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Abstract: A series of new tetrahydroacridine and 3,5-dichlorobenzoic acid hybrids with different
spacers were designed, synthesized, and evaluated for their ability to inhibit both cholinesterase
enzymes. Compounds 3a, 3b, 3f, and 3g exhibited selective butyrylcholinesterase (EqBuChE)
inhibition with IC50 values ranging from 24 to 607 nM. Among them, compound 3b was the most
active (IC50 = 24 nM). Additionally, 3c (IC50 for EeAChE = 25 nM and IC50 for EqBuChE = 123
nM) displayed dual cholinesterase inhibitory activity and was the most active compound against
acetylcholinesterase (AChE). Active compound 3c was also tested for the ability to inhibit Aβ
aggregation. Theoretical physicochemical properties of the compounds were calculated using ACD
Labs Percepta and Chemaxon. A Lineweaver–Burk plot and docking study showed that 3c targeted
both the catalytic active site (CAS) and the peripheral anionic site (PAS) of AChE. Moreover, 3c appears
to possess neuroprotective activity and could be considered a free-radical scavenger. In addition,
3c did not cause DNA damage and was found to be less toxic than tacrine after oral administration;
it also demonstrated little inhibitory activity towards hyaluronidase (HYAL), which may indicate that
it possesses anti-inflammatory properties. The screening for new in vivo interactions between 3c and
known receptors was realized by yeast three-hybrid technology (Y3H).

Keywords: acetylcholinesterase inhibitors; Alzheimer’s disease; molecular modeling; Ellman’s
method
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1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease that represents one of the great healthcare
challenges of the 21st century. Unfortunately, little is known about its cause and no curative treatments
are available that can stop or reverse its progression. While AD develops over a long preclinical period
of several decades, increasing attention is currently being paid to early-onset AD [1–3].

Many lifestyle related factors are believed to have a role in dementia, including cardiovascular
risk, diabetes, obesity, physical and mental inactivity, depression, smoking, low educational attainment,
and diet; however, most have not been fully explored [4].

The apolipoprotein A4 (APOE4) gene is a major risk factor for AD and has several effects on the
disease. Lifetime risk for AD is more than 50% for carriers of APOE4 homozygotes and 20–30% for
apolipoprotein A3(APOE3) and APOE4 heterozygotes [5].

The accumulation of abnormally folded Aβ and tau proteins in amyloid plaques and neuronal
tangles has been found to be related to neurodegenerative processes in the brains of AD patients,
as indicated by the amyloid hypothesis [6].

β-Secretase (BACE1) cleaves amyloid precursor protein (APP), which is followed by the cleavage
of γ–secretase, leading to the production of beta amyloid (Aβ) peptide [7,8].

Unfortunately, despite the development of many new drugs and clinical trials, no Aβ-targeting
drug has been officially approved by the United States Food and Drug Administration (FDA) for the
clinical treatment of AD [9].

Only four drugs are used for the treatment of AD. Three of these, the acetylcholinesterase inhibitors
donepezil, galantamine, and rivastigmine, might provide some benefit for patients during the first
year of treatment, while the glutamate antagonist memantine is typically used in moderate-to-severe
dementia, sometimes in combination with a cholinesterase inhibitor. Hence, new treatments are
urgently needed to prevent, delay, or treat the symptoms of AD [10]. Tacrine, the first drug approved
by the FDA for the treatment of AD, has shown severe hepatotoxicity and many other adverse effects
and was withdrawn from the market [11].

There are two types of cholinesterases to hydrolyze ACh in the central nervous system (CNS):
acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE). AChE has 10-fold higher hydrolytic
Ach activity than BuChE, and selective inhibition of AChE is effective in AD therapy [12]. There is
some evidence to suggest that the use of nonselective cholinesterase inhibitors (inhibition of both AChE
and BuChE may be more beneficial to patients with AD than the use of selective AChE inhibitors [13].

The design of multi-target-directed ligands (MTDLs) has recently attracted the attention of AD
researchers due to the pathological complexity of AD. The MTDLs strategy in the search for potential
anti-AD drugs is very promising because the traditional approach of modulating one target is not
very effective. The MTDLs strategy has become very popular over the past several years. It is a
combination of a known AChE inhibitor with another moiety to create multifunctional hybrid with
beneficial properties in the treatment of AD [14–16].

The screening for new in vivo interactions between small molecule ligands and known receptors
may be realized by yeast three-hybrid technology (Y3H) [17]. The Y3H is an advancement of the yeast
two-hybrid (Y2H) method, where the expression of reporter genes is mediated by the protein–protein
interaction between bait and prey proteins [18,19]. In the Y3H method, the hybrid small molecule ligand
is built from two parts, known as the hook and fish, which are required to mediate the hybrid protein
interactions. The Y3H approach was efficiently used to identify new small molecule ligand interactions
with known receptors [20–22]. In the presented study, the Y3H approach was applied to test the hybrid
ligand-mediated interactions between human acetylcholinesterase (AChE) and four proteins: human
amyloid beta A4 protein (A4), human beta-secretase 1A (BACE-1A), human monoamine oxidase B
(MAO B), and human microtubule associated protein tau (MAPT).

Inspired by the MTDLs strategy, in our previous works we designed and synthesized a series
of novel tetrahydroacridine derivatives as multifunctional agents for the potential treatment of
AD [23,24]. These tend to be conjugates of tacrine and 3,5-dichlorobenzoic acid derivatives. To establish
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whether this chemical modification can impact AD treatment, we synthetized a new series of
derivatives. The tacrine-based hybrids are interesting, and new compounds can have complementary
pharmacological properties without the toxic effects of tacrine. A novel series may have metal-chelating
properties, and in the future, it might be the basis for the design of chemical compounds with
potential applications in the diagnosis of AD. The synthesis and biological evaluation of a new series
of tetrahydroacridine derivatives that are cholinesterase inhibitors are discussed in this paper. In the
present study, the substances were evaluated using Ellman’s assay and beta amyloid aggregation assay.
Then, neuroprotective activity was investigated in three experiments: DNA damage, anti-inflammatory
properties, and in vivo acute oral toxicity. The mechanism of cholinesterase inhibition was studied
by molecular modeling, and the pharmacokinetics of the obtained compounds were predicted using
ACD/Percepta.

2. Results and Discussion

2.1. Chemistry

The new tetrahydroacridine derivatives were synthesized as per Scheme 1. In Scheme 1,
firstly 1a–1h compounds were obtained using the reported procedure [25], in which
9-chlorotetrahydroacridine was condensed with diamines in the presence of phenol and NaI at
180 ◦C for two hours.

Scheme 1. Synthetic pathway of compounds 2a–2h and 3a–3h. Reagents: (a) 3,5-dichlorobenzoic acid,
CDMT, N-methylmorpholine, THF; (b) HCl/ether.

Initially, diamine derivatives of tetrahydroacridine (1a–1h) [26] were bound to 3,5-dichlorobenzoic
acid in the presence of tetrahydrofuran (THF), 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT),
and N-methylomorpholine as shown in Scheme 1.

The chemical structures of the newly-synthesized compounds were verified by 1H NMR, ESI-MS,
HRMS, and IR and are consistent with the proposed structures. Chemical shifts of protons are explained
in detail in the Experimental Section.
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2.2. Biological Evaluation

2.2.1. In Vitro Inhibition Studies on AChE from Electrophorus Electricus (Electric Eel-(Ee)) and BuChE
from Equine Serum (Eq)

The compounds displayed varying inhibitory activity in the percentage inhibition tests.
The obtained IC50 values for the whole series and reference compound are summarized in Table 1.
In particular, most of the new derivatives (3a–3c and 3f–3h) were found to possess AChE and BuChE
inhibitory activity. On the other hand, compounds 3d and 3e, with five and six carbons with the alkyl
chain, showed lower cholinesterase inhibition (IC50 more than 12 and 20 µM inhibition). In addition,
most of the compounds were more active as BuChE inhibitors (3a, 3b, 3f and 3g) than as AChE
inhibitors (3c and 3h). Among the AChE inhibitors, the best was 3c, with IC50 = 25 nM. Additionally,
3c exhibited lower potential to inhibit BuChE, with IC50 = 123 nM. Compounds, 3a and 3b, with the
shortest carbon chains, were most active inhibitors for BuChE (respectively, IC50 = 140 and 24 nM).
Compound 3c was chosen to perform other analyses. Compared to the reference compound in the
study, which was tacrine, 3c showed higher AChE inhibition and lower BuChE inhibition. Therefore,
3c was more selective for AChE and tacrine for BuChE.

Table 1. Cholinesterase inhibitory activities of the synthesized compounds 3a–3h.

Compound EeAChE IC50 ±

SD (µM) a
EqBuChE IC50 ±

SD (µM) b
Selectivity for

AChE c
Selectivity for

BuChE d

3a 0.690 ± 0.108 0.140 ± 0.012 0.203 4.935
3b 0.139 ± 0.005 0.024 ± 0.001 0.174 5.756
3c 0.025 ± 0.003 0.123 ± 0.011 4.864 0.206
3d 12.436 ± 0.237 >20 - -
3e >20 >20 - -
3f 0.115 ± 0.012 0.033 ± 0.006 0.289 3.457
3g 0.958 ± 0.036 0.607 ± 0.020 0.634 1.577
3h 0.111 ± 0.004 0.324 ± 0.047 2.914 0.343

Tacrine 0.078 ± 0.008 0.015 ± 0.001 0.192 5.204
a IC50: 50% inhibitory concentration (means ± SD of three independent experiments) of AChE. b IC50: 50%
inhibitory concentration (means ± SD of three independent experiments) of BuChE. c Selectivity for AChE: IC50
(BuChE)/IC50(AChE). d Selectivity for BuChE: IC50(AChE)/IC50(BuChE).

2.2.2. Kinetic Characterization of EeAChE Inhibition

A kinetic study was carried out to determine the inhibition types of the most active compound
for AChE (3c). A Lineweaver–Burk plot was prepared as shown in Figure 1. All experiments were
performed in triplicate. Accordingly, 3c compound was shown to have mixed-type inhibition.

2.2.3. Inhibition of Self-Induced Aβ42 Aggregation by a 3c Derivative

To determine the inhibition of Aβ42 aggregation by the new compound (3c), thioflavin-T (ThT)
assay was performed. Five different concentrations of 3c were used. At all concentrations, 3c showed
more than 23% inhibitory activity (23% at 5 µM to 32% at 100 µM). The results are summarized in
Figure 2. The percentage of inhibition increases slightly as the concentration increases.

2.2.4. In Vitro Evaluation of Potential Hepatotoxicity

Determination of potential hepatotoxicity activity of 3c was determined by the MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromidefor) cytotoxicity assay, and tacrine
was used as a reference compound. Tacrine possesses hepatotoxicity activity due to the formation
of reactive metabolites (for example 7-hydroxytacrine), which appear during tacrine’s metabolism.
At concentrations of 10 µM, 1 µM, and 0.1 µM, 3c demonstrated higher hepatotoxicity (87.37% ± 0.92%,
95.40% ± 0.22%, and 99.87% ± 3.74%, respectively) than tacrine (90.35% ± 3.75%, 99.48% ± 0.74%,
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and 100.67% ± 1.03%, respectively). One-way ANOVA analysis showed, that there was a significant
difference (p < 0.05) between results of 1 µM 3c and 1 µM tacrine. Results of 10 µM and 0.1 µM between
3c and tacrine did not have significant differences with p < 0.1. It can be concluded, that 3c is slightly
more toxic than tacrine for human hepatic stellate cells (HSCs).

Figure 1. Lineweaver–Burk reciprocal plots of initial velocity and without the presence of inhibitor 3c
(three concentrations), illustrating the mixed nature of EeAChE inhibition.

Figure 2. Inhibition of Aβ aggregation by various concentrations of 3c.

2.2.5. Neuroprotection Against Oxidative Stress

Neuroprotective activity of novel compound 3c against oxidative stress was investigated in three
experiments. Compound 3c was tested at concentrations based on the IC50 results from AChE and
BuChE inhibition assays. The first experiment examined whether the novel compound acted against
exogenous free radicals induced by H2O2. The compound was tested at concentrations of 0.01 µM,
0.1 µM, 1 µM, and 10 µM. Trolox was used as a positive control. Cells that were incubated only with
H2O2 had a viability of 84.27%. Cells treated with trolox and with 10 µM, 1 µM, 0.1 µM, or 0.01 µM
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3c had viabilities of 99.22%, 99.38%, 98.62%, and 96.41% (neuroprotection of 95.05%, 96.03%, 91.22%,
and 77.16%) and 13.68%, 78.97%, 90.01%, and 91.53% (neuroprotection of 0%, 0%, 36.48%, and 46.17%),
respectively (Table 2). Compound 3c had no neuroprotection at concentrations of 10 µM and 1 µM and
some neuroprotective activity at concentrations of 0.1 µM and 0.01 µM. However, the effect was much
lower than that of trolox. The highest neuroprotective activity was obtained at the concentration of
0.01 µM, which is comparable with the IC50 of the AChE inhibition assay (0.025 µM). Values of p ≤ 0.05
were considered statistically significant for 3c, not for trolox (one-way ANOVA).

Table 2. SH-SY5Y cell viability (%) after treatment with H2O2 (100 µM) or a mixture of rotenone
(30 µM) and oligomycin A (10 µM) at selected concentrations of 3c. Cell viability was determined by
the MTT test. Data were expressed as the mean ± SD. Experiments were performed in quadruplicate
and repeated three times.

Compound Concentration 10 µM 1 µM 0.1 µM 0.01 µM

H2O2
100 µM

% cell viability

3c 13.68 ± 0.87 78.97 ± 10.74 90.01 ± 3.15 91.53 ± 1.30

Trolox 99.22 ± 3.30 99.38 ±9.81 98.62 ± 1.36 96.41 ± 1.51

Compound Concentration 0.1 µM 0.01 µM 0.001 µM 0.0001 µM

Rotenone/
Oligomycin
A 30/10 µM

% cell viability

3c
Pre-incubation 39.51 ± 5.18 43.31 ± 4.10 45.20 ± 5.13 48.28 ± 4.24
Co-incubation 53.64 ± 4.79 54.63 ± 3.27 59.43 ± 7.91 63.07 ± 5.57

Trolox
Pre-incubation 44.26 ± 3.73 46.38 ± 2.06 47.91 ± 4.48 46.23 ± 3.65
Co-incubation 48.09 ± 8.01 50.34 ± 8.11 50.83 ± 6.98 42.11 ± 6.28

An R/O (Rotenone/Oligomycin A) mixture was used to induce mitochondrial reactive oxygen
species (ROS) by inhibiting mitochondrial electron transport chain complexes I and V [27].
The pre-incubation assay tested whether compound 3c exerted neuroprotective properties through the
activation of endogenous antioxidant pathways. In the co-incubation test, it was investigated whether
the compound was a free-radical scavenger [28]. In the pre-incubation assay, SH-SY5Y cells were
incubated with 3c in a range of concentrations (0.0001–0.1 µM) for 24 h. The R/O mixture was then
added to the cells and incubated. Trolox was used as a reference compound. Without the presence
of 3c, i.e., only the R/O mixture, cell viability was 46.77%. Cells incubated with 3c had comparable
viability to those incubated only with trolox at the same concentrations (Table 2). Of the cells treated
with compound 3c, only the 0.0001 µM concentration demonstrated poor neuroprotection (2.84%),
while 0.001 µM trolox demonstrated 2.15% neuroprotection; hence, 3c appears to demonstrate very
small neuroprotective activity through the activation of endogenous antioxidants pathways at very
low concentrations. However, no statistically significant difference was observed between 3c and the
R/O-treated control (p ≤ 0.05; one-way ANOVA).

In the co-incubation assay, cells were incubated with compound 3c in the concentration range
0.1–0.0001 µM. Compound 3c was incubated together with the R/O mixture for 24 h. Cells exposed to
the R/O mixture alone had a viability of 47.91%. Cells incubated with compound 3c at concentrations
of 0.001 µM and 0.0001 µM demonstrated higher viability than those incubated with trolox at the same
concentrations (Table 2). Compound 3c showed some neuroprotection at concentrations of 0.1 µM
(10.99%), 0.01 µM (12.90%), 0.001 µM (22.11%), and 0.0001 µM (29.10%). Trolox demonstrated very
low neuroprotection, with values of 4.67% at 0.01 µM and 5.60% at 0.001 µM. These results were not
statistically significant (p ≤ 0.05; one-way ANOVA) [29]. It can be concluded that compound 3c had
low neuroprotective activity as a free-radical scavenger.



Int. J. Mol. Sci. 2020, 21, 3765 7 of 21

2.2.6. Determination of Global Histone H3 Phosphorylation (Ser 10)

Histone modifications, such as γH2AX, H3S10ph, H3K9ac, and H3K56ac, are markers of
deoxyribonucleic acid (DNA) damage. Ser10 in the histone H3 is phosphorylated by mitosis and gene
transcription. An increase in phosphorylation occurs within G2/M progression. Several kinases, such
as Aurora-B, phosphorylate histone H3 at Ser10. The reduction of phosphorylation of H3 at Ser10
occurs during DNA damage. With DNA damage, Aurora-B loses its kinase activity, which results
in the decrease of histone H3 phosphorylation on M-phase cells. Compound 3c did not cause any
decrease in phosphorylation of H3Ser10 (1 µM: 108.69% of phosphorylation in comparison to 100%
control, 0.025 µM: 105.64%). The amount of phosphorylated H3Ser10 was 26.75 µg/mg for controls,
29.08 µg/mg for 1 µM 3c, and 28.26 µg/mg for 0.025 µM 3c. DNA damage was not observed at any
concentration [30,31].

2.2.7. Hyaluronidase (HYAL) Inhibition Test

Inflammation is a natural response to pathogens, xenobiotics, or mechanical injury, but without
appropriate treatment it can lead to the development of chronic diseases. Several enzymes (for example
hyaluronidase) are involved in promoting inflammatory pathway, generating inflammatory mediators,
or enhancing tissue damage. Hyaluronidase (HYAL) degrades hyaluronan: an important part of
the extracellular matrix. Therefore, enzymes control the size and concentration of depolymerized
hyaluronan chains. Depolymerization can begin pathological processes, for example, increasing
endothelial permeability or remodeling tissue during allergic reactions [32–34]. The non-steroidal
anti-inflammatory drugs (NSAIDs) are commonly used to treat inflammation, but due to their side
effects, their prolonged intake should be limited. Therefore, a novel drug with anti-inflammatory
properties was synthesized and tested.

The inhibition of novel 3c was tested by spectrophotometric assay according to Michel et al. [35].
The tested 3c compound showed some inhibitory activity towards hyaluronidase (IC50 468.77± 1.44µM),
but a positive control had better inhibitory activity (IC50 56.41 ± 0.78 µM). It can be concluded
that 3c possesses some inhibitory activity towards hyaluronidase, which may indicate its
anti-inflammatory properties.

2.2.8. The Yeast Three-Hybrid Technology (Y3H)

Initial experiments indicated that the bait (AChE) was unable to start the autoactivation process.
Moreover, positive and negative controls showed results consistent with Matchmaker Gold Y2H
system, enabling the development of the following experiment. The Y2H analysis was conducted to
evaluate putative protein–protein interactions between bait (AChE) and any of the preys (A4, BACE-1A,
MAO B, and MAOPT) that could interfere with the Y3H analysis. The lack of blue colonies on double
dropout medium lacking tryptophan and leucine and supplemented with X-Gal and Aureobasidin
A (DDO/X/A) agar plates suggest that none of the analyzed protein pairs interact in terms of Y2H
system measures.

Then, the Y3H test was completed with the same combinations of bait and preys. Blue colonies,
suggesting putative interactions, were observed on DDO/X/A plates in the case of AChE–BACE–1A
protein pairs in the presence of all three tested hybrid ligands. All other combinations of bait and preys
(AChE–A4, AChE–MAO B, and AChE–MAPT) gave negative results for all three tested hybrid ligands.
The more stringent QDO/X/A agar medium did not disrupt interactions mediated by hybrid ligands.
However, the interactions diminished after transfer to QDO/X/A agar plates without hybrid ligands.
It could be concluded that the hybrid ligand-mediated interaction is maintained only for te AChE and
BACE-1A protein pair.

The activity of β-galactosidase (88.69 ± 2.57 units) observed for 3c was relatively low to moderate
as compared to the results of other Y3H experiments. The activities of β-galactosidase observed for the
dexamethasone-trimethoprim hybrid ligand was significantly higher (about 500 units) [36]. However,
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in the other Y3H system using the methotrexate-SLF hybrid ligand, the β-galactosidase activity was
lower (about 150 units) and more in line with the values observed in our experiment [37].

2.2.9. LD50 and Toxicity Class Prediction

To verify the LD50 and toxicity class of the new compounds before in vivo assay, we used ProTox-II,
a webserver for the prediction of small molecule toxicity [38]. The results are shown in Table 3. All of
the eight new synthetized compounds were predicted to have 10–52.5-fold higher LD50 than tacrine.
Two of the new derivatives had the same LD50 to bis-7-tacrine. Moreover, tacrine was found to be in a
lower predicted toxicity class (2) than all the new compounds and the second reference.

Table 3. LD50 and toxicity class prediction of tacrine, bis-7-tacrine, and 2a-2h hybrids. The prediction
was performed with ProTox-II (http://tox.charite.de/protox_II), a web-server for the prediction of small
molecule toxicity [38].

Compound Predicted LD50
(mg/Kg)

Predicted Toxicity
Class

Average Similarity
(%)

Prediction
Accuracy (%)

2a 2100 5 71.64 69.26
2b 400 4 71.50 69.26
2c 1000 4 70.45 69.26
2d 1000 4 70.01 69.26
2e 1000 4 70.01 69.26
2f 1000 4 69.92 68.07
2g 1000 4 69.92 68.07
2h 1000 4 69.92 68.07

Tacrine 40 2 100.00 100.00
Bis-7-tacrine 400 4 82.33 70.97

2.2.10. In Vivo Acute Oral Toxicity

The purpose of the study was to assign a new tetrahydroacridine derivative to the acute toxicity
class and to obtain LD50 cut-off values. This method allows for the determination of exposure ranges
and acute toxicity of the tested substance. Moreover, it can observe signs of toxicity, even delayed ones.
Tetrahydroacridine derivatives are synthesized on the basis of tacrine, a drug that has been used for
treating AD for a few years. Due to the chemical modification, the new derivatives should possess
lower toxicity and better efficacy.

Compound 3c did not cause any deaths at the dose of 300 mg/kg at the first and second stages.
Therefore, a dose of 2000 mg/kg was administrated. At the first stage of dose 2000 mg/kg, all three
mice died. Compound 3c can be classified as Category 4 of the GHS (Globally Harmonized System),
with LD50 cut-off values of 500 mg/kg (Figure 3). LD50 of tacrine after oral administration to mice was
39.8 mg/kg [39].

In the LD50 and toxicity class prediction, compound 2c was predicted to have a 1000 mg/kg LD50

and a 4 toxicity class. In the in vivo assay on animals, compound 3c turned out to have a lower LD50

cut-off (500 mg/kg) than in the prediction calculations. However, the toxicity class was the same in
both assays. When it came to comparison of LD50, obtained results were similar, but not exactly the
same. More trustworthy are the in vivo results on real animals, where metabolism, absorption, and all
pharmacokinetics process are ongoing in the body. The new compound had to pass through the whole
LADME (Liberation, Absorption, Distribution, Metabolism, Excretion and Elimination) in the mice’
bodies, which is much more crucial information to researchers than is a computer prediction. Moreover,
in vivo studies are always required for clinical studies. As we see in Table 3, prediction accuracy of
LD50 for 2c was not 100%, but 69.26%. Therefore, the difference between prediction and in vivo results
is understandable.

http://tox.charite.de/protox_II
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Figure 3. Stages of the in vivo acute oral toxicity studies.

2.2.11. pKa and logP Assay

The physicochemical properties of an active compound are needed to investigate the ability to
permeate biological barriers. Our compounds are novel potential anti-AD drugs and hence need to
pass through the blood–brain barrier (BBB) to obtain therapeutic effect. One of the most important
properties in BBB permeation is logP. LogP assay requires the use of an uncharged molecule during
analysis; a pKa assay was also performed to obtain the most reliable results. The procedure was
performed as described previously [40] based on an initial method described by Musil et. al. [41] to
calculate pKa values of the most active derivative of tested compounds. We estimated two different
pKa values for each ionized form in the pH range 5.6 to 12.4 by using a regression equation (Figure 4).
Our results are lower than values suggested by ChemAxon software and ACD/Percepta (Table 4).

Figure 4. Scatterplots of mathematical formula results obtained for our compound with a
regression equation. (A) Plot pH vs. pH-log(Ax−Aa)/(Ab−Ax) 310/336 nm; (B) Plot pH vs.
pH-log(Ax−Aa)/(Ab−Ax) 336/310 nm; (C) Plot pH vs. pH-log(Ax−Aa)/(Ab−Ax) 310/336 nm; (D) Plot
pH vs. pH-log(Ax−Aa)/(Ab−Ax) 336/310 nm.

The method was performed according to Chao Liang [42], with modifications, with the aim
of performing fast, simple, and cheap determinations of logP of the most active derivatives of our
compounds. The coefficient of determination for the calibration curve was above 0.96. The logP
value for our test compound was 4.994. This value confirms the fulfilment of Lipinski’s rule of five,
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and allows further advanced BBB permeation assays to be performed. Both computers calculated
values higher than experimental values. (Table 4)

Table 4. Experimental and computer calculated pKa values of 2c.

Experimental ChemAxon ACD/Percepta

pKa1 7.93 ± 0.36 * 8.89 9.06
pKa2 11.21 ± 0.63 ** 14.16 13.78
logP 4.994 ± 0.34 *** 5.59 6.52

* pKa1 value ± Residual Standard Deviation of regression line for pKa1 calculations. ** pKa2 value ± Residual
Standard Deviation of regression line for pKa2 calculations. *** logP value ± Residual Standard Deviation of
calibration curve for logP calculations.

2.2.12. ADMET (Absorption, Distribution, Metabolism, Excretion, Toxicity) Analysis

ADMET prediction was performed for 2c, which was the most active derivative among our tested
compound series. We used experimental values of logP and pKa1 obtained from the test described above.
ADMET prediction was made using ACD/Percepta software version 14.0.0 (Advanced Chemistry
Development, Inc., Toronto, Canada). ADMET prediction confirmed sufficient brain penetration
for central nervous system activity. The logPS value was equal −1.3. Compound 2c can penetrate
brain tissue: logBB was equal to -0.07, with 0.0081 for the fraction unbound in plasma and 0.01 for
the fraction unbound in the brain. Despite the promising results, the ACD/Percepta model does
not provided data on reliability of blood–brain barrier permeation testing, which is why the exact
predicted values should be treated carefully. The probability of a positive Ames test was 0.60 (reliability
index = 0.44). Compound 2c fulfils the Lipinsky’s rule of five, because it has smaller molecular weight
than 500, the correct number of hydrogen donors and acceptors, logP value is lower than 5, and TPSA
(Topological Polar Surface Area) is lower than 140. ADMET prediction confirmed that 2c has a good
profile as a potential anti-AD drug.

2.2.13. Molecular Modeling

In order to explain the binding mode of the obtained compounds in acetyl- and
butyrylcholinesterase, docking studies were performed. In the case of AChE, the tetrahydroacridine
moiety presented very consistent orientation for all compounds, creating π–π stacking and catio–π
interactions with Trp84 and Phe330 (Figure 5; Figure 6 and Figure S1). Additionally, the protonated
nitrogen atom created a hydrogen bond with the carbonyl group of His440. The arrangement of this
fragment was almost identical as in the case of bis-(7)-tacrine in the 2CKM crystal structure. Significant
differences between the compounds were observed for the dichlorobenzamide fragment. Compound
3a with a short linker, containing two carbon atoms, occurred in bent conformation, in which the
dichlorophenyl moiety created numerous hydrophobic interactions at the border of the anionic site
(Phe330 and Phe331) and peripheral anionic site (Tyr334, Tyr121, Tyr70, and Trp279). Extension of
the linker by one carbon atom (compound 3b) led to the conformation becoming extended. In this
conformation, the dichlorobenzene fragment created CH–π interactions with Trp279 and hydrophobic
interactions with Tyr70 and Tyr121. A hydrogen bond between the amide nitrogen atom and hydroxyl
group of Tyr121 was also observed (Figure 5A). Compound 3c, with the highest activity towards
AChE, presented a similar arrangement to 3b but a longer linker, which allowed beneficial π–π
stacking to be created with Trp279 and Tyr70, as well as CH–π interactions with Tyr121 (Figure 6A).
For compounds with five and six carbon linkers (3d and 3e), the top-rated configurations presented a
less beneficial, bent conformation, in which the possibility of creating a hydrogen bond with Tyr121
and π–π interactions within the peripheral anionic site were not observed, unlike compound 3c. This
explains the inactivity of these compounds. Compounds with a long linker (3f, 3g, and 3h) exist in an
extended conformation, creating π–π stacking with Trp279 and Tyr70, as well as CH–π interactions
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with Tyr121. Carbon linkers were located along the cavity of AChE, forming hydrophobic interactions
mainly with Tyr334.

Figure 5. Binding mode of compound 3b within acetylcholinesterase (A) and butyrylcholinesterase (B).

Figure 6. Binding mode of compound 3c within acetylcholinesterase (A) and butyrylcholinesterase (B).

In the case of BuChE, the tetrahydroacridine moiety was located almost identically as in AChE,
creating π–π stacking with Trp82 in the anionic site and hydrophobic interactions mainly with Trp430,
Tyr440, and Met437 ( Figure 5; Figure 6 and Figure S2). A hydrogen bond was also observed between
the protonated nitrogen atom and carbonyl group of His438. When docking to the AChE, significant
differences occurred in the arrangement of the dichlorobenzamide fragment. Compound 3a presented
a bent conformation, in which the dichlorophenyl moiety was oriented towards the acyl pocket,
creating CH–π interactions with Trp231 and hydrophobic interactions with Val288, Phe398, and Phe329.
For compound 3b, with the highest activity against BuChE, consistent poses in extended conformation
were observed. The dichlorophenyl fragment formed hydrophobic interactions with Tyr332 in the
peripheral anionic site (Figure 5B). Compound 3c occurred in a bent conformation, in which, in
addition to the interactions analogous to the ones for compound 3a, halogen bonded with His438
was observed (Figure 6B). Compound 3d also presented a bent conformation, but poses were less
consistent, and scores were lower. Similarly, inconsistent poses were observed for compound 3e. Such
docking results explained the inactivity of these compounds. Derivatives with a long carbon linker (3f,
3g, 3h) occurred in extended conformation, in which the dichlorobenzene ring reached the surface of
the BuChE, creating hydrophobic interactions with Tyr282, Ile356, and Pro285. Their carbon linkers
interacted mainly with Tyr332.
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3. Materials and Methods

3.1. Chemistry

Reactions were monitored by thin layer chromatography (TLC) using pre-coated silica gel
aluminum plates. The flash chromatography (Puri Flash 430, Interchim, Montluçon France) purifying
technique was performed using silica gel 60 (Merck, Darmstadt, Germany). Melting points (mp)
were determined using the electrothermal apparatus with open capillaries and were uncorrected.
The 1H NMR and spectra were recorded with a BrukerAvance III 600 MHz (Bruker, Billerica,
Massachusetts, USA) spectrometer with tetramethylsilane (TMS) as an internal standard using
DMSO-d6 or methanol-d4 as solvents. Mass spectra and high-resolution mass spectra (HRMS) analysis
were performed with the use of an Agilent Accurate-Mass Q-TOF LC/MS G6520B system with a dual
electrospray (DESI) source (Agilent Technologies, Santa Clara, California, USA). The detector in the
analysis was tuned in a positive mode with the use of the Agilent ESI-L tuning mix in high resolution
mode (4 GHz). Infrared (IR) spectra were recorded on the Mattson Infinity Series Fourier transform
infrared (FT-IR) (Mattson Instruments, Inc., Fremont, California, USA) spectrophotometer, in ATR.
All the chemical reagents used in the synthesis were obtained from commercial sources and used
without purification. All chemical reagents were form Sigma-Aldrich, Poznań, Poland.

The scheme for the synthesis of compounds 2a–2h and 3a–3h are shown in Scheme 1. Intermediates
1a–1h were prepared as described previously [26].

3.2. Biological Evaluation

3.2.1. In Vitro Inhibition Studies on EeAChE and EqBuChE

Cholinesterase activity assays of the synthesized compounds were determined as previously
reported using tacrine as a reference compound [43]. The substrate of the reaction was acetylthiocholine
iodide. The activity was measured using 0.4 mg/mL 5,5′-Dithio-bis(2-nitrobenzoic) acid (DTNB,
Ellman’s reagent) dissolved in phosphate buffer (pH 8.0). Next, 10 µL of AChE from electric eel
(2 U/mL) and BuChE from equine serum (4 U/mL) were added. Solutions of tested compounds and
the reference were prepared in nine different concentrations and used in 14 µL aliquots. The reaction
was initiated by the addition of 40 µL substrate (1 mM or 2 mM for AChE or BuChE, respectively).
The solutions were mixed and investigated in triplicate for 20 min at 30 ºC. A mixture without any
test compounds was used as a control. Changes in absorbance at 412 nm were recorded in 96-well
microplates using a spectrophotometric plate reader (Synergy H1, Biotek). Data are expressed as
mean ± SD of at least three independent experiments.

3.2.2. Kinetic Characterization of EeAChE Inhibition

Compound 3e was selected and kinetic studies were performed similar to the enzyme inhibition
assay. To obtain estimates of the inhibition type, reciprocal plots of 1/V versus 1/[S] were constructed.
The increase of the absorbance values was measured with different inhibitor concentrations (25, 75, 100
nM) and without inhibitor for the proposed substrate concentrations (ATI; 0.05–0.5 mM). All processes
were assayed in triplicate.

3.2.3. β-amyloid Assay

Amyloid β peptide (1–42) (Aβ42) was purchased from Sigma Aldrich and dissolved in DMSO to
give a concentration of 12.58 µM. The compounds under study were dissolved in phosphate buffer (pH
8.0) to final concentrations of 5, 25, 50, and 100 µM. The assays were performed in a black, flat bottom
96-well plate. Firstly, 10 µL of the samples with 10 µL of Aβ42 dissolved in phosphate buffer were
incubated for 24 h at room temperature. Samples of peptides without inhibitors were used as controls.
After 5 min incubation with the dye (20 µL of ThT), fluorescence was measured at 446 nm (excitation)
and 490 nm(emission). The percentage inhibition of the self-induced aggregation due to the presence
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of 3e was calculated by the following expression: 100-(IFi/IF0 × 100), where IFi and IF0 correspond
to the fluorescence intensities in the presence and absence of the tested compound, respectively [44].
The reported values were obtained as the mean ± SD for triplicates in three different experiments.

3.2.4. Cytotoxicity

Human hepatic stellate cells (HSCs, Sciencell) were cultured in the Stellate Cell Medium (Sciencell)
with 1% Stellate Cell Growth Supplement, 2% fetal bovine serum (FBS), and 1% penicillin/streptomycin
solution (Sciencell). Cells were kept in the incubator (37 ◦C, 5% CO2). At the beginning of the
experiment, cells were seeded in the 96-well plates at a density of 5 × 103 cells per well and incubated
in the incubator for 24 h. After the incubation period, medium was removed and HSCs were exposed
to 100 µL of the compound solutions over a range of concentrations (10–0.1 µM) or nothing but culture
medium (blank control). Cells were further incubated for 24 h. At the end, medium was removed,
cells were washed with PBS, and 50 µL of the MTT solution (0.75 mg/mL) was added to the cells. Plates
were kept in the dark for 2 h at 37 ◦C. Finally, the MTT solution was removed and 100 µL of DMSO was
added to each well. Plates with DMSO were kept at room temperature for 10 min. After this time, 5 µL
of Sorensen Buffer was added to each well. Plates were swayed and the absorbance was measured at a
wavelength of 570 nm by a microplate reader (Synergy H1, BioTek). The cell viability was expressed as
a percentage of the control values (blank control) [45–47].

3.2.5. Neuroprotection Against Oxidative Stress

Cell culture: the SH-SY5Y cells (human neuroblastoma, European Collection of Cell Culture)
were chosen for the neuroprotection assay of novel compounds against oxidative stress. Cells were
cultured in the Ham’s 12:EMEM (1:1) medium (Sigma Aldrich), supplemented with 15% FBS (Biowest),
100 units/mL of penicillin, 100 mg/mL of streptomycin (Biological Industries), 1% Non-Essential Amino
Acids (Biological Industries), and 2 mM glutamine (Sigma Aldrich).

MTT assays: cells were seeded in the 96-well plates at a density of 5 × 103 cells per well and
cultured in the incubator (37 ◦C, 5% CO2) for 24 h. After incubation, medium was removed and
cells were exposed to 100 µL of compound solution at different concentrations. Then, cells were
incubated for 24 h; after this time, SH-SY5Y cells were washed with PBS and 50 µL of the MTT solution
(0.75 mg/mL) was added to each well. The plates were incubated in the incubator (37 ◦C, 5% CO2)
for two hours. Then, MTT solution was removed and 100 µL DMSO was added to the wells. Plates
were kept at room temperature for 10 min and then 5 µL of Sorensen Buffer was added. The plates
were swayed, and the absorbance was measured by a microplate reader (Synergy H1, BioTek) at the
wavelength of 570 nm. The experiments were repeated three times and cell viability was expressed as
a percentage of the control values.

Neuroprotection: the potential neuroprotective activities of 3c against oxidative stress were
determined in three experiments. In the first experiment, hydrogen peroxide (H2O2) at the concentration
of 100 µM was used to generate exogenous free radicals. SH-SY5Y cells were incubated with compound
3c in a range of concentrations (10–0.01 µM) for 24 h. Then, H2O2 was added, and cells were incubated
with the compound and H2O2 for the next 24 h. In the second and third experiments, a mixture
of rotenone (30 µM) and oligomycin A (10 µM) (R/O) was used to induce mitochondrial reactive
oxygen species. In the second test, SH-SY5Y cells were incubated with compound 3c in a range of
concentrations (1–0.001 µM) for 24 h, before the addition of R/O. After incubation, the R/O mixture was
added and SH-SY5Y cells were incubated with 3c for next 24 h. In the third experiment, SH-SY5Y cells
were incubated for 24 h with the addition of compound 3c and the R/O mixture. After 24 h, 3c and the
R/O mixture were added at the same time and cells were further incubated for 24 h. Trolox was used
as a positive control. Cell death was measured by the MTT assay. Each experiment was performed in
triplicate. Data were shown as the percentage of the reduction of MTT in regard to the non-incubated
cells [28,29,40].
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3.2.6. Comet Assay

Cell culture: Human astrocytes (HA, Sciencell, USA) were grown in the Astrocyte Cell Medium
(Sciencell) supplemented with 2% fetal bovine serum (Sciencell), 1% Astrocyte Cell Growth Supplement
(Sciencell), and 1% penicillin/streptomycin solution (Sciencell). Cells were cultured in the incubator at
37 ◦C and 5% CO2. To start the experiment, cells were seeded at a density of 2 × 105 cells/well in the
6-well plates and were kept in the incubator (37 ◦C, 5% CO2) for 24 h. After the incubation period,
medium was removed. Then, cells were exposed to compound 3c (1 µM and 0.025 µM) and to tacrine
(1 µM), or nothing but control medium.

3.2.7. Determination of Global Histone H3 Phosphorylation (Ser 10)

Cell culture: Human astrocytes (HA, Sciencell, USA) were grown in the Astrocyte Cell Medium
(Sciencell) supplemented with 2% fetal bovine serum (Sciencell), 1% Astrocyte Cell Growth Supplement
(Sciencell), and 1% penicillin/streptomycin solution (Sciencell). Cells were cultured in the incubator at
37 ◦C and 5% CO2. To start the experiment, cells were seeded at the density of 1.5 × 106 cells/well in the
flasks and were kept in the incubator (37 ◦C, 5% CO2) for 24 h. After the incubation period, the medium
was removed. Then, the cells were exposed to compound 3c (1 µM and 0.025 µM) or nothing but
control medium for 24 h. Then, cells were collected and histone extracts from them were prepared.

The levels of histone H3 phosphorylation (Ser10) were determined using a Global Histone H3
phosphorylation (Ser10) colorimetric assay kit (Epigentek) according to the manufacturer’s instructions.
In the assay, the phosphorylated histone H3 at ser10 is captured in the wells of a 96-well plate coated
with an anti-phospho histone H3 antibody. The captured phosphorylated histone H3 (Ser10) is
detected with a labeled detection antibody followed by a color development reagent. The amount of
phosphorylated histone H3 is proportional to the intensity of absorbance, which is measured by the
microplate reader at a wavelength of 450 nm.

3.2.8. In Vivo Acute Oral Toxicity

Compound 3c was given orally (by gavage) in fixed doses, 5, 50, 300, or 2000 mg/kg body weight,
at each stage of the study. Compound 3c was administered at an initial dose of 300 mg/kg, as its
toxicity was unknown. According to the graph from the Organization for Economic Cooperation and
Development (OCED) 423 guideline, six test stages might be performed. Three animals (female mice
Balb/c) take part in each stage. The number of stages depends on the deaths of mice, which is the final
test parameter. Results allowed for the classification of compound 3c into a Globally Harmonized
Classification System for Chemical Substances and Mixtures (GHS) category. Moreover, the LD50

cut-off values were determined. The research was carried out on the basis of the agreement of the Local
Ethical Committee for animal testing in Łódź No. 56/115 ŁB/2018. Compound 3c was administrated in
a first dose of 300 mg/kg of body weight.

The testing protocol is as follows: After the initial dose of 300 mg/kg body weight, if 2–3 mice
die, the compound is given at a lower dose (50 mg/kg). The lowest dose (5 mg/kg) is administrated
if 2–3 animals die after the 50 mg/kg dose. If there are no deaths or only one mouse dies after
administration of the 300 mg/kg dose, the compound is given again at the same dose (300 mg/kg). If
there are no deaths again, the highest dose (2000 mg/kg) is given. After each dose, the mice are observed
for 14 days. After the observation period, the animals are sacrificed by intraperitoneal administration
of a lethal dose of pentobarbital sodium and subjected to a post-mortem examination [48].

3.2.9. In Vitro Inhibition Studies on HYAL

The hyaluronidase inhibition assay was set by turbidimetry according to USP XXII-NF XVII,
modified by Piwowarski, to the 96-wells plates test [49,50]. Tested compound solutions were freshly
prepared before the assay. The protocol started with the addition of 20 µL of the tested compound in
monosodium phosphate buffer and 40 µL of hyaluronidase solution (22.5 U/mL, Sigma Aldrich) to
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each well. The plate was kept in the dark (10 min, 37 ◦C). In the next step, 40 µL of hyaluronic acid
solution (0.03%, Sigma Aldrich) in monosodium phosphate buffer was added to the wells and the
plate was incubated again (45 min, 37 ◦C). Finally, 300 µL of bovine serum albumin (0.1%, Serva) in
sodium acetate buffer was added to the wells and the mixture was kept at room temperature for 10 min.
The assay was carried out in triplicate. Changes in turbidity were measured by a microplate reader
(BioTek, Winooski, VT, USA) at 600 nm. Heparin (WZF, Polfa, Warszawa, Poland) was the positive
control [35]. The inhibitory activity of the tested compound was calculated from the Equation (1):

% inhibition = 100x
(
1−

(
AHA −AAN

AHA −AHYAL

))
(1)

where AHA is the absorbance of solution without the enzyme (positive control), AHYAL is the
absorbance of solution without the tested compound (negative control), and AAN is the absorbance of
solution with the tested compound.

3.2.10. pKa Assay

Potassium dihydrogen phosphate, potassium hydroxide, and methanol (POCH, Gliwice, Poland)
were used to prepare the buffer solution. Stock buffer solution was prepared from 500 mL 0.02M
potassium dihydrogen phosphate solution by adding 500 mL methanol. Working buffers were prepared
by titrating stock buffer by 0.1M potassium hydroxide solution in a water/methanol mix (1:1). The pH
value was set from 5.6 to 12.4 by 0.2 pH value per step. The measurement of pH was performed
at 23 ◦C using a Mettler Toledo FiveEasy pH-meter with Lab pH electrode LE438 (Mettler Toledo).
Our tested compound solution was 5 µM solution in a methanol/water (1:1) mix.

Spectrophotometric measurement was performed in a 96-well plate by using a Synergy H1
microplate reader (BioTek) with Gen5 software (BioTek). The full assay consisted of 35 UV spectra
measurements, one for each work buffer solution. For the assay, 180 µL sequent work buffer and
20 µL tested compound solution was added to each of the 35 wells. For the blank, each of the 35 wells
was administered with 200 µL sequent work buffer only. The measurement was performed at 23 ◦C.
The spectra range was set from 280 to 380 nm by 1 nm steps. Obtained spectra were used to obtain
experimental values of pKa as described previously [40]. All calculations were performed at ratios of
336/310 nm and 310/336 nm to avoid influence of apparatus noise, with the mean value as the final
result. Experimental results were compared with computer calculated values. Computer calculations of
pKa values were performed by chemicalize.com online software (ChemAxon 2018, Budapest, Hungary)
and ACD/Percepta version 14.0.0 (Advance Chemistry Development, Inc., Toronto, Canada).

3.2.11. LogP Assay

Methanol (POCH) was used as the organic modifier. Demineralized water was purified in our
faculty. Triethylamine (TEA) (Sigma Aldrich) was used to achieve pH 11 and a concentration of 30 mM
in methanol and water solution, because of the basic character of the test compound. Ten isocratic
mobile phases were used in the calibration and assay. The first mobile phase was a 50:50 mix of 30 mM
TEA methanol solution and 30 mM TEA water solution. Each subsequent mobile phase contained 5%
more 30 mM TEA methanol solution and 5% less of 30 mM TEA water solution. The last mobile phase
was composed of a 95:5 mix of 30 mM TEA methanol solution and 30 mM TEA water solution. The basic
properties of the mobile phase did not affect the retention times of neutral calibration compounds.

The compounds used to prepare the calibration curve are listed in Table 5. Calibration compounds
were selected in terms of similarity in structure to the test compounds. Stock solutions of calibration
compounds and test compound were prepared in the mobile phase with the weakest eluting power of
about 1 mg/mL. The injection concentration was about 100 µg/mL, and the injection volume was 7 µL.



Int. J. Mol. Sci. 2020, 21, 3765 16 of 21

Table 5. Substances used to prepare the calibration curve.

Substance Name
Experimental Properties

logP [51] pKa

Procainamide HCl 0.88 9.32 [52]
Tacrine 2.71 9.95 [53]
Thymol 3.3 -

Naphtalene 3.6 -
Promazine HCl 4.55 9.36 [52]

Prometazine HCl 4.81 9.1 [52]
Chlorpromazine HCl 5.41 9.3 [51]

Thiorydazine HCl 5.9 9.5 [54]

A Waters 600 HPLC system with photodiode array detector (PDA) and chromatographic column
Xbridge C18 50mm x 4.6mm i.d., 3.5 µm (Waters) was used. The detector was set at a respective
optimum absorption wavelength for each compound. Data acquisition and processing were performed
on a Waters Millennium software.

The procedure was performed according to Chao Liang et al. [42] with modifications. To prepare the
calibration curve (Figure 1), each calibration compound was eluted by all mobile phases. All obtained
retention times (tR) were placed in Equation (2):

log k = log
(

tR− t0

t0

)
(2)

where value t0 was the time until death and Logk values were used to calculated logkw values of each
calibration compound by the linear regression method and extrapolation.

The test compound was eluted by all mobile phases. Retention times were used in the same
mathematical equations as in calibration to calculate the logkw value. The LogP value was read from
calibration curve.

3.2.12. Molecular Modeling

Three-dimensional structures of synthesized compounds were prepared using Corina on-line
(Molecular Networks and Altamira). Atom types were checked, hydrogen atoms were added,
and Gasteiger–Marsili charges were assigned with Sybyl 8.0 (Tripos). Acetylcholinesterase from 2CKM
and butyrylcholinesterase from 1P0I crystal structures were selected for ligand docking. These proteins
were prepared in the following way: All histidine residues were protonated at Nε, the hydrogen
atoms were added, and ligands and water molecules were removed. The binding site was defined
as all amino acid residues within 10 Å from bis-(7)-tacrine for AChE and 20 Å from the glycerol
molecule present in the active center of BuChE. Docking was performed with GoldSuite 5.1 (CCDC).
The standard settings of the genetic algorithm with population size 100, number of operations 100,000,
and clustering tolerance of 1 Å were applied. After the docking process, 10 ligand poses, sorted by
GoldScore (for AChE) and ChemScore (for BuChE) were obtained. PyMOL 0.99rc6 (DeLano Scientific
LLC) was used to visualize the results of docking.

3.2.13. The Yeast Three-Hybrid Technology (Y3H)

The putative induction of interactions between hybrid ligands and five selected proteins was
evaluated by the Y3H method. Plasmids containing AChE, A4, BACE-1A, MAO B, and MAPT were
prepared by Gene Universal Inc. (Newark, DE, USA). The company maintained cDNA synthesis and
cloning of inserts in a proper frame, such as the NdeI/BamHI fragments into the pGBKT7 (AChE)
or pGADT7 (A4, BACE1A, MAO B, MAPT) vectors. Moreover, the yeast codon optimization
was realized to facilitate the high expression of human recombinant proteins in Saccharomyces
cerevisiae. The cDNA encoding for human AChE (GenBank M55040.1) was modified by removing
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the fragments for a signal peptide (aa 1–51) and the domain responsible for protein tetramerization
(aa 578–611). The prepared pGBKT7-hAChE plasmid contained the cDNA fragment encoding
for aa 52–577. The pGADT7-hA4 construct was prepared from the human amyloid A4 protein
fragment (UniProtKB-P05067-1), encoding for the 42 aa protein (aa 672–713). The pGADT7-hBACE1A
plasmid was built from cDNA for the extracellular, N-terminal domain (aa 46–457) of BACE1A
(GenBank: AF204943.1). Therefore, fragments encoding for signal peptide (aa 1–21), pro-peptide (aa
22–45), transmembrane (aa 458–478), and cytoplasmic (aa 479–501) domains were removed from the
pGADT7-hBACE1A plasmid. The pGADT7-hMAPT plasmid was obtained from the cDNA encoding
for the entire protein (aa 1–758) (UniProtKB-P10636-1). Finally, the pGADT7-hMAO B plasmid was
produced from the cDNA encoding for cytoplasmic domain (aa 1–489) of human MAO B. All prepared
plasmids were used to transform competent S. cerevisiae cells as described in the manual of the
Matchmaker Gold yeast two-hybrid system (Takara/Clontech, USA). The pGBKT7-hAChE plasmid
was used to transform the Y2HGold strain. The remaining four plasmids were applied to transform the
Y187 strain. Transformed yeast strain Y2HGold (pGBKT7-hAChE) was tested for bait autoactivation.
All negative and positive controls described in the manual of the Matchmaker Gold yeast two-hybrid
system were performed.

The putative protein–protein interactions between bait (AChE) and the four preys (A4, BACE1A,
MAO B, and MAPT) were analyzed by the small-scale mating procedure (5mL) based on the Matchmaker
Gold yeast two-hybrid system manual recommendations. The prepared mixture was plated on DDO
agar plates containing Aureobasidin A (200 ng/mL) and X-α-Gal (40 µg/mL) (DDO/X/A) to screen for
putative protein–protein interactions. Then, the small-scale mating procedure in the volume of 10 mL
was performed in the presence of hybrid ligands. The hybrid ligands were added to the mating solution
at the concentration of 10 µM to initiate the putative hybrid ligand-mediated protein interactions.
Suspension of mated cells was plated on DDO/X/A agar plates containing 10 µM hybrid ligand. Blue
colony was transferred onto the QDO agar plates containing Aureobasidin A (200 ng/mL), X-α-Gal
(40 µg/mL) (QDO/X/A), and 10 µM hybrid ligand to confirm the presence of interactions. The obtained
blue colony was spread on QDO/X/A agar plates without the hybrid ligand.

The yeast β-galactosidase assay kit (ThermoFisher Scientific, USA) was applied to quantitatively
analyze the strength of the hybrid-ligand induced interactions.

To evaluate the β-galactosidase activity in the yeast culture, the yeast β-galactosidase microplate
assay protocol (stopped) was used according to the manufacturer’s instructions. The appropriate kit
was supplied by Thermo Fischer Scientific (USA) [55]. The lack of protein–protein interactions between
AChE and BACE-1 was excluded in control tests. The yeast cells used in the assay were grown for 96 h
(30 0C) on liquid QDO medium, containing 150 µg/mL aureobasidin A, 10 µM ligand, and 40 µg/mL
X-α-Gal. The optical densities at 660 nm and absorbance at 420 nm were evaluated by (Synergy H1,
Biotek). In the quantitative β-galactosidase assay, the hybrid ligand 3c was used. Each assay was
performed in triplicate.

4. Conclusions

New conjugates of tacrine with 3,5-dichlorobenzoic acid derivatives were synthesized and their
structures established. The presented compounds constitute a class of tetrahydroacridine derivatives
with a wide range of biological activities. New drug candidates were designed and synthesized to
find a multi-target directed ligand. The assumption was to develop derivatives able to simultaneously
affect many key mechanisms of AD. The biological screening results demonstrate that most of the
synthetic tetrahydroacridine derivatives exhibited good EeAChE and EqBuChE inhibition, except
3d and 3e. Four of the new compounds demonstrate selectivity towards BuChE and two towards
AChE. The spectrum of biological activity changed with the change of spacer in the structure. Kinetic
study on the mechanism of EeAChE inhibition and molecular modelling of the selected derivative 3c
were consistent with mixed inhibition. In addition, 3c was a better BuChE inhibitor than donepezil.
Compound 3c showed other promising properties: it demonstrated good inhibition of self-induced
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Aβ1-42 aggregation and displayed neuroprotective activity against oxidative stress. As confirmed
in three experiments, 3c could be considered as a free-radical scavenger. In addition, it possessed
an LD50 value 10–52.5-fold higher than tacrine. The study identified the toxicity class of the new
compounds before in vivo assay. Based on in vivo acute oral toxicity, 3c was classified as Category 4
GHS, with LD50 cut-off values of 500 mg/kg. Computational ADMET profiles predict that 2c has a good
profile as a potential anti-AD substance, and the improvement of water solubility due the hydrochloride
form indicates that 3c is a promising anti-Alzheimer drug candidate. Unfortunately, 3c has poor
anti-inflammatory properties. The results of the Y3H test suggest that the examined hybrid ligand may
mediate the interactions only between AChE and BACE-1A. Previous experiments in our lab suggested
the interaction between AChE and BACE-1A was mediated by another cyclopentaquinoline-derivative
hybrid ligand [40]. Presented data confirm the interaction between AChE and BACE-1 is mediated by
hybrid ligand 3c in the in vivo conditions. The moderate value of this interaction (88.69 ± 2.57 units)
putatively depends on the structure of the active cleft of AChE and BACE-1 and the affinity of hybrid
ligand binding to both enzymes.
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s1. Figure S1. Binding mode of compound 3a (A), 3d (B), 3e (C), 3f (D), 3g (E) and 3h (F) within acetylcholinesterase.
Figure S2. Binding mode of compound 3a (A), 3d (B), 3e (C), 3f (D), 3g (E) and 3h (F) within butyrylcholinesterase.

Author Contributions: Conceptualization, Methodology, Literature Review, Original Draft Preparation, Synthesis,
Structure Analysis, Biological Tests (Ellman, Kinetics, beta-Amyloid, ABTS, DPPH), and Analysis and Interpretation
of all Results: K.C. and P.S.; Hepatotoxicity, Neuroprotection and HYAL Analysis, and In-vivo Assays M.G.; MS
and IR analysis, R.S.; Molecular modelling, K.Ł., J.J., and M.B.; logP and pKa analysis and Editing, P.K.; Comet
Assays, J.K., A.W., G.G., and I.M.; Y3H system preparation, P.S.; Preparing Compounds for Assays P.W. All authors
have read and agreed to the published version of the manuscript.

Funding: Financial support by grant 2015/19/B/NZ7/02847 from the National Science Centre, Poland is gratefully
acknowledged. Local ethics committee for animal experiments in Lodz permission no: 57/ŁB115/2018 Title:” Acute
toxicity assessment of new tetrahydroacridine derivatives on a domestic mouse model in accordance with OECD
423” 13.11.2018.

Acknowledgments: The research was developed using the equipment purchased due to the Project “The equipment
of innovative laboratories doing research on new medicines used in the therapy of civilization and neoplastic
diseases” within the Operational Program Development of Eastern Poland 2007–2013, Priority Axis I Modern
Economy, Operations I.3 Innovation Promotion.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nyberg, J.; Aberg, M.A.I.; Schioler, L.; Nilsson, M.; Wallin, A.; Toren, K.; Kuhn, H.G. Cardiovascular and
cognitive fitness at age 18 and risk of early-onset dementia. Brain 2014, 137, 1514–1523. [CrossRef] [PubMed]

2. Prince, M.; Wimo, A.; Guerchet, M.; Ali, G.C.; Wu, Y.T.; Prina, M. World Alzheimer Report 2015 The Global
Impact of Dementia An Analysis of Prevalence, Incidence, Cost and Trends; Alzheimer’s Disease International
(ADI): London, UK, 2015.

3. Cummings, J.; Aisen, P.S.; DuBois, B.; Frolich, L.; Jack, C.R.; Jones, R.W.; Morris, J.C.; Raskin, J.; Dowsett, S.A.;
Scheltens, P. Drug development in Alzheimer’s disease: The path to 2025. Alzheimers Res. Ther. 2016, 8, 12.
[CrossRef] [PubMed]

4. Norton, S.; Matthews, F.E.; Barnes, D.E.; Yaffe, K.; Brayne, C. Potential for primary prevention of Alzheimer’s
disease: An analysis of population-based data. Lancet Neurol. 2014, 13, 788–794. [CrossRef]

5. Genin, E.; Hannequin, D.; Wallon, D.; Sleegers, K.; Hiltunen, M.; Combarros, O.; Bullido, M.J.; Engelborghs, S.;
De Deyn, P.; Berr, C.; et al. APOE and Alzheimer disease: A major gene with semi-dominant inheritance.
Mol. Psychiatry 2011, 16, 903–907. [CrossRef]

6. Karran, E.; Mercken, M.; De Strooper, B. The amyloid cascade hypothesis for Alzheimer’s disease: An appraisal
for the development of therapeutics. Nat. Rev. Drug Discov. 2011, 10, 698–712. [CrossRef] [PubMed]

7. Lin, X.; Koelsch, G.; Wu, S.; Downs, D.; Dashti, A.; Tang, J. Human aspartic protease memapsin 2 cleaves the
β-secretase site of β-amyloid precursor protein. Proc. Natl. Acad. Sci. USA 2000, 97, 1456. [CrossRef]

8. Lee, J.; Jun, M. Dual BACE1 and Cholinesterase Inhibitory Effects of Phlorotannins from Ecklonia cava-An In
Vitro and in Silico Study. Mar. Drugs 2019, 17, 91. [CrossRef]

http://www.mdpi.com/1422-0067/21/11/3765/s1
http://www.mdpi.com/1422-0067/21/11/3765/s1
http://dx.doi.org/10.1093/brain/awu041
http://www.ncbi.nlm.nih.gov/pubmed/24604561
http://dx.doi.org/10.1186/s13195-016-0207-9
http://www.ncbi.nlm.nih.gov/pubmed/27646601
http://dx.doi.org/10.1016/S1474-4422(14)70136-X
http://dx.doi.org/10.1038/mp.2011.52
http://dx.doi.org/10.1038/nrd3505
http://www.ncbi.nlm.nih.gov/pubmed/21852788
http://dx.doi.org/10.1073/pnas.97.4.1456
http://dx.doi.org/10.3390/md17020091


Int. J. Mol. Sci. 2020, 21, 3765 19 of 21

9. Dong, Y.; Li, X.H.; Cheng, J.B.; Hou, L. Drug Development for Alzheimer’s Disease: Microglia Induced
Neuroinflammation as a Target? Int. J. Mol. Sci. 2019, 20, 24. [CrossRef]

10. Scheltens, P.; Blennow, K.; Breteler, M.M.B.; de Strooper, B.; Frisoni, G.B.; Salloway, S.; Van der Flier, W.M.
Alzheimer’s disease. Lancet 2016, 388, 505–517. [CrossRef]

11. Song, Q.; Li, Y.; Cao, Z.C.; Liu, H.Y.; Tian, C.Q.; Yang, Z.Y.; Qiang, X.M.; Tan, Z.H.; Deng, Y. Discovery of
novel 2,5-dihydroxyterephthalamide derivatives as multifunctional agents for the treatment of Alzheimer’s
disease. Bioorganic Med. Chem. 2018, 26, 6115–6127. [CrossRef]

12. Luo, L.; Song, Q.; Li, Y.; Cao, Z.C.; Qiang, X.M.; Tan, Z.H.; Deng, Y. Design, synthesis and evaluation of
phthalide alkyl tertiary amine derivatives as promising acetylcholinesterase inhibitors with high potency
and selectivity against Alzheimer’s disease. Bioorganic Med. Chem. 2020, 28, 14. [CrossRef] [PubMed]

13. Liston, D.R.; Nielsen, J.A.; Villalobos, A.; Chapin, D.; Jones, S.B.; Hubbard, S.T.; Shalaby, I.A.; Ramirez, A.;
Nason, D.; White, W.F. Pharmacology of selective acetylcholinesterase inhibitors: Implications for use in
Alzheimer’s disease. Eur. J. Pharmacol. 2004, 486, 9–17. [CrossRef] [PubMed]

14. Pedrosa, M.D.; da Cruz, R.M.D.; Viana, J.D.; de Moura, R.O.; Ishiki, H.M.; Barbosa, J.M.; Diniz, M.; Scotti, M.T.;
Scotti, L.; Mendonca, F.J.B. Hybrid Compounds as Direct Multitarget Ligands: A Review. Curr. Top. Med. Chem.
2017, 17, 1044–1079. [CrossRef] [PubMed]

15. Sameem, B.; Saeedi, M.; Mahdavi, M.; Shafiee, A. A review on tacrine-based scaffolds as multi-target drugs
(MTDLs) for Alzheimer’s disease. Eur. J. Med. Chem. 2017, 128, 332–345. [CrossRef]

16. Kou, X.D.; Song, L.L.; Wang, Y.H.; Yu, Q.; Ju, H.; Yang, A.H.; Shen, R. Design, synthesis and anti-Alzheimer’s
disease activity study of xanthone derivatives based on multi-target strategy. Bioorg. Med. Chem. Lett. 2020,
30, 5. [CrossRef]

17. Baker, K.; Sengupta, D.; Salazar-Jimenez, G.; Cornish, V.W. An optimized dexamethasone-methotrexate yeast
3-hybrid system for high-throughput screening of small molecule-protein interactions. Anal. Biochem. 2003,
315, 134–137. [CrossRef]

18. Causier, B.; Davies, B. Analysing protein-protein interactions with the yeast two-hybrid system. Plant Mol. Biol.
2002, 50, 855–870. [CrossRef]

19. Hamdi, A.; Colas, P. Yeast two-hybrid methods and their applications in drug discovery. Trends Pharmacol.
Sci. 2012, 33, 109–118. [CrossRef]

20. Cottier, S.; Monig, T.; Wang, Z.M.; Svoboda, J.; Boland, W.; Kaiser, M.; Kombrink, E. The yeast three-hybrid
system as an experimental platform to identify proteins interacting with small signaling molecules in plant
cells: Potential and limitations. Front. Plant Sci. 2011, 2, 12. [CrossRef]

21. Henthorn, D.C.; Jaxa-Chamiec, A.A.; Meldrum, E. A GAL4-based yeast three-hybrid system for the
identification of small molecule-target protein interactions. Biochem. Pharmacol. 2002, 63, 1619–1628.
[CrossRef]

22. Licitra, E.J.; Liu, J.O. A three-hybrid system for detecting small ligand-protein receptor interactions. Proc. Natl.
Acad. Sci. USA 1996, 93, 12817–12821. [CrossRef] [PubMed]

23. Czarnecka, K.; Chufarova, N.; Halczuk, K.; Maciejewska, K.; Girek, M.; Skibinski, R.; Jonczyk, J.; Bajda, M.;
Kabzinski, J.; Majsterek, I.; et al. Tetrahydroacridine derivatives with dichloronicotinic acid moiety as
attractive, multipotent agents for Alzheimer’s disease treatment. Eur. J. Med. Chem. 2018, 145, 760–769.
[CrossRef] [PubMed]

24. Czarnecka, K.; Szymanski, P.; Girek, M.; Mikiciuk-Olasik, E.; Skibinski, R.; Kabzinski, J.; Majsterek, I.;
Malawska, B.; Jonczyk, J.; Bajda, M. Tetrahydroacridine derivatives with fluorobenzoic acid moiety as
multifunctional agents for Alzheimer’s disease treatment. Bioorganic Chem. 2017, 72, 315–322. [CrossRef]
[PubMed]

25. Szymanski, P.; Markowicz, M.; Mikiciuk-Olasik, E. Synthesis and biological activity of derivatives of
tetrahydroacridine as acetylcholinesterase inhibitors. Bioorganic Chem. 2011, 39, 138–142. [CrossRef]

26. Szymanski, P.; Zurek, E.; Mikiciuk-Olasik, E. New tacrine-hydrazinonicotinamide hybrids as
acetylcholinesterase inhibitors of potential interest for the early diagnostics of Alzheimer’s disease. Pharmazie
2006, 61, 269–273. [CrossRef]

27. Newhouse, K.; Hsuan, S.L.; Chang, S.H.; Cai, B.B.; Wang, Y.P.; Xia, Z.G. Rotenone-induced apoptosis is
mediated by p38 and JNK MAP kinases in human dopaminergic SH-SY5Y cells. Toxicol. Sci. 2004, 79,
137–146. [CrossRef]

http://dx.doi.org/10.3390/ijms20030558
http://dx.doi.org/10.1016/S0140-6736(15)01124-1
http://dx.doi.org/10.1016/j.bmc.2018.11.015
http://dx.doi.org/10.1016/j.bmc.2020.115400
http://www.ncbi.nlm.nih.gov/pubmed/32146060
http://dx.doi.org/10.1016/j.ejphar.2003.11.080
http://www.ncbi.nlm.nih.gov/pubmed/14751402
http://dx.doi.org/10.2174/1568026616666160927160620
http://www.ncbi.nlm.nih.gov/pubmed/27697048
http://dx.doi.org/10.1016/j.ejmech.2016.10.060
http://dx.doi.org/10.1016/j.bmcl.2019.126927
http://dx.doi.org/10.1016/S0003-2697(02)00698-X
http://dx.doi.org/10.1023/A:1021214007897
http://dx.doi.org/10.1016/j.tips.2011.10.008
http://dx.doi.org/10.3389/fpls.2011.00101
http://dx.doi.org/10.1016/S0006-2952(02)00884-5
http://dx.doi.org/10.1073/pnas.93.23.12817
http://www.ncbi.nlm.nih.gov/pubmed/8917502
http://dx.doi.org/10.1016/j.ejmech.2018.01.014
http://www.ncbi.nlm.nih.gov/pubmed/29353726
http://dx.doi.org/10.1016/j.bioorg.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28501648
http://dx.doi.org/10.1016/j.bioorg.2011.05.001
http://dx.doi.org/10.1002/chin.200629134
http://dx.doi.org/10.1093/toxsci/kfh089


Int. J. Mol. Sci. 2020, 21, 3765 20 of 21

28. Romero, A.; Egea, J.; Gonzalez-Munoz, G.C.; de Saavedra, M.D.M.; del Barrio, L.; Rodriguez-Franco, M.I.;
Conde, S.; Lopez, M.G.; Villarroya, M.; de los Rios, C. ITH12410/SC058: A New Neuroprotective Compound
with Potential in the Treatment of Alzheimer’s Disease. ACS Chem. Neurosci. 2014, 5, 770–775. [CrossRef]

29. Gonzalez-Munoz, G.C.; Arce, M.R.; Lopez, B.; Perez, C.; Romero, A.; del Barrio, L.; Martin-de-Saavedra, M.D.;
Egea, J.; Leon, R.; Villarroya, M.; et al. N-Acylaminophenothiazines: Neuroprotective agents displaying
multifunctional activities for a potential treatment of Alzheimer’s disease. Eur. J. Med. Chem. 2011, 46,
2224–2235. [CrossRef]

30. Chen, K.L.; Zhang, S.L.; Ke, X.X.; Qi, H.Y.; Shao, J.M.; Shen, J. Biphasic reduction of histone H3 phosphorylation
in response to N-nitroso compounds induced DNA damage. Biochim. Biophys. Acta-Gen. Subj. 2016, 1860,
1836–1844. [CrossRef]

31. Ozawa, K. Reduction of phosphorylated histone H3 serine 10 and serine 28 cell cycle marker intensities after
DNA damage. Cytom. Part. A 2008, 73A, 517–527. [CrossRef]

32. Salvamani, S.; Gunasekaran, B.; Shukor, M.Y.; Shaharuddin, N.A.; Sabullah, M.K.; Ahmad, S.A.
Anti-HMG-CoA Reductase, Antioxidant, and Anti-Inflammatory Activities of Amaranthus viridis Leaf
Extract as a Potential Treatment for Hypercholesterolemia. Evid. Based Complement. Altern. Med. 2016, 10.
[CrossRef]

33. Nishida, Y.; Sugahara, S.; Wada, K.; Toyohisa, D.; Tanaka, T.; Ono, M.; Yasuda, S. Inhibitory effects of the
ethyl acetate extract from bulbs of Scilla scilloides on lipoxygenase and hyaluronidase activities. Pharm. Biol.
2014, 52, 1351–1357. [CrossRef] [PubMed]

34. Zeng, H.J.; Ma, J.; Yang, R.; Jing, Y.; Qu, L.B. Molecular Interactions of Flavonoids to Hyaluronidase: Insights
from Spectroscopic and Molecular Modeling Studies. J. Fluoresc. 2015, 25, 941–959. [CrossRef] [PubMed]

35. Michel, P.; Owczarek, A.; Matczak, M.; Kosno, M.; Szymanski, P.; Mikiciuk-Olasik, E.; Kilanowicz, A.;
Wesolowski, W.; Olszewska, M.A. Metabolite Profiling of Eastern Teaberry (Gaultheria procumbens L.)
Lipophilic Leaf Extracts with Hyaluronidase and Lipoxygenase Inhibitory Activity. Molecules 2017, 22, 16.
[CrossRef] [PubMed]

36. Gallagher, S.S.; Miller, L.W.; Cornish, V.W. An orthogonal dexamethasone-trimethoprim yeast three-hybrid
system. Anal. Biochem. 2007, 363, 160–162. [CrossRef]

37. De Felipe, K.S.; Carter, B.T.; Althoff, E.A.; Cornish, V.W. Correlation between ligand-receptor affinity and the
transcription readout in a yeast three-hybrid system. Biochemistry 2004, 43, 10353–10363. [CrossRef]

38. Banerjee, P.; Eckert, A.O.; Schrey, A.K.; Preissner, R. ProTox-II: A webserver for the prediction of toxicity of
chemicals. Nucleic Acids Res. 2018, 46, W257–W263. [CrossRef]

39. Shutske, G.M.; Pierrat, F.A.; Cornfeldt, M.L.; Szewczak, M.R.; Huger, F.P.; Bores, G.M.; Haroutunian, V.;
Davis, K.L. (.+-.)-9-Amino-1,2,3,4-tetrahydroacridin-1-ol. A potential Alzheimer’s disease therapeutic of low
toxicity. J. Med. Chem. 1988, 31, 1278–1279. [CrossRef]

40. Czarnecka, K.; Girek, M.; Krecisz, P.; Skibinski, R.; Latka, K.; Jonczyk, J.; Bajda, M.; Kabzinski, J.; Majsterek, I.;
Szymczyk, P.; et al. Discovery of New Cyclopentaquinoline Analogues as Multifunctional Agents for the
Treatment of Alzheimer’s Disease. Int. J. Mol. Sci. 2019, 20, 22. [CrossRef]

41. Musil, K.; Florianova, V.; Bucek, P.; Dohnal, V.; Kuca, K.; Musilek, K. Development and validation of a
FIA/UV-vis method for pK(a) determination of oxime based acetylcholinesterase reactivators. J. Pharm.
Biomed. Anal. 2016, 117, 240–246. [CrossRef]

42. Liang, C.; Qiao, J.Q.; Lian, H.Z. Determination of reversed-phase high performance liquid chromatography
based octanol-water partition coefficients for neutral and ionizable compounds: Methodology evaluation.
J. Chromatogr. A 2017, 1528, 25–34. [CrossRef] [PubMed]

43. Ellman, G.L.; Courtney, K.D.; Andres, V.; Featherstone, R.M. A NEW AND RAPID COLORIMETRIC
DETERMINATION OF ACETYLCHOLINESTERASE ACTIVITY. Biochem. Pharmacol. 1961, 7, 88–95.
[CrossRef]

44. Bartolini, M.; Bertucci, C.; Bolognesi, M.L.; Cavalli, A.; Melchiorre, C.; Andrisano, V. Insight into the kinetic
of amyloid beta(1-42) peptide self-aggregation: Elucidation of inhibitors’ mechanism of action. Chembiochem
2007, 8, 2152–2161. [CrossRef] [PubMed]

45. Plumb, J.A. Cell sensitivity assays. In Cytotoxic Drug Resistance Mechanisms; Brown, R., Böger-Brown, U.,
Eds.; Humana Press: Totowa, NJ, USA, 1999; Volume 28, pp. 25–30.

http://dx.doi.org/10.1021/cn500131t
http://dx.doi.org/10.1016/j.ejmech.2011.03.003
http://dx.doi.org/10.1016/j.bbagen.2016.05.028
http://dx.doi.org/10.1002/cyto.a.20559
http://dx.doi.org/10.1155/2016/8090841
http://dx.doi.org/10.3109/13880209.2014.891140
http://www.ncbi.nlm.nih.gov/pubmed/25026344
http://dx.doi.org/10.1007/s10895-015-1576-3
http://www.ncbi.nlm.nih.gov/pubmed/26006100
http://dx.doi.org/10.3390/molecules22030412
http://www.ncbi.nlm.nih.gov/pubmed/28272321
http://dx.doi.org/10.1016/j.ab.2006.12.013
http://dx.doi.org/10.1021/bi049716n
http://dx.doi.org/10.1093/nar/gky318
http://dx.doi.org/10.1021/jm00402a002
http://dx.doi.org/10.3390/ijms20030498
http://dx.doi.org/10.1016/j.jpba.2015.09.010
http://dx.doi.org/10.1016/j.chroma.2017.10.064
http://www.ncbi.nlm.nih.gov/pubmed/29103597
http://dx.doi.org/10.1016/0006-2952(61)90145-9
http://dx.doi.org/10.1002/cbic.200700427
http://www.ncbi.nlm.nih.gov/pubmed/17939148


Int. J. Mol. Sci. 2020, 21, 3765 21 of 21

46. Mao, F.; Li, J.H.; Wei, H.; Huang, L.; Li, X.S. Tacrine-propargylamine derivatives with improved
acetylcholinesterase inhibitory activity and lower hepatotoxicity as a potential lead compound for the
treatment of Alzheimer’s disease. J. Enzym. Inhib. Med. Chem. 2015, 30, 995–1001. [CrossRef] [PubMed]

47. Chen, X.Y.; Zenger, K.; Lupp, A.; Kling, B.; Heilmann, J.; Fleck, C.; Kraus, B.; Decker, M. Tacrine-Silibinin
Codrug Shows Neuro- and Hepato protective Effects in Vitro and Pro-Cognitive and Hepatoprotective
Effects in Vivo. J. Med. Chem. 2012, 55, 5231–5242. [CrossRef]

48. Acute oral toxicity - Acute toxic class method. In OECD Guidelines for the Testing of Chemicals; OECD: Paris,
France, 2002; No. 432; p. 14.

49. USP Convention. USP XXII; United States Pharmacopeial Convention, Inc.: Rockville, MD, USA, 1990.
50. Piwowarski, J.P.; Kiss, A.K.; Kozlowska-Wojciechowska, M. Anti-hyaluronidase and anti-elastase activity

screening of tannin-rich plant materials used in traditional Polish medicine for external treatment of diseases
with inflammatory background. J. Ethnopharmacol. 2011, 137, 937–941. [CrossRef]

51. Hansch, C.; Leo, A.; Hoekman, D. Exploring QSAR: Hydrophobic, Electronic, and Steric Constants; American
Chemical Society: Washington, DC, USA, 1995.

52. Sangster, J. Octanol-Water Partition Coefficients: Fundamentals and Physical Chemistry; Wiley: Chichester,
UK, 1997.

53. Perrin, D.D. Dissociation Constants of Organic Bases in Aqueous Solution; IUPAC Chemical Data Series:
Supplement 1972; Butterworths: London, UK, 1972.

54. O’Neil, M.J. The Merck Index: An Encyclopedia of Chemicals, Drugs, and Biologicals, 14th ed.; O’Neil, M.J.,
Heckelman, P.E., Koch, C.B., Roman, K.J., Eds.; Merck and Co., Inc.: Whitehouse Station, NJ, USA, 2006.

55. Moriya, H.; Johnston, M. Glucose sensing and signaling in Saccharomyces cerevisiae through the Rgt2
glucose sensor and casein kinase I. Proc. Natl. Acad. Sci. USA 2004, 101, 1572–1577. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3109/14756366.2014.1003212
http://www.ncbi.nlm.nih.gov/pubmed/25792506
http://dx.doi.org/10.1021/jm300246n
http://dx.doi.org/10.1016/j.jep.2011.05.039
http://dx.doi.org/10.1073/pnas.0305901101
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Chemistry 
	Biological Evaluation 
	In Vitro Inhibition Studies on AChE from Electrophorus Electricus (Electric Eel-(Ee)) and BuChE from Equine Serum (Eq) 
	Kinetic Characterization of EeAChE Inhibition 
	Inhibition of Self-Induced A42 Aggregation by a 3c Derivative 
	In Vitro Evaluation of Potential Hepatotoxicity 
	Neuroprotection Against Oxidative Stress 
	Determination of Global Histone H3 Phosphorylation (Ser 10) 
	Hyaluronidase (HYAL) Inhibition Test 
	The Yeast Three-Hybrid Technology (Y3H) 
	LD50 and Toxicity Class Prediction 
	In Vivo Acute Oral Toxicity 
	pKa and logP Assay 
	ADMET (Absorption, Distribution, Metabolism, Excretion, Toxicity) Analysis 
	Molecular Modeling 


	Materials and Methods 
	Chemistry 
	Biological Evaluation 
	In Vitro Inhibition Studies on EeAChE and EqBuChE 
	Kinetic Characterization of EeAChE Inhibition 
	-amyloid Assay 
	Cytotoxicity 
	Neuroprotection Against Oxidative Stress 
	Comet Assay 
	Determination of Global Histone H3 Phosphorylation (Ser 10) 
	In Vivo Acute Oral Toxicity 
	In Vitro Inhibition Studies on HYAL 
	pKa Assay 
	LogP Assay 
	Molecular Modeling 
	The Yeast Three-Hybrid Technology (Y3H) 


	Conclusions 
	References

