these hybrids were
designed as agents to target Alzheimer’s disease, we theoretically calculated logBB values using the
logP and TPSA values and the following equation.

logBB = 0.155clogP − 0.01TPSA + 0.164 (1)

Compounds with logBB values higher than 0.3 are considered to have a high absorption through
the blood–brain barrier (BBB), and logBB values between 0.3 and−0.1 and lower are not considered to be
absorbed in general through the BBB [66]. It seems that all hybrids could be easily transported, diffused,
and absorbed through the BBB. The BBB biological scores ranged from 3.27 to 5.74 (3h presented a value
of 2.45), whereas curcumin showed a score of 2.83. The prediction of CYP metabolism and excretion of
the hybrids using the CypRules showed no inhibition for the CYP1A2, CYP2C9, CYP2C19, CYP2D6,
and CYP3A4. Similarities were observed among the results using the SwissADME platform (Table 3).

The toxicity assessment of the synthesized compounds was calculated by the preADMET
platform. PreADMET predicts toxicity to TA98, TA100, and TA1535 (strains of the bacterium
Salmonella typhimurium that carry mutations in genes involved in histidine synthesis) that are often
used in the Ames test. The actual value of the prediction result was “positive” (change of population)
or “negative” (no change of population). With the exception of 3d, all the other hybrids induced
mutagenicity according to the Ames test. Using PreADMET, we predicted the carcinogenicity for the
synthesized hybrids. The results from this model, which were built from the data of NTP (National
Toxicology Program) and US FDA, were the results of the in vivo carcinogenicity tests of mice and rats
for two years. “Negative” suggests clear evidence of carcinogenic activity, and “Positive” underlines
the absence—no evidence of carcinogenic activity. Only 3d gave a positive sign in mice, whereas a
negative one was observed for rats. However, we could see that although 3a, 3b, 3c, and 3g hybrids
were predicted with positive sign to the rat assay, the calculation pointed to negativity against mice
(Table 4). In the future, we will try to perform in vivo experiments in order to define the carcinogenicity
of the most potent compound.

The SwissADME, Ghose (Amgen), Veber (GSK), Egan (Pharmacia), and Muegge (Bayer) methods
give multiple estimations that allow for consensus views or the selection of methods best fitting the
end-user’s specific needs in terms of chemical space. In Table 5, we have accordingly provided multiple
estimations of drug-likeness.
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Table 2. Molecular properties prediction—Lipinski’s Rule of Five.

Compounds Milog P a TPSA b No Atoms NoO,N c No OH, NH d No Violations No Rotational Bonds e Volume f MW g logBB h

1k 6.42 17.07 28 1 0 1 2 340.01 360.46 0.660
1l 3.91 26.30 21 2 0 0 2 261.02 276.33 0.179

1m 5.87 26.30 29 2 0 1 2 349.00 376.45 0.483
1n 6.41 17.07 29 1 0 1 2 358.14 392.52 0.659
1o 4.62 12.03 21 1 1 0 2 273.31 291.42 0.760
1p 6.58 12.03 29 1 1 1 2 361.30 391.54 1.064
1q 5.39 38.31 27 3 1 1 2 324.43 371.46 0.616
2a 1.91 37.30 11 2 1 0 2 138.46 148.16 0.087
2b 2.89 37.30 15 2 1 0 2 182.45 198.22 0.239
2c 0.94 77.75 13 4 3 0 2 154.50 180.16 −0,468
3a 5.88 37.38 33 3 0 1 3 399.51 429.52 0.702
3b 7.58 37.38 39 3 0 2 4 470.61 505.62 0.637
3c 6.60 37.38 35 3 0 1 4 426.62 455.56 0.485
3d 8.45 37.38 43 3 0 2 4 514.60 555.68 0.772
3e 5.95 37.38 33 3 0 1 4 392.49 441.48 0.384
3f 6.04 37.38 33 3 0 1 4 408.04 467.62 0.398
3g 6.93 37.38 37 3 0 1 4 436.48 491.54 0.536
3h 5.62 37.38 31 3 0 1 4 382.62 405.50 0.384

Curcumin 2.30 93.07 27 6 2 0 8 332.18 368.38 −0.410
a Logarithm of partition coefficient between n-octanol and water (milog P); b topological polar surface area (TPSA); c number of hydrogen bond acceptors (n-ON); d number of hydrogen
bond donors (n-OHNH); e number of rotatable bonds (n-rotb); f molecular volume; g molecular weight; and h blood–brain barrier.
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Table 3. Prediction of metabolism (CYP) and excretion using the CypRules rids present mutagenicity in the Ames test and the SwissADME platforms.

Comp. CYP1A2 CYP2C19 CYP3A4

CypRules Swiss
ADME CypRules Swiss

ADME CypRules Swiss
ADME CypRules Swiss

ADME CypRules Swiss
ADME

1a No No No No No No No No No No
1b No Inh. No Inh. No Inh. No No No Inh.
1c No No No Inh. No Inh. No No No No
1d No Inh. No No No No No No No Inh.
1e No No No No No No No Inh. No No
1f No Inh. No No No No No No No No
1g No No No No No Inh. No Inh. No No
1h No Inh. No Inh. No Inh. No No No Inh.
1i No Inh. No Inh. No Inh. No No No Inh.
1j No Inh. No No No Inh. No Inh. No No
2a No No No No No No No No No No
2b No No No No No No No No No No
2c No No No No No No No No No No
3a No No No No No No No No No Inh.
3b No No No No No No No No No Inh.
3c No No No No No No No No No No
3d No No No Inh. No Inh. No No No Inh.
3e No No No Inh. No No No No No Inh.
3f No No No No No No No No No Inh.
3g No No No Inh. No Inh. No No No Inh.
3h No No No No No No No No No No
1k No No No No No No No No No No
1l No No No Inh. No Inh. No Inh. No No

1m No No No No No No No No No No
1n No No No No No No No No No Inh.
1o No No No Inh. No Inh. No No No Inh.
1p No No No No No No No No No Inh.
1q No No No Inh. No Inh. No No No Inh.

Curcumin (Keto) No No No Inh. No No No No No Inh.
Curcumin (Enol) No No No Inh. No No No No No Inh.
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Table 4. Toxicity assessment of the synthesized compounds calculated by the preADMET platform (https://preadmet.bmdrc.kr/).

Ames test Carcinogenicity

Comp. Ames Test TA100_10RLI TA100_NA TA1535_10RLI TA1535_NA Carcino_Mouse Carcino_Rat

1a Mutagen Negative Negative Negative Negative Positive Negative
1b Mutagen Negative Positive Positive Positive Negative Negative
1c Mutagen Negative Negative Negative Positive Positive Positive
1d Mutagen Negative Negative Negative Negative Positive Negative
1e Mutagen Negative Negative Negative Negative Negative Positive
1f Mutagen Negative Positive Negative Positive Negative Negative
1g Mutagen Negative Positive Negative Positive Negative Negative
1h Mutagen Negative Positive Positive Positive Negative Negative
1i Mutagen Negative Positive Negative Positive Negative Negative
1j Mutagen Negative Negative Positive Negative Negative Negative
2a Mutagen Positive Negative Negative Negative Negative Negative
2b Mutagen Positive Negative Positive Negative Negative Negative
2c Mutagen Negative Positive Negative Positive Negative Positive
3a Mutagen Positive Negative Negative Negative Negative Positive
3b Mutagen Positive Negative Negative Negative Negative Positive
3c Mutagen Positive Negative Negative Negative Negative Positive
3d Non-Mutagen Negative Negative Negative Negative Positive Negative
3e Mutagen Positive Negative Negative Negative Negative Negative
3f Mutagen Negative Negative Negative Negative Negative Negative
3g Mutagen Positive Negative Positive Negative Negative Positive
3h Mutagen Negative Negative Negative Negative Negative Negative
1k Mutagen Positive Negative Negative Negative Negative Negative
1l Mutagen Positive Positive Positive Negative Negative Negative

1m Mutagen Positive Negative Negative Negative Positive Negative
1n Mutagen Positive Negative Negative Negative Negative Negative
1o Mutagen Negative Positive Negative Positive Negative Negative
1p Mutagen Negative Negative Negative Negative Negative Negative
1q Mutagen Negative Positive Negative Negative Positive Positive

Curcumin (Keto) Non-Mutagen Negative Negative Negative Negative Negative Positive
Curcumin (Enol) Mutagen Negative Negative Negative Negative Positive Positive

https://preadmet.bmdrc.kr/
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Table 5. Multiple estimations of drug-likeness.

Drug-likeness

Comp. Lipinski Ghose Veber Egan Muegge Bioavailability Score

1a Yes * Yes Yes Yes No * 0.55
1b Yes Yes Yes Yes Yes 0.55
1c Yes Yes Yes Yes Yes 0.55
1d Yes Yes Yes Yes Yes 0.55
1e No ** No *** Yes No * No ** 0.17
1f Yes Yes Yes Yes Yes 0.55
1g Yes Yes Yes Yes Yes 0.55
1h Yes Yes Yes Yes Yes 0.55
1i Yes Yes Yes Yes Yes 0.55
1j Yes Yes Yes Yes Yes 0.55
2a Yes No ** Yes Yes No * 0.56
2b Yes Yes Yes Yes No * 0.56
2c Yes Yes Yes Yes No * 0.56
3a No ** No *** Yes No * No * 0.17
3b Yes * No ** Yes Yes No * 0.55
3c No ** No *** Yes No * No * 0.17
3d Yes * No * Yes Yes No * 0.55
3e Yes No ** Yes Yes No * 0.55
3f Yes * No *** Yes No * No * 0.55
3g Yes Yes Yes Yes No * 0.55
3h Yes * No *** Yes No * No * 0.55
1k Yes * No * Yes No * No ** 0.55
1l Yes Yes Yes Yes Yes 0.55

1m Yes * No * Yes Yes No * 0.55
1n Yes * No * Yes No * No * 0.55
1o Yes Yes Yes Yes Yes 0.55
1p Yes * No ** Yes Yes No * 0.55
1q Yes Yes Yes Yes Yes 0.55

Curcumin (Keto) Yes Yes Yes Yes Yes 0.55
Curcumin (Enol) Yes Yes Yes Yes Yes 0.56

* one violation, ** two violations, and *** three violations.



Molecules 2020, 25, 4958 13 of 29

2.3. Biological Evaluation

In this research, the curcumin analogues and the novel hybrids were evaluated in vitro as pleitropic
agents, e.g., inhibitors of (i) soybean lipoxygenase, bovine COX-2, eel AChE, and (ii) lipid peroxidation.

Cell metabolism is the source for the continuously production of reactive oxygen species (ROS).
Some are characterized as highly toxic, and various cellular enzymatic and non-enzymatic mechanisms
offer a rapid detoxification. Their extreme reactivity and the tendency to induce chain reactions lead to
pathological processes. Earlier studies have shown a significant enhancement of lipid peroxidation in
the brain of Alzheimer’s patients. Thus, antioxidants inhibiting brain lipid peroxidation could aid their
treatment. We found it interesting to determine their anti-lipid peroxidation activities in comparison to
a well-known antioxidant, i.e., Trolox (Table 3).

We used the water-soluble 2,2′-azobis(2-amidinopropane) hydrochloride (AAPH) to generate
in vitro peroxyl radicals through spontaneous thermal decomposition. The derived experimental
conditions resembled cellular lipid peroxidation due to the activity of the undertaken radicals. The 1k,
1m, 1n, and 1p compounds (100%) were the most active inhibitors among the curcumin analogues,
whereas 1j, 1l, 1o, and 1q exhibited moderate or very low activity at 100 µM concentration (8–42%).
It seemed that lipophilicity was the main influence on anti-lipid peroxidation. A higher lipophilicity
leads to higher activity. Thus, 1l, which has a lipophilicity value of 3.91, and 1o, which has a lipophilicity
value of 4.62, presented lower activity (42% and 8%, respectively) compared to 1m with a value of
5.87 (100%), 1k with 6.42 (100%), and 1p with 6.58 (100%). The nature of the six-membered heteroatom
ring did not seem to influence the antioxidant ability, e.g., as in curcumin derivatives 1m and 1p.
Both presented a 100% anti-lipid peroxidation. The cinnamic acids (2a–c) seemed to be equipotent.
Overall, the hybrids presented a high anti-lipid peroxidation activity (84–93%; Table 3), with the
exception of 3g (53%).

Chu and Pratico [67] defined the role of 5-lipoxygenase as an endogenous modulator of amyloid
beta formation. It seems that in AD brains, 5-LOX protein levels that are higher than those presented
in healthy controls are accumulated, [67]. The activation of brain lipoxygenases is an early event in
the pathogenesis of Alzheimer’s disease [68]. Novel research has underlined a new role for 5-LOX in
regulating endogenous Tau metabolism in the central nervous system, thus supporting the theory that
the inhibition of 5-LOX could be beneficial for Tau neuropathology [69].

Due to a lack of sufficiently-purified human LOX enzymes, most research has been done on
soybean LOX [70,71]. Experimental results have shown a sufficient qualitative correlation between
inhibition values of the two LOX enzymes [72–74]. In our assays, we used isozyme LOX-1, which uses
free fatty acids as substrates [71] and presents maximal activity at pH 9.0, producing a conjugated
diene absorbing at 234 nm by the conversion of linoleic acid into to 13-hydroperoxylinoleic acid [75].

A perusal of the %/IC50 (Inhibitory concentration) LOX inhibition values (Table 3) showed that
curcumin analogues 1o and 1k were the most potent, followed by 1p. Considering the structural
characteristics, we could see that 1k > 1p > 1b > 1m > 1n. It seemed that within the derivatives of
the naphthyl substituted curcumin analogues, the potency was related with the nature of the five- or
six-membered ring. The cyclopentanone led to a potent LOX inhibitor. In continuation, among the
six-membered substituted analogues, the carbonyl group in compound 1p had been replaced by a C=S
group. Compound 1b presented an IC50 value very close to the previous analogue. Replacement by a
tetrahydro-4H-pyranone (1m) or by a tetrahydro-4H-thiopyranone ring (1n) diminished the activity.

Analogues 1l and 1o presented very low activities (<10%). The higher lipophilicity of 1p (6.58)
compared to 1o (4.62) led to higher inhibitory activity. For the sake of comparison, the previously
published results for 1a–g compounds [16] were considered. It seemed that the presence of heterocyclic
rings as substituents in Substituent A did not positively affect the activity (1a–g and 1q). Among the
cinnamic acids 2a–c, the most active LOX inhibitor was 2c, followed by 2b and 2a [37]. In our
experiments, the hybrids exhibited IC50 values ranged from 34 to 82 µM. Among the tested compounds,
the most interesting representatives were 3h and 3c. It is known that LOXs contain a “non-heme”
iron per molecule in the enzyme-active site. As a consequence, LOX inhibitors (a) can reduce the
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iron species in the active site to the catalytically inactive ferrous form or (b) can act as ligands for
Fe3. Hybrid 3h contained the scaffold of caffeic acid and might act as a ligand for Fe3 through the
two vicinal hydroxyl moieties. The literature gives evidence for a positive role of lipophilicity for
LOX inhibitors [76]. However, in this dataset, lipophilicity did not seem to be correlated with LOX
inhibition (theoretical lipophilicity values milog P 3h < 3c; experimental RM values were found to be
similar 3c = 3h).

We tested, in vitro, the inhibitory activity of the compounds on acetylcholinesterase activity using
acetyl-thiocholine as a substrate [77]. The ability of these compounds to act as acetylcholinesterase
inhibitors can help AD patients and may contribute to the mechanisms of action of reported structurally
related curcumin analogues and/or cinnamic acids derivatives [12]. Among the tested hybrids, the most
active representatives were 3e > 3a > 3g (Table 3). In all cases, the moiety of cinnamic acid corresponded
to the substituted naphthyl. The thienyl curcumin analogue led to the more potent hybrid (3e). Hybrids
3b, 3c, 3d, 3f, and 3h showed a very low activity (14–34%). The % inhibition values for the curcumin
analogues given in Table 3 were of low importance (2–32%). Cinnamic acids also did not exhibit
anti-cholinesterase activity.

A perusal of logP (Table 1) and IC50 or %AChE values in Table 6 reveal that the role of lipophilicity
on the inhibition of AChE was also not well-defined in this series of compounds.

Table 6. % Anti-lipid peroxidation (2,2′-azobis(2-amidinopropane) hydrochloride—AAPH) of in vitro
inhibition of soybean lipoxygenase, bovine cyclooxygenase (COX)-2, and eel acetylcholinesterase
(AChE).

LOX
IC50 (µM) or

(% Inhibition at
100 µM) ± SEM

AAPH
Inhibition

(%, at 100 µM)

COX-2
IC50 (µM) or

(% Inhibition at
100 µM) ± SEM

AChE
IC50 (µM) or

(% Inhibition at 100 µM)
± SEM

1a * 37 µM ± 0.8
1b * 330 µM ± 6.5
1c * 380 µM ± 5.3
1d * 410 µM ± 4.2
1f * 36% ± 0.9
1g * 8% ± 0.2
1j 25.3% ± 0.4 36.2 ± 1.8 n.a 2.3% ± 0.01
1k 14 µM ± 0.2 100 ± 2.2 n.a 36% ± 1.4
1l 10% ± 0.3 42 ± 1.5 n.a 25% ± 0.7

1m 50.5 µM ± 1.8 100 ± 2.8 n.a 32% ± 0.6
1n 57.5 µM ± 0.9 100 ± 2.5 n.a 18% ± 0.3
1o 10 µM ± 0.1 8 ± 0.01 n.a n.a
1p 35 µM ± 1.5 100 ± 3.3 n.a 26.60% ± 0.9
1q 3% ± 0.0 13 ± 0.2 n.a 16.50% ± 0.4
2a 56 µM ± 1.6 78 ±1.6 n.a 4.6% ± 0.2
2b 27.5 µM ± 0.7 78 ± 0.7 n.a n.a
2c 10 µM ± 0.6 80 ± 2.2 57.5 µM ± 1.1 14% ± 0.1
3a 50 µM ± 1.4 91 ± 1.9 n.a 85 µM ± 1.3
3b 55 µM ± 1.1 90 ± 2.8 n.a 17% ± 0.6
3c 37.5 µM ± 0.7 88 ± 2.0 n.a 29% ± 0.8
3d 63.5 µM ± 1.5 84 ± 1.7 n.a 31% ± 0.5
3e 52 µM ± 1.9 91 ± 2.5 19% ± 0.2 70 µM ± 3.1
3f 55 µM ± 1.3 90 ± 2.4 n.a 24% ± 1.2
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Table 6. Cont.

LOX
IC50 (µM) or

(% Inhibition at
100 µM) ± SEM

AAPH
Inhibition

(%, at 100 µM)

COX-2
IC50 (µM) or

(% Inhibition at
100 µM) ± SEM

AChE
IC50 (µM) or

(% Inhibition at 100 µM)
± SEM

3g 82 µM ± 2.2 53 ± 1.6 n.a 100 µM ± 2.5
3h 34 µM ± 0.7 93 ± 2.2 # #

Curcumin 38% ± 0.4 78 ± 1.8 19% ± 0.4 34% ± 1.3
NDGA 0.45 µM ± 0.03
Trolox 92 ± 2.1

Indomethacin 1.12 µM ± 0.1
Tacrine 98% ± 1.5/(0.03 µM ± 0.01)

SEM: standard error of the mean; # not tested; n.a.: no activity under the experimental conditions; * [40]; means
within each column differ significantly (p < 0.05).

The pathogenesis of Alzheimer’s disease (AD) is widely associated with COX-2. We studied our
compounds in vitro. No activity was observed by the tested curcumin analogues. Among the cinnamic
acids, caffeic acid presented anti-COX-2 activity. Within the hybrids, only 3e showed 19% inhibition
(Table 6).

Considering our results, the above LOX and COX-2 inhibitors are thought to protect against the
inflammatory reactions that are known to be present in the neurons of patients with AD. A large
amount of positive data have been reported on the use of NSAIDs in the treatment of AD in the
literature [78]. The recorded antioxidant effects and AChE inhibition can improve existing cognitive
functions and prevent current symptoms from worsening. A potential anti-AD treatment may be
developed based on the multi-functional activity of the tested compounds.

2.4. Computational Studies—Docking Simulation Soybean Lipoxygenase

2.4.1. Putative Binding Modes of Curcumin Analogues 1k (Blue), 1l (Purple), 1m (Green), and 1o
(Pink) in Soybean LOX.

It seems that these curcumin analogues interacted with Soybean Lipoxygenase SLOX in the
same way with an allosteric binding mode. There was a superposition between the cyclopenta-1-one,
tetrahydro-4H-pyran-4-one, and piperidine-4-thione central rings and their 2-napthyl and benzyl
substituents (Figure 7). Docking scores were: 1k: −11.1; 1l: −9.4; 1m: 12; and 1o: −8.9 kcal/mol.
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2.4.2. Molecular Modeling of the Synthesized Derivatives in Soybean LOX

The synthesized derivatives were subjected to in silico studies. The favored docking position
of compound 3e is shown in Figure 8. Compound 3e, presenting IC50 = 52 µM of LOX inhibition
in vitro, had an AutoDock Vina score of −10.1 kcal/mol binding to soybean LOX (PDB code: 3PZW).
Docking scores were based on algorithms and scoring function calculations, so a one-to-one correlation
is difficult to be reached, whereas biological results from the in vitro inhibition of soybean lipoxygenase
represent experimental values. Docking results describe the ligand binding mode to the protein and
their interactions. It seems that the novel compounds interacted with the SLOX through allosteric
interactions. Compound 3e seemed to develop hydrophobic interactions with amino acids VAL126,
VAL520, TYR525, PRO530, ARG533, VAL762, and ASP768 and π-cation interactions with LYS526. From
the literature, it is known that LOX inhibitors act as antioxidants by scavenging free radicals [79],
and the oxidation of the enzyme occurs via a carbon-centered radical on a lipid chain. Based on this
fact, it can be concluded that compound 3e probably blocks the substrate to the binding site since it
extends into the hydrophobic domain, thus preventing oxidation.
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2.4.3. Molecular Docking Studies of the Novel Derivatives on AChE

AChE from Electrophorus electricus was selected for the biological assay due to its homology to
human AChE. Running an alignment through UniProt with the Clustal Omega program of the AChE
from E. electricus showed a 60.4% identity, a 74.2% positive, a 633 query length, and a 614 match length
with AChE from Homo sapiens [80]. Molecular docking was performed for all the novel derivatives to
the four optimized complexes derived from the alignment of the I-TASSER-generated 3D-model of
AChE with experimental 3D-protein structures from the PDB (4BDT.A, 4EY5.A, 4EY6.A, and 4EY7.A)
and subsequent minimization. Compound 3e presented a docking score of −12.6kcal/mol to the
optimized complex 4EY6. Compound 3e exhibited a) hydrophobic interactions with amino acids
TRP85, TYR123, TYR332, PHE333, and TYR336 and b) π-stacking interactions with TRP85, TRP281,
and TYR336 (Figure 9).
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3. Experimental Section

3.1. Materials and Instruments

All chemicals, solvents, and chemical and biochemical reagents were of analytical grade and
purchased from commercial sources (Merck, Merck KGaA, Darmstadt, Germany, Fluka Sigma-Aldrich
Laborchemikalien GmbH, Hannover, Germany, Alfa Aesar, Karlsruhe, Germany and Sigma,
St. Louis, MO, USA). Soybean lipoxygenase, sodium linoleate, and 2,2-azobis-(2-amidinopropane)
dihydrochloride (AAPH) were obtained from Sigma Chemical, Co. (St. Louis, MO, USA).
Acetylcholinesterase from Electrophorus electricus (electric eel), Type VI-S, lyophilized powder, 200-1,000
units/mg protein, was purchased from Sigma-Aldrich, Cayman. All starting materials were used
without further purification. Melting points were determined on a MEL-Temp II (Lab. Devices,
Holliston, MA, USA). For the in vitro tests, UV–VIS spectra were obtained on a Perkin-Elmer 554
double-beam spectrophotometer (Perkin-Elmer Corporation Ltd., Lane Beaconsfield, Bucks, UK).
Infrared spectra (KBr pellets) were recorded with Perkin-Elmer 597 spectrophotometer (Perkin-Elmer
Corporation Ltd., Lane Beaconsfield, Bucks, UK). The 1H Nucleic Magnetic Resonance (H-NMR) spectra
were recorded at 500 MHz in CDCl3 on an Agilent 500/54 (DD2) using tetramethylsilane as an internal
standard unless otherwise stated. Agilent 500/54 (DD2) 13C-NMR spectra were obtained at 125 MHz in
CDCl3 solutions with tetramethylsilane as internal reference unless otherwise stated. Additionally,
the 1H Nucleic Magnetic Resonance (H-NMR) spectra were recorded at 300 MHz on a Bruker AM-300
spectrometer (Bruker Analytische Messtechnik GmbH, Rheinstetten, Germany) in CDCl3 or DMSO
using tetramethylsilane as an internal standard. Chemical shifts are expressed in ppm and coupling
constants J in Hz. Mass spectra were determined on an LC–MS 2010 EV Shimadzu (Shimadzu, Kiyoto,
Japan) using MeOH as the solvent. Elemental analyses for C, H, and N gave values acceptably close
to the theoretical values (±0.4%) in a Perkin-Elmer 240B CHN analyzer (Perkin-Elmer Corporation
Ltd., Lane Beaconsfield, Bucks, UK). Reactions were monitored by thin layer chromatography on
5554 F254 silica gel/TLC cards (Merck and Fluka Chemie GmbH Buchs, Steinheim, Switzerland). For
preparative thin layer chromatography (prep TLC), 2 mm silica gel 60 F254 plates—Merck KGaA
ICH078057—were used. For the experimental determination of the lipophilicity using reverse phase
thin layer chromatography (RP-TLC), TLC-Silica gel 60 F254 DC Kieselgel, Merck (Merck, Merck KGaA,
Darmstadt, Germany) (20 × 20 cm) plates were used.
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3.2. Chemistry General Procedures

3.2.1. Synthesis of Curcumin Analogues 1a–q

Two different methods were used for the synthesis of the compounds.

General Method A

For the synthesis of curcumin analogues 1a–j [16], the compounds were prepared by a
Claisen–Schmidt condensation between the 4-piperidinone hydrochloride monohydrate and the
appropriate aryl aldehyde at a molar ratio of 1:2 in acetic acid. Dry hydrochloride gas was passed
through the mixture for at least 1 h, according to our previous published methodology [40,53].

(3E,5E)-3,5-bis(naphthalen-1-ylmethylene)piperidin-4-one (1a) [40].
(3E,5E)-3,5-bis(thiophen-2-ylmethylene)piperidin-4-one (1b) [40].
(3E,5E)-3,5-bis((1H-indol-3-yl)methylene)piperidin-4-one (1c) [40].
(3E,5E)-3,5-bis((1H-indol-5-yl)methylene)piperidin-4-one (1d) [40].
(3E,5E)-3,5-bis(4-((4-bromophenoxy)methyl)benzylidene)piperidin-4-one (1e) [40].
(3E,5E)-3,5-bis((1H-imidazol-2-yl)methylene)piperidin-4-one (1f) [40].
(3E,5E)-3,5-dibenzylidenepiperidin-4-one (1g) [40].
(3E,5E)-3,5-bis((3-methylthiophen-2-yl)methylene)piperidin-4-one (1h) [40].
(3E,5E)-3,5-bis((5-methylthiophen-2-yl)methylene)piperidin-4-one (1i) [40].
(3E,5E)-3,5-bis(4-fluorobenzylidene)piperidin-4-one (1j) [40,48].

General Method B—Synthesis of Curcumin Analogues 1k–n Using Microwave (MW) Irradiation

An aldol condensation between the appropriate alicyclic ketone (cyclopentanone,
tetrahydro-4H-pyran-4-one,tetrahydro-4H-thiopyran-4-one, or 4-piperidinone hydrochloride
monohydrate) and the appropriate aryl aldehyde was performed at a molar ratio of 1:2, respectively,
in 3 mL of ethanol and 200 µL of NaOH (40% w/v) in a 10 mL reaction vial containing a stirring bar
under MW irradiation in a CEM-Discover mono mode microwave device operating at a frequency of
2.45 GHz (using 100 watts as the maximum power at 40 ◦C for 60 min and 100 psi). The vial was sealed
with a Teflon septum and placed into the microwave cavity. At the end of the reaction, the mixture was
rapidly cooled with gas jet cooling to room temperature.

The progress of the reaction was monitored using TLC. The separated solid was filtered, washed
with water, and recrystallized from 95% aqueous ethanol.

General Method C—Synthesis of Curcumin Analogues 1o–p

Compounds 1a and 1g were transformed to the corresponding 1o and 1p using Lawesson’s
reagent; 0.56 mmoles of 1a or 1g in dry toluene (10 mL) were added to Lawesson’s reagent (1.13
mmoles) dissolved in 50 mL of dry toluene at r.t. The mixture was stirred at r.t. until the reaction was
completed, for at least 24 h (TLC monitoring). The solvent was evaporated, and then the residue was
washed with water and extracted with acetic ethyl ester and dried over Na2SO4. The solvent was
evaporated. Recrystallisation followed.

(2E,5E)-2,5-bis(naphthalen-1-ylmethylene)cyclopentanone (1k): According to general method B,
cyclopentanone and naphthyl-aldehyde-1 were used at a molar ratio of 1:2 in 3 mL of ethanol and
200 µL of NaOH (40% w/v) under MW, as described above. Yield: 34%; Rf = (hexane:acetone, 1:1): 0.73;
m.p.: 101–105 ◦C; IR (Nujol, cm−1): 1670; 1H NMR (500 MHz, CDCI3) δ (ppm): 8.41 (s, 1H), 8.26 (d,
J = 8.1 Hz, 1H), 7.89 (d, J = 4.9 Hz, 4H), 7.68 (d, J = 6.7 Hz, 1H), 7.50–7.58 (m, 9H), 3.05–3.23 (br, 4H);
13C NMR (125 MHz, CDCI3) δ (ppm): 195.7 (C=O), 143.6, 143.0, 139.8 133.5, 133.6, 132.4, 132.2, 132.0,
130.5, 129.7, 129.5, 129.4, 128.6, 128.3, 127.1, 127.0, 126.7, 126.5, 126.4, 126.2, 126.1, 125.5, 125.0, 124.0,
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122.9, 27.0. Anal. C, H. Elemental Analysis: Expected % (C27H20O): C, 89.97; H, 5.59; Found %: C,
89.82; H, 5.69; m/z (ESI positive) 415.5 [M + CH3OH + Na]+.

(3E,5E)-3,5-dibenzylidenedihydro-2H-pyran-4(3H)-one (1l): According to general method B,
tetrahydro-4H-pyran-4-one and benzaldehyde were used at a molar ratio of 1:2, in 3 mL of ethanol
and 200 µL of NaOH (40% w/v) under MW, as described above. The compound has been previously
synthesized [50–52]. A different method has been reported. Yield: 68.5%; Rf = (hexane:acetone, 1:1):
0.76; m.p.: 170–172 ◦C; IR (Nujol, cm−1): 1675; 1H NMR (500 MHz, CDCI3) δ (ppm): 7.85 (s, 1H) (-C=C),
7.38–7.45 (m, 10H), 7.33 (d, J = 7.1 Hz, 1H), 4.04–4.19 (s, 4H) (C-O-C). 13C NMR (125 MHz, CDCI3)
δ (ppm): 185.5 (C=O), 136.4, 134.7, 133.1, 130.4, 129.4, 128.7, 68.6 (C-O-C); Anal. C, H. Elemental
Analysis: Expected %(C19H16O2): C, 82.58; H, 5.84; Found %: C, 82.38; H, 5.94; m/z (ESI positive) 308.3
[M + CH3OH]+. The spectral data were in agreement with the literature data.

(3E,5E)-3,5-bis(naphthalen-1-ylmethylene)dihydro-2H-pyran-4(3H)-one (1m): According to general
method B, tetrahydro-4H-pyran-4-one and naphthyl-aldehyde-1 were used at a molar ratio of 1:2 in
3 mL of ethanol and 200 µL of NaOH (40% w/v) under MW, as described above. The compound has been
previously synthesized [53]. A different method has been reported. Yield: 71%; Rf = (hexane:acetone,
1:1): 0.6; m.p.: 130–133 ◦C; IR (Nujol, cm−1): 1670; 1H NMR (500 MHz, CDCI3) δ (ppm): 7.57 (dd,
J = 16.3), 7.7 (d, J = 7.6 Hz, 1H), 7.49 (d, J = 7.6 Hz, 1H). 13C NMR (125 MHz, CDCI3) δ (ppm):
185.6 (C=O), 135.1, 134.8, 133.6, 132.0, 131.7, 130.0, 128.7, 127.4, 126.9, 126.5, 125.0, 124.7, 68.9 (C-O-C);
Anal. C, H. Elemental Analysis: Expected % (C27H20O2): C, 86.14; H, 5.36; Found %: C, 86.04; H, 5.56;
m/z (ESI positive) 399.4 [M + Na]+. The spectral data were in agreement with the literature data.

(3Z,5Z)-3,5-bis(naphthalen-1-ylmethylene)dihydro-2H-thiopyran-4(3H)-one (1n): According to the
general method B. Tetrahydro-4H-thiopyran-4-one and naphthyl-aldehyde-1 were used at a molar ratio
of 1:2, in 3 mL ethanol and 200 µL NaOH (40% w/v) under MW, as described above. The compound
has been previously synthesized [53]. A different method has been reported. Yield: 50%;
Rf (CH3COOCH3:petroleum ether, 1:1): 0.46; m.p.: 101–104 ◦C;IR (Nujol, cm−1): 1650; 1H NMR
(500 MHz, CDCI3) δ (ppm): 8.06–7.99 (m, 2H), 7.42–7.45 (m, 2H), 7.69–7.93 (m, 12H), 4.59–4.62 (br,
4H).13C NMR (125 MHz, CDCI3) δ (ppm): 188.7 (C=O), 137.6–137.6 (m), 135.9 (s), 135.4 (s), 133.4 (s),
132.3–132.3 (m), 131.7–131.7 (m), 129.2 (s), 128.5 (s), 126.9 (s), 126.6 (s), 126.3 (s), 124.9 (s), 124.7 (s),
30.4 (C-S-C); Anal. C, H. Elemental Analysis: Expected % (C27H20OS): C, 82.62; H, 5.14; Found %: C,
82.52; H, 5.38; m/z (ESI positive) 424.5 [M + CH3OH]+. The spectral data were in agreement with the
literature data.

(3E,5E)-3,5-dibenzylidenepiperidine-4-thione (1o): According to general method C, as it was described
above. Yield: 71%; Rf (CH3COOCH3:petroleum ether, 1:1) 0.44; m.p.: semisolid; 1H-NMR (300 MHz,
DMSO-d6) δ (ppm): 4.70–4.80 (s, 4H), 7.33 (s, 1H), 7.48 (d, J = 8.1 Hz, 1H), 7.50–7.61 (m, 8H), 7.79–7.80
(br, 2H); The NH absorption of piperidine-4-thione was not observed in the 1H NMR spectra of the
compound as it has been refined for the NH absorption of piperidinone. 13C-NMR (75 MHz, DMSO-d6)
δ (ppm): 232 (C=S), 135.2, 131.2, 128.5, 128.6, 128, 120.4, 51.7. Anal. C, H, N. Elemental Analysis:
Expected %(C19H17NS): C, 78.31; H, 5.88; N, 4.81; Found %: C, 78.01; H, 5.69; N, 4.78.

(3E,5E)-3,5-bis(naphthalen-1-ylmethylene)piperidine-4-thione (1p): According to general method C,
as it was described above. Yield: 37%; Rf (CH3COOCH3:petroleum ether, 1:1) 0,4; m.p.: semisolid;
1H-NMR (300 MHz) DMSO-d6) δ (ppm): 4.36–4.43 (s, 4H), 7.30–7.38 (m, 2H), 7.50–7.59 (m, 6H),
7.61–7.79 (m, 2H), 7.83–7.99 (m, 6H); The NH absorption of piperidine-4-thione was not observed in the
1H NMR spectra of the compound as it has refined for the NH absorption of piperidinone. 13C-NMR
(75 MHz) δ (ppm): 234 (C=S), 137.2, 136.0, 135.6, 135.2, 134.5, 133.2, 132.5, 131.4, 131.2, 130.9, 128.5,
128.6, 128, 127.7, 126.3, 126.0, 124.0, 122.9, 120.4, 52.7; Anal. C, H, N. Elemental Analysis: Expected
%(C27H21NS): C, 82.83; H, 5.41; N, 3.58; Found %: C, 82.98; H, 5.54; N, 3.69.

(3E,5E)-3,5-bis(benzofuran-2-ylmethylene)piperidin-4-one (1q): According to general method B,
4-piperidinone hydrochloride monohydrate (2.72 × 10−3 mol) and benzofuryl-aldehyde-2 (2 × 2.72 ×
10−3 mol) were used at a molar ratio of 1:2 in 3 mL of ethanol and 200 µL of NaOH (40% w/v) under
MW, as described above. Yield: 62%; Rf (CH3COOCH3:petroleum ether, 1:1) 0.5; m.p.: 101–104 ◦C;
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1H-NMR (500 MHz, CDCl3) δ (ppm): 4.22–4.36 (s, 4H), 7.41–7.59 (m, 7H), 7.62–7.86 (m, 5H). The NH
absorption spectra of piperidone were not observed in the NMR spectra of the compounds because
it has already been refined by other researchers [43]. 13C-NMR (125 MHz) δ (ppm): 41.3, 43.7, 106,8,
111,5, 120.5, 120.9 124.0, 125.6,127.9, 129.8, 129.9, 130.0, 130.1, 131.0, 131.9, 132.0, 133.8, 133.9, 135.6,
142.5, 156.9, 157.8, 189 (C=O), Anal. C, H, N. Elemental Analysis: Expected % (C23H17NO3): C, 77.73;
H, 4.82; N, 3.94; Found %: C, 77.87; H,4.98; N, 3.78.

3.2.2. Synthesis of Acids 2a–c [37]

General Method D—Synthetic Method for the Synthesis of Hybrids of Curcumin Analogues 3a–3h

(1g and 1j) (1 eq.) with acids (2a–c) (1.5 eq.), HOBT (2 eq.) and EDCI.HCL (3.5 eq.) were dissolved
in dry DMF (3–5 mL). The mixture was stirred at room temperature for 10 min up to 24 h under nitrogen
or argon gas. After the completion of the reaction (TLC monitoring), the mixture was washed with
distilled water and cooled to room temperature. The precipitated products 3a–3h were collected by
filtration and washed with water. The crude products were recrystallized from 95% aqueous ethanol.

(3E,5E)-1-cinnamoyl-3,5-bis(naphthalen-1-ylmethylene)piperidin-4-one (3a): The synthesis followed
general method D. The crude product was recrystallized from 95% aqueous ethanol. Yield: 24%; Rf

(CH3COOCH3:petroleum ether, 1:1) 0.62; m.p.: 65–68 ◦C; 1H NMR (500 MHz, CDCl3) δ (ppm): 7.90
(dd, J = 21.5, 11.7 Hz, 1H), 7.72 (d, J = 7.1 Hz, 1H), 7.63–7.27 (m, 2H), 7.23–6.77 (m, 1H), 6.64 (d, J = 7.5
Hz, 1H), 6.07 (d, J = 15.4 Hz, 1H), 4.81 (d, J = 122.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm):
187.3 (C=O on the ring), 165.9 (N-C=O), 143.6, 134.7, 133.9, 130.2, 129.7, 128.9, 128.7, 127.6, 127.4, 125.4,
116.3, 29.9 (C-N-C); Anal. C, H, N. Elemental Analysis: Expected (C36H27NO2): C, 85.52; H, 5.38; N,
2.77; Found: C, 85.64; H, 5.42; N, 2.97; m/z (ESI positive) 537.6 [M + CH3OH]+.

(3E,5E)-3,5-dibenzylidene-1-((E)-3-(naphthalen-1-yl)acryloyl)piperidin-4-one (3b): The synthesis
followed general method D. The crude product was recrystallized from 95% aqueous ethanol. Yield:
64%; Rf (CH3COOCH3:petroleum ether, 1:1): 0.67; m.p.: 210–211◦C; 1H NMR (500 MHz, CDCl3) δ
(ppm): 8.36 (d, J = 15.2 Hz, 1H), 8.11–8.07 (m, 1H), 7.88 (s, 1H), 7.82 (t, J = 7.8 Hz, 1H), 7.70–7.26 (m, 3H),
7.06 (d, J = 7.1 Hz, 1H), 6.51 (d, J = 15.2 Hz, 1H), 4.98 (d, J = 66.7 Hz, 1H); 13C NMR (125 MHz, CDCl3)
δ (ppm): 187.3 (C=O on the ring), 165.8 (N-C=O), 140.6, 134.7, 133.6, 132.4, 131.4, 130.1, 129.7, 129.0,
128.6, 126.8, 126.2, 125.4, 124.4, 123.6, 119.2 (C-N-C); Anal. C, H, N. Elemental Analysis: Expected
(C32H25NO2): C, 84.37; H, 5.53; N, 3.07; Found: C, 84.30; H, 5.35; N, 3.12; m/z (ESI positive) 487.5 [M +

CH3OH]+.
(3E,5E)-1-((E)-3-(naphthalen-1-yl)acryloyl)-3,5-bis(naphthalen-1-ylmethylene)piperidin-4-one (3c):

The synthesis followed general method D. The crude product was recrystallized from 95% aqueous
ethanol. Yield: 18%; Rf (CH3COOCH3:petroleum ether, 1:1): 0.64; m.p.: 154–156 ◦C; 1H NMR (500
MHz, CDCl3) δ (ppm):8.49 (s, 1H), 8.24 (d, J = 15.2 Hz, 1H), 8.11–7.81 (m, 2H), 7.80–7.70 (m, 1H),
7.63–7.29 (m, 2H), 7.06–7.01 (m, 1H), 6.47 (d, J = 7.2 Hz, 1H), 6.20 (d, J = 15.1 Hz, 1H), 4.84 (d, J = 115.4
Hz, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm): 186.9 (C=O on the ring), 165.5 (N-C=O), 140.4, 133.5,
133.3, 131.8, 131.1, 129.8 (d, J = 26.0 Hz), 128.5 (d, J = 26.6 Hz), 127.2–125.8 (m), 125.1, 124.4, 123.8,
123.2,118.52 (C-N-C); Anal. C, H, N. Elemental Analysis: Expected (C40H29NO2): C, 86.46; H, 5.26; N,
2.52; Found: C, 86.41; H, 5.25; N, 2.50; m/z (ESI positive) 578.6 [M + Na]+.

(3E,5E)-1-cinnamoyl-3,5-bis(4-fluorobenzylidene)piperidin-4-one (3d): The synthesis followed general
method D. The crude product was recrystallized from 95% aqueous ethanol. Yield: 9%; Rf

(CH3COOCH3:petroleum ether,1:1): 0.9; m.p.: 178–180 ◦C; 1H NMR (500 MHz, CDCl3) δ (ppm):
7.81 (s, 1H), 7.72 (s, 1H), 7.49 (dd, J = 21.9, 11.0 Hz, 1H), 7.30 (dd, J = 15.3, 7.3 Hz, 1H), 7.18 (t, J = 8.2 Hz,
1H), 7.09 (d, J = 7.1 Hz, 1H), 6.38 (d, J = 15.4 Hz, 1H), 4.88 (s, 1H); 13C NMR (125 MHz, CDCl3) (ppm):
187.18 (C=O on the ring), 166.01 (N-C=O), 163.56 (d, J = 252.0 Hz, C-F), 143.88, 134.86, 133.16–132.05
(m), 131.06–130.93 (m), 130.18, 128.98, 127.84, 116.40 (d, J = 22.0 Hz), 29.95 (C-N-C); Anal. C, H, N.
Elemental Analysis: Expected (C28H21F2NO2): C, 76.18; H, 4.79; F, 8.61; N, 3.17; O, 7.25; m/z (ESI
positive) 596.4 [M + CH3OH + Na]+.
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(3E,5E)-1-((E)-3-(naphthalen-1-yl)acryloyl)-3,5-bis(thiophen-2-ylmethylene)piperidin-4-one (3e):
The synthesis followed general method D. The crude product was recrystallized from 95% aqueous
ethanol. Yield: 55%; Rf (CH3COOCH3:petroleum ether, 1:1): 0.8; m.p.: 199–203 ◦C; 1H NMR (500 MHz,
CDCl3) δ (ppm):8.50 (d, J = 15.2 Hz, 1H), 8.18–8.14 (m, 1H), 8.04 (s, 1H), 7.87–7.83 (m, 1H), 7.62 (s, 1H),
7.54–7.38 (m, 2H), 7.20 (dd, J = 5.0, 3.8 Hz, 1H), 6.97 (d, J = 15.2 Hz, 1H), 5.07 (s, 1H); 13C NMR (125
MHz, CDCl3) δ (ppm):185.6 (C=O on the ring), 165.7 (N-C=O), 141.0, 134.0, 133.5, 132.5, 131.3, 129.9,
128.5 (d, J = 7.8 Hz), 126.7, 126.1, 125.3, 124.5, 123.5, 119.2 (C-N); Anal. C, H, N. Elemental Analysis:
Expected (C28H21NO2S2): C, 71.92; H, 4.53; N, 3.00; Found: C, 71.89; H, 4.55; N, 3.28; m/z (ESI positive)
522.6 [M + CH3OH + Na]+.

(3E,5E)-3,5-bis(4-fluorobenzylidene)-1-((E)-3-(naphthalen-1-yl)acryloyl)piperidin-4-one (3f):
The synthesis followed general method D. The crude product was recrystallized from 95%
aqueous ethanol. Yield: 9%; Rf (CH3COOCH3:petroleum ether, 1:1): 0.68; m.p.: 191–194 ◦C; 1H NMR
(500 MHz, CDCl3) δ (ppm): 8.36 (d, J = 15.2 Hz, 1H), 8.09 (dd, J = 8.3, 5.0 Hz, 1H), 7.95–7.78 (m, 1H),
7.61–7.31 (m, 2H), 7.19–7.08 (m, 1H), 4.94 (d, J = 62.3 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm):
186.8 (C=O on the ring), 165.7 (N-C=O), 163.22 (d, J = 251.5 Hz) C-F, 140.8, 133.5, 132.1, 131.2, 130.1,
128.7, 128.5, 126.9, 126.7, 126.1, 125.4, 125.2, 125.1, 124.2, 123.4, 123.2, 118.9, 116.1, 115.9, 29.6 (C-N-C);
Anal. C, H, N. Elemental Analysis: Expected (C32H23F2NO2): C, 78.19; H, 4.72; N, 2.85; Found: C,
78.15; H, 4.92; N, 2.78; m/z (ESI positive) 546.5 [M + CH3OH + Na]+.

(3E,5E)-3,5-dibenzylidene-1-cinnamoylpiperidin-4-one (3g) [51]: The synthesis followed general
method D. The crude product was recrystallized from 95% aqueous ethanol. Yield: 72%;
Rf (CH3COOCH3:petroleum ether, 1:1): 0.83; m.p.: 188–190 ◦C; 1H NMR (500 MHz, CDCl3) δ

(ppm): 7.86 (s, 1H), 7.53–7.43 (m, 2H), 7.38–7.27 (m, 1H), 7.23 (t, J = 7.4 Hz, 1H), 7.04 (d, J = 7.3 Hz, 1H),
6.37 (d, J = 15.4 Hz, 1H), 4.90 (dd, J = 46.4, 32.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm): 187.4
(C=O on the ring), 165.9 (N-C=O), 143.6, 134.8, 134.7, 129.9, 129.7, 129.5, 128.8, 127.8, 116.4 (C-N). Anal.
C, H, N. Elemental Analysis: Expected (C28H23NO2): C, 82.94; H, 5.72; N, 3.45; Found: C, 82.78; H,
5.92; N, 3.78; m/z (ESI positive) 428.5 [M + Na]+.

(3E,5E)-1-((E)-3-(3,4-dihydroxyphenyl)acryloyl)-3,5-bis(naphthalen-1-ylmethylene)piperidin-4-one (3h):
A modified synthetic procedure was followed. The cinnamoyl chloride of acid 2a (0.003 mol),
thionyl chloride (0.007 mol), N,N-dimethylformamide (0.04 mL), and dry dichloroethane (40 mL)
were heated under reflux for 6 h. The isolated chloride (after in vacuo evaporation) was dissolved
in dichloroethane (30 mL). To this solution, curcumin analogue 1g (0.003 mol) was added, and the
reaction mixture was cooled in an ice-bath for 20 min. A solution of Et3N (0.006 mol) in dichloroethane
(20 mL) was added dropwise over 0.5 h. The reaction mixture was cooled in an ice-bath that was
removed after the addition and was led gradually to r.t. The mixture was stirred for 6 h after the
addition of Et3N. The solvent was evaporated under reduced pressure. A solution of HCl (2% w/v,
30 mL) was added and the material was stirred for 1 h at r.t. The precipitate was collected, washed
with water (3 × 50 mL) and MeOH (30 mL), and dried. The hybrid was recrystallized from a mixture
of ethanol and water (3:1). The crude product was recrystallized from 95% aqueous ethanol. Yield:
39%; Rf (CH3COOCH3:petroleum ether, 1:1): 0.69; m.p.: 152–153 ◦C; 1H NMR (500 MHz, CDCl3) δ
(ppm): 8.49 (s, 1H), 7.97 (d, J = 45.5 Hz, 1H), 7.45 (d, J = 94.5 Hz, 2H), 6.85 (s, 1H), 6.34 (s, 1H), 6.03 (d, J
= 14.5 Hz, 1H), 4.97–4.52 (m, 1H); 13C NMR (125 MHz, CDCl3) δ (ppm):186.6 (C=O on the ring), 167.5
(N-C=O), 142.4 (C-OH), 141.0 (C-OH), 133.2, 128.3, 124.8, 124.4, 124.2, 123.1, 122.5, 116.8, 29.3 (C-N-C);
Anal. C, H, N. Elemental Analysis: Expected (C36H27NO4): C, 80.43; H, 5.06; N, 2.61; Found: C, 80.28;
H, 5.03; N, 2.91; m/z (ESI positive) 560.6 [M + Na]+.

3.3. Physicochemical Studies

Determination of RM Values

Reversed phase TLC (RPTLC) was performed on silica gel plates impregnated with 55% (v/v)
liquid paraffin in light petroleum ether. The mobile phase was a methanol/water mixture (77/23, v/v).
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The plates were developed in closed chromatography tanks saturated with the mobile phase at 24 ◦C.
Spots were detected under UV light. RM values were determined from the corresponding Rf values
(from five individual measurements) using the equation RM = log[(1/Rf) − 1]; Table 2 [30].

3.4. Biological In Vitro Assays

The in vitro assays were performed at a concentration of 100 µM (a 10 mM stock solution in DMSO
was used, from which several dilutions were made for the determination of IC50 values), at least in
triplicate, and the standard deviation of absorbance was less than 10% of the mean. The compounds
were diluted in 0.1% DMSO under sonification in an appropriate buffer in several dilutions (Table 3).
Statistical comparisons were made using the Student T-test. A statistically significant difference was
defined as p < 0.05.

3.4.1. Inhibition of Linoleic Acid Peroxidation

In vitro study was evaluated as reported previously by our group [77]. Ten microliters of the
16 mM sodium linoleate solution were added to the UV cuvette containing 0.93 mL of a 0.05 M
phosphate buffer, pH 7.4, prethermostated at 37 ◦C. The oxidation reaction was initiated at 37 ◦C under
air by the addition of 50 µL of a 40 mM AAPH solution, which was used as a free radical initiator.
Oxidation was carried out in the presence of aliquots (10 µL) in the assay without antioxidants and
monitored at 234 nm. Lipid oxidation was recorded in the presence of the same level of DMSO and
served as a negative control. Trolox was used as the appropriate standard (positive control).

3.4.2. Soybean Lipoxygenase Inhibition Study

The in vitro study was evaluated as reported previously by our group [28,30]. The tested
compounds were incubated at room temperature with sodium linoleate (0.1 mM) and 0.2 mL of enzyme
solution (1/9 × 104 w/v in saline). The method was based on the conversion of sodium linoleate to
13-hydroperoxylinoleic acid at 234 nm. Nor-dihydroguaeretic acid NDGA (IC50 = 0.45 µM) was used
as a standard (positive control) (Table 3). In order to determine the IC50 values, different concentrations
were used. A blank determination was used first to serve as a negative control. The results are given in
Table 3.

3.4.3. AChE Inhibition Study

The in vitro study was evaluated as reported previously by our group. A modified Ellman
procedure was followed [81]. The assay was performed in a pH 8 phosphate buffer (0.1 M) and used the
thiol ester acetylthioline (0.01 M), which was hydrolyzed by AChE (3.5 U/mL) to produce thiocholine
and acetate. The thiocholine reduced DTNB (0.01 M in phosphate 0.1 M pH 7), thus liberating
nitrobenzoate, which absorbed at 412 nm. A blank determination was used first to serve as a negative
control. As a standard inhibitor, tacrine (positive control) was used.

3.4.4. Cyclooxygenase 2 Inhibition Study

The in vitro study of cyclooxygenase (COX) activity [82] was determined by using arachidonic
acid (AA) as the substrate and N,N,N,N-tetramethylphenylenediamine (TMPD) as the co-substrate.
The reaction mixture (1 mL) contained 0.75 mM heme, 128 mM TMPD, 80 mM AA, and 1.5 mg enzyme
in 0.1 M Tris/HCl (pH 8.5). The oxidation of the substrate was measured at room temperature by
monitoring the increase of absorbance at 611 nm. The absorption due to the spontaneous oxidation of
TMPD was subtracted from the initial rate of oxidation observed in the presence of AA. The inhibition
of the compounds was determined after preincubation for 6 min with the enzyme in the presence
of heme and TMPD, and the reaction was started by adding AA. A blank determination was used
first to serve as a negative control. Indomethacin was used as a reference COX-2 inhibitor (positive
control) (Table 3).
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3.5. Computational Methods.

3.5.1. Molecular Docking Studies on Soybean Lipoxygenase

UCSF Chimera was used for the visualization of the protein (PDB code: 3PZW) [83].
Water molecules were removed, missing residues were added with Modeller [84], hydrogen atoms
and AMBER99SB-ILDN charges were added, and the charge on iron was set to +2.0 with no restraint
applied to the iron atom and the ligands. Open Babel was used to generate and minimize ligand 3D
coordinates using the MMFF94 force field [85]. Ligand topologies and parameters were generated by
ACPYPE (AnteChamber PYthon Parser interfacE) [86] using AnteChamber [87]. Energy minimizations
were carried out using the AMBER99SB-ILDN force field with GROMACS 4.6. Docking was performed
with AutoDock Vina (1.1.2) [88] by applying a grid box of size 100, 70, AND 70 Å in the X, Y, and Z
dimensions, respectively. The generation of docking input files and the analysis of the docking results
were accomplished with UCSF-Chimera. Docking was carried out with an exhaustiveness value of 10
and a maximum output of 20 docking modes.

3.5.2. Molecular Docking Studies on AChE

Until today, there had been no experimental 3D-structure of Electrophorus electricus AChE in the
Protein Data Bank. The UniProt entry for E. electricus AChE is O42275 [89]. Using the amino acids
sequence annotated in UniProt, a 3D-model was generated with I-TASSER [90–92]. The UCSF Chimera
MatchMaker procedure was used for aligning the generated 3D-model of AChE with the following
3D-protein structures from the PDB—4BDT.A, 4EY5.A, 4EY6.A, and 4EY7.A, all of which contained
active ligands used as drugs and minimized the necessity to consider protein flexibility [93]. The aligned
PDB structures were scripted out of the protein part, and the ligands were maintained. Therefore,
four new complexes were obtained from the Electrophorus electricus 3D-AChE with X-ray co-crystallized
ligands: 4BDT:HUW, 4EY5:HUP, 4EY6:GNT, and 4EY7:E20. Finally, these four new complexes were
geometrically optimized by minimization using UCSF-Chimera with the AMBER14SB force website
field [94,95]. TIP3P [96] was used to describe the water model and total system charge neutralization
with Na + Cl− ions. Ligand topologies and parameters were generated with AnteChamber [97]. The 4
optimized complexes were used for the cross-docking simulations. Docking simulations were run
with a Vinardo scoring function [98], as implemented in SMINA [99]. Docking was carried out using
a grid box of size 25 Å in the X, Y, and Z dimensions and with an exhaustiveness value of 64 and a
maximum output of 20 docking modes. Docking results analysis and visual inspection were carried
out using UCFS Chimera. All ligands were docked to the 4 optimized complexes. The best docked
pose was selected by considering the docking score.

3.5.3. In Silico Determination of Drug-Likeness

Compounds were subjected to molecular properties prediction in the online software versions of:
(i) Molinspiration software version 2016.10 (www.molinspiration.com) [59], (ii) MolSoft platform (http:
//molsoft.com/mprop/) [61,95], (iii) CypRules platform (https://cyprules.cmdm.tw/) [62], (iv) preADMET
platform (https://preadmet.bmdrc.kr/) [63], and (v) SwissADME platform http://www.swissadme.ch/

index.php [64].
The CypRules server predicted the metabolizing cytochrome P450 (CYPs) inhibition, including

that of CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4, and the results were based on the C5.0
algorithm. The rules were calculated on a basis of Mold2 2D descriptors.

4. Conclusions

The designed and synthesized curcumin analogues and hybrids of cinnamic acids presented
multi-target activity against different targets. Hybrid 3e (Figure 10) was the most significant pleiotropic
derivative, in terms of activities. This hybrid will be used as a lead compound for further theoretical
structural modifications. Hybrid 3a also presented a promising pleiotropic profile.

www.molinspiration.com
http://molsoft.com/mprop/
http://molsoft.com/mprop/
https://cyprules.cmdm.tw/
https://preadmet.bmdrc.kr/
http://www.swissadme.ch/index.php
http://www.swissadme.ch/index.php
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