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A B S T R A C T

In the search for new treatments for complex disorders such as Alzheimer’s disease the Multi-Target-Directed
Ligands represent a very promising approach. The aim of the present study was to identify multifunctional
compounds among several series of non-imidazole histamine H3 receptor ligands, derivatives of 1-[2-thiazol-5-
yl-(2-aminoethyl)]-4-n-propylpiperazine, 1-[2-thiazol-4-yl-(2-aminoethyl)]-4-n-propylpiperazine and 1-phenox-
yalkyl-4-(amino)alkylopiperazine using in vitro and in vivo pharmacological evaluation and computational stu-
dies. Performed in vitro assays showed moderate potency of tested compounds against acetylcholinesterase
(AChE) and butyrylcholinesterase (BuChE). Molecular modeling studies have revealed possible interactions
between the active compounds and both AChE and BuChE as well as the human H3 histamine receptor.
Computational studies showed the high drug-likeness of selected compounds with very good physicochemical
profiles. The parallel artificial membrane permeation assay proved outstanding blood–brain barrier penetration
in test conditions. The most promising compound, A12, chemically methyl(4-phenylbutyl){2-[2-(4-propylpi-
perazin-1-yl)-1,3-thiazol-5-yl]ethyl}amine, possesses good balanced multifunctional profile with potency toward
studied targets - H3 antagonist activity (pA2=8.27), inhibitory activity against both AChE (IC50= 13.96 μM),
and BuChE (IC50= 14.62 μM). The in vivo pharmacological studies revealed the anti-amnestic properties of
compound A12 in the passive avoidance test on mice.

1. Introduction

Alzheimer’s disease (AD) is an irreversible, progressive neurode-
generative brain disorder leading to pronounced cognitive deficits, such

as disorientation, and impairments in learning and memory functions.
The pathophysiology of the disease includes deficiency in cholinergic
neurotransmission, dysfunctions in the release of other neuro-signaling
substances (including glutamatergic, adrenergic, serotonergic,
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dopaminergic, histaminergic substances), changes in β-amyloid protein
metabolism resulting in the formation of neurotoxic senile plaques, tau
protein aggregation, progression of inflammation and damage caused
by oxidative stress [1,2]. AD is a complex disease with a multifaceted
pathomechanism, which, despite significant progress in the field, re-
mains unclear. Considering this intertwined etiology, the classic ‘single
target molecule’ approach may not be sufficiently effective to address
AD. In recent years, the development of Multi-Target-Directed Ligands
(MTDLs) has been intensively used as a more promising strategy, giving
the chance to develop effective treatment of the disease [3,4]. Ligands
interacting with multiple targets can work in a complementary or ad-
ditive manner. In the first approach, a compound that interacts with
two or more targets can act at different levels of pathogenic changes.
The additive mode of the multifunctional action of the ligand is ob-
served when the interaction on both targets leads to a similar, coherent
effect [5–8]. Considering that both the histamine H3 receptor (H3R)
and acetylcholinesterase (AChE) are involved in the regulation of the
amount of central neurotransmitters, a combination of these effects can
produce very beneficial effects [9,10].

According to the cholinergic hypothesis, which is one of the oldest
and most extensively studied theories regarding AD pathogenesis,
symptoms of the AD are caused by a decline in the number of choli-
nergic neurons [11]. The majority of therapeutics approved for AD
belong to the class of AChE inhibitors [12]. Inhibition of this enzyme
increases the amount of acetylcholine (ACh) in the synaptic cleft which
leads to significant relief in AD symptoms [13]. Inhibition of AChE and
BuChE are still the subject of intensive research in the field of medical
chemistry [14,15]. Involvement of histamine H3 receptors (H3R) in the
cognitive process has been confirmed since blocking the central H3R
receptor proved induction of the release of procognitive neuro-
transmitters, i.a. acetylcholine [16]. Some antagonists of H3R, for ex-
ample thioperamide and pitolisant (Fig. 1) have shown improvement in
multiple aspects of memory processing during passive avoidance tests
on rodents [9,17]. Other selective and potent H3R antagonists, i.e. GSK-
239512 and MK-3134, after proving their procognitive activity in a
variety of animal models, were subject of clinical trials. During study on
patients with mild-to-moderate Alzheimer's disease GSK239512 im-
proved episodic memory but no statistically significant changes were
observed on other cognitive domains measured with Assessment Sca-
le–Cognitive Subscale (ADASCog) [18]. The effect of MK-3134 alone
and in combination with acetylcholinesterase inhibitor - donepezil on
the cognitive impairment associated with scopolamine was tested on
healthy volunteers. Results assessed with the Groton Maze Learning
Task (GMLT) provided evidence for cognitive improvement through
MK-3134 and demonstrated that the combination of MK-3134 and
donepezil suppressed the negative effect of scopolamine to a greater
extent than either drug alone [19]. It is worthy to add that pitolisant
has been approved currently for the treatment of narcolepsy, and also is
still under studies for potential treatment various cognitive and sleep
disorders [20].

Several research groups have developed multifunctional ligands
connecting H3R antagonists and cholinesterase inhibitors (ChEIs) with
interesting results [9,17,24–26]. Structures of selected ChEIs and

histamine H3 receptor antagonists/inverse agonists are presented in
Fig. 2. These compounds possess various activities toward both targets;
the most promising seems to be the CHEMBL3323053 compound with
well-balanced potencies and in vivo procognitive properties
[9,17,24–26]. These dual acting compounds have been designed by
linking or merging structurally active fragments interacting with AChE
and histamine H3 receptors. Another way to search for dual AChE in-
hibitors and H3R antagonists is screening of known H3R ligands toward
inhibitory potency against cholinesterase [27–29]. The presented re-
search applied the latter strategy. This approach is resemble to re-
purposing drug discovery strategy, by searching new possible ther-
apeutic indication for existing drugs on the market [30–32].

Our research focuses on novel cholinesterase inhibitors with addi-
tional properties as potential multifunctional anti-Alzheimer’s agents
[33–35]. Herein, we describe the pharmacological evaluation and mo-
lecular modeling of several series of non-imidazole histamine H3 re-
ceptor ligands, derivatives of thiazol and piperazine [21,36–38]. The
target compounds were previously designed and synthesized as hista-
mine H3 receptor ligands with proved in vitro antagonist potency. The
main goal of the presented research was the discovery of multi-
functional ligands that can be used against AD.

The pharmacological studies included in vitro assays for AChE and
butyrylcholinesterase (BuChE) inhibition, and blood–brain barrier
(BBB) permeability using the parallel artificial membrane permeability
assay (PAMPA), and in vivo assessment of the impact on memory in
mice. The molecular modeling included docking into both cholines-
terases and studies of interactions with the homology model of hista-
mine H3 receptors. The computational studies included estimation of
the physicochemical properties of tested compounds.

2. Results and discussion

2.1. Biological screening

We conducted biological screening involving enzymatic assays
against AChE and BuChE for 50 non-imidazole histamine H3 receptor
antagonists. The spectrophotometric Ellman’s assay was applied to
determine the cholinesterase inhibition profiles of the test compounds
[39]. In Ellman’s assay, AChE from electric eel (eeAChE) and BuChE
from horse serum (eqBuChE) were used. The results were compared to
those of reference compounds, i.e., cholinesterase inhibitors – tacrine,
donepezil and galantamine, as well as a histamine H3 ligand – pitoli-
sant. The tested compounds can be assigned to one of three chemical
groups:

• derivatives of 1-[2-thiazol-5-yl-(2-aminoethyl)]-4-n-propylpiper-
azine – Series A

• derivatives of 1-[2-thiazol-4-yl-(2-aminoethyl)]-4-n-propylpiper-
azine – Series B

• derivatives of 1-phenoxyalkyl-4-(amino)alkylopiperazine – Series C

The chemical structures of the compounds belonging to the library
of H3 antagonists, together with obtained results, are shown in Tables

Fig. 1. Structures of selected histamine H3 receptor antagonists/inverse agonists with pA2 values against guinea pig (cp) for Thiperamide [21] and Pitolisant [22] and
rat (rn) H3 receptors, JNJ5207852 [23].
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1–3. In order to facilitate the comparison of corresponding derivatives
from A and B series, the complementary numbering was assigned to
them.

During the first step, the percentage of enzyme inhibition was
measured using a 50 μM screening concentration of the tested com-
pounds. The IC50 values were experimentally determined for the most
potent inhibitors revealed during the screening. Based on these results,
we found that the compounds from series A – C compared to the re-
ference drugs presented a moderate to weak ability to inhibit choli-
nesterases. Among series A and B, derivative A13 with an IC50 equal to

4.45 μM was the most active AChE inhibitor. Compound B14 with an
estimated IC50 equal to 5.75 μM was the strongest inhibitor of BuChE
among the compounds from series A and B. Derivatives in the subset C
were generally inactive against AChE. Nevertheless, C20 proved to be
the most active inhibitor of BuChE of all the tested compounds. The IC50

value of C20 was equal to 3.27 μM.
Looking at the results of screening, we observed a clear relationship

between the ligand structure and activity toward cholinesterases. In all
thiazole derivatives, activity against cholinesterases was associated
with the presence of the phenylalkyl fragment in the ethylamine

Fig. 2. Examples of Multi-Target-Directed Ligands; CHEMBL3323053 [9,24], CHEMBL1929400 [26], CHEMBL3747910 [25] and CHEMBL380101 [17] combining
activity against human (hs) H3R and cholinesterases from rat (rn), horse serum (eq) or electric eel (ee).

Table 1
Chemical structures of 1-[2-thiazol-5-yl-(2-aminoethyl)]-4-n-propylpiperazine derivatives (series A). Inhibitory activity on eeAChE, eqBuChE, and cpH3 antagonistic
activity.

Series A

Cpd. R1 R2 eeAChE eqBuChE cpH3

% Ia IC50 [µM]b % Ia IC50 [µM]b pA2
c

A1 eH eH 13.58 ± 2.40 n.d. 5.08 ± 3.50 n.d. 7.19
A4 eCH3 eC3H7 62.33 ± 1.27 n.d. 44.65 ± 6.03 n.d. 7.53
A5 eCH3 eC5H11 68.94 ± 1.26 n.d. 41.93 ± 2.42 n.d. 7.05
A6 eH eCHO 34.24 ± 1.39 n.d. 4.60 ± 4.37 n.d. 6.93
A7 eCH3 eCHO 19.39 ± 1.48 n.d. 11.89 ± 2.49 n.d. 7.26
A9 eCH3 eCOCH2CH3 31.86 ± 1.38 n.d. 22.12 ± 3.65 n.d. 7.36
A11 eCH3 e(CH2)2C6H5 82.12 ± 1.15 15.57

(12.56–19.29)
64.00 ± 1.87 52.35

(38.45–71.27)
7.61

A12 eCH3 e(CH2)3C6H5 78.24 ± 0.19 13.96
(13.06–14.62)

79.12 ± 1.05 14.62
(11.92–20.15)

8.27

A13 eCH3 e(CH2)4C6H5 93.27 ± 0.47 4.45
(3.72–5.33)

74.38 ± 0.88 29.62
(24.09–36.43)

7.80

A14 eCH3 e(CH2)5C6H5 79.86 ± 0.43 23.58
(20.72–26.83)

84.51 ± 0.62 13.87
(12.83–14.98)

7.25

A15 eCH3 eCOC6H5 53.39 ± 0.79 n.d. 40.84 ± 4.48 n.d. 7.45
A16 eCH3 eCOC6H4CH3(p) 55.34 ± 0.27 n.d. 51.70 ± 2.69 n.d. 7.61
A17 eCH3 eCOC6H4NO2(p) 45.71 ± 2.06 n.d. 20.26 ± 4.85 n.d. 7.76
A18 eCH3 eCOC6H4Cl(p) 39.11 ± 2.97 n.d. 51.33 ± 1.98 n.d. 7.73
Tacrine HCl n.d. 0.021

(0.016–0.028)
n.d. 0.003

(0.003–0.004)
n.d.

Donepezil HCl n.d. 0.012
(0.009–0.016)

n.d. 1.83
(1.41–2.37)

n.d.

Galantamine HBr n.d. 0.380
(0.290–0.510)

n.a. n.d. n.d.

Pitolisant (COOH)2 3.04 ± 0.97d n.d. 56.29 ± 0.15 d 8.42
(8.25–8.6)

8.3 e

n.a. – non-active at screening concentration.
n.d. – non-determined.

a Inhibition percentage of enzyme at 50 μM concentration. Values are expressed as means ± standard deviation (SD) for at least three independent experiments.
b IC50 inhibitory concentration of enzyme. Values are expressed as means with confidence interval (CI) for at least three experiments.
c pA2 value obtained from in vitro test system on the guinea pig jejunum [21,36–38].
d Inhibition percentage of enzyme at 10 μM concentration. Values are expressed as means ± SD for at least three independent experiments.
e pA2 value according to Liedtke et al. [22].
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substituent. Comparing analogs from series A and B, it can be seen that
the derivatives from series A are generally more active against AChE
than their 2,4-substituted analogs (series B). Similarly, derivatives of
series B are significantly more active against BuChE than their coun-
terparts in family A. Specific differences in activity are presented in
Fig. 3.

These results show that the position of the ethylamine substituent in
the thiazole ring has a significant effect on the selectivity of ligands
between cholinesterases. The difference in the substitution of the
thiazole ring also detracts from the antagonist activity of histamine H3
receptors. It is worth noting that 2,5-substituted derivatives are
stronger inhibitors of AChE and are also more potent H3-receptor an-
tagonists (Fig. 4).

Ligands assigned to series C are ω-phenoxyalkyl derivatives of
amino alkyl piperazine. Biological screening proved that compounds
from series C are generally stronger inhibitors of BuChE than AChE. The
highest recorded AChE activity among the examined compounds can be
assigned to derivative C8, with an IC50 equal to 13.53 μM. The most
potent BuChE inhibitory properties among derivatives of series C, with
IC50 values of the level of single μM, were displayed by derivatives C18
and C20. The IC50 values determined for these compounds are 6.24 μM
and 3.27 μM, respectively. The clearly marked relationship between the
structure and activity of the tested compounds indicates that the BuChE
inhibitory activity in series C (C9–C13) increases with the elongation of
the alkyl linker between the basic centers, reaching its highest value for
derivatives with a heptyl linker (C13). On the other hand, based on the
comparison of compounds C14–C17, we can further suggest the longer
the alkyl chain attached to the free amino group is present, the lower
BuChE the inhibition occurs. Due to the low solubility of derivatives C8,
C10, C19, C21 and C22 from series C, determination of reliable IC50

values against cholinesterases was impossible. The obtained results al-
lowed us to choose the most promising dual acting compounds for
further in vitro/in vivo studies.

2.2. Kinetic study of AChE and BuChE inhibition

For kinetic studies we selected compounds A12, A13 and C20 as the
most potent ChE inhibitors from the tested series. Analysis of the
Lineweaver-Burk (L-B) (Fig. 5A–D) and Cornish-Bowden (Supporting
Information) reciprocal plots for both eeAChE and eqBuChE with cal-
culated Vmax (the maximal reaction velocity) and Km (Michaelis con-
stant) values showed that all three compounds display a mixed type of
enzyme inhibition. The L-B reciprocal plots for A12 (Fig. 5A and B)
were inconclusive; however, analysis of Cornish-Bowden plots and
calculated Km values confirmed a mixed type of inhibition for both
enzymes. On the A13 L-B reciprocal plot, we observed increased slopes
(decreased Vmax) and decreased intercepts (lower Km) at increasing
concentrations of the inhibitor (Fig. 5C). For C20, the L-B reciprocal
plot showed increased slopes (decreased Vmax) and increased intercepts
(higher Km) at increasing concentrations of the inhibitor (Fig. 5D). A
mixed type of enzyme inhibition indicates that the test compounds may
interact with both catalytic active sites and peripheral anionic sites of
cholinesterase at the same time [40].

2.3. Molecular modeling

2.3.1. Docking studies on AChE and BuChE
The tested compounds were docked into the AChE crystal structure

from Torpedo californica in complex with donepezil (PDB: 1EVE), as
well as into the crystal structure of human butyrylcholinesterase (PDB:

Table 2
Chemical structures of 1-[2-thiazol-4-yl-(2-aminoethyl)]-4-n-propylpiperazine of derivatives (series B). Inhibitory activity on eeAChE, eqBuChE, and cpH3 antag-
onistic activity.

Series B

Cpd. R1 R2 eeAChE eqBuChE cpH3

% Ia IC50 [µM]b % Ia IC50 [µM]b pA2
c

B1 eH eH 7.30 ± 4.76 n.d. n.a. n.d. n.d.
B2 eCH3 eH 25.85 ± 7.10 n.d. 23.39 ± 6.89 n.d. n.d.
B3 eCH3 eCH3 25.00 ± 0.88 n.d. 16.19 ± 3.82 n.d. 6.76
B4 eCH3 eC3H7 40.48 ± 0.56 n.d. 29.49 ± 1.87 n.d. 6.92
B8 eCH3 eCOCH3 9.80 ± 2.69 n.d. 13.27 ± 1.68 n.d. n.d
B10 eCH3 eCH2C6H5 68.13 ± 0.93 18.25

(15.60–21.35)
62.82 ± 3.39 23.74

(19.35–29.12)
7.12

B11 eCH3 e(CH2)2C6H5 63.85 ± 2.43 25.54
(22.30–29.26)

70.90 ± 0.95 17.51
(15.20–20.18)

6.81

B12 eCH3 e(CH2)3C6H5 82.48 ± 1.55 8.52
(7.05–10.30)

79.31 ± 1.47 8.72
(7.11–10.70)

6.61

B13 eCH3 e(CH2)4C6H5 70.87 ± 3.06 18.34
(15.78–21.32)

83.23 ± 2.05 5.98
(5.38–6.64)

6.72

B14 eCH3 e(CH2)5C6H5 60.78 ± 2.65 31.61
(27.52–36.30)

89.47 ± 0.95 5.75
(4.90–6.74)

6.69

B15 eCH3 eCOC6H5 12.63 ± 5.32 n.d. 25.07 ± 1.69 n.d. 5.65
B16 eCH3 eCOC6H4CH3(p) 30.54 ± 8.76 n.d. 30.17 ± 0.95 n.d. 5.80
B17 eCH3 eCOC6H4NO2(p) 29.56 ± 6.06 n.d. 20.46 ± 0.31 n.d. 6.03

n.a. – non-active at screening concentration.
n.d. – non-determined.

a Inhibition percentage of enzyme at 50 μM concentration. Values are expressed as means ± SD for at least three independent experiments.
b IC50 inhibitory concentration of enzyme. Values are expressed as means with confidence interval (CI) for at least three experiments.
c pA2 value obtained from in vitro test system on the guinea pig jejunum [21,36–38].
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Table 3
Chemical structures of 1-phenoxyalkyl-4-(amino)-alkylopiperazine derivatives (series C). Inhibitory activity toward eeAChE, eqBuChE, and cpH3 antagonistic ac-
tivity.

Series C

Cpd. n eeAChE eqBuChE cpH3

% Ia IC50 [µM]b % Ia IC50 [µM]b pA2
c

C1 0 n.a. n.d. n.a. n.d. 6.75
C2 1 9.80 ± 1.91 n.d. 2.34 ± 8.13 n.d. 6.29
C3 2 5.06 ± 1.55 n.d. 8.06 ± 6.01 n.d. 6.62
C4 3 8.20 ± 4.15 n.d. 10.14 ± 4.64 n.d. 6.80
C5 4 21.37 ± 18.9 n.d. 21.61 ± 13.7 n.d. 6.72
C6 5 40.02 ± 0.82 n.d. 55.86 ± 3.33 29.99

(22.07–40.75)
7.04

C7 6 54.74 ± 7.07 39.13
(32.06–47.76)

38.03 ± 3.05 n.d. 6.84

C8 7 74.77 ± 1.16 13.53
(11.64–15.73)

57.02 ± 0.65 n.s 6.99

Cpd. n eeAChE eqBuChE cpH3

% Ia IC50 [µM]b % Ia IC50 [µM]b pA2
c

C9 1 33.53 ± 2.03 n.d. 44.90 ± 3.55 n.d. 6.42
C10 3 41.14 ± 2.36 n.d. 59.44 ± 2.88 n.s. 7.18
C11 4 27.85 ± 2.81 n.d. 62.56 ± 2.49 27.40

(23.85–31.49)
6.99

C12 5 20.71 ± 4.61 n.d. 61.89 ± 1.61 21.97
(17.92–26.94)

6.67

C13 6 28.04 ± 3.03 n.d. 73.93 ± 0.72 13.95
(11.54–16.86)

6.67

Cpd. R1 R2 eeAChE eqBuChE cpH3

% Ia IC50 [µM]b % Ia IC50 [µM]b pA2
c

C14 eCH3 eCH3 48.44 ± 1.23 n.d. 86.93 ± 1.85 10.86
(8.38–14.07)

7.01

C15 eCH3 eC2H5 45.00 ± 1.94 n.d. 68.50 ± 0.90 28.11
(25.15–31.42)

7.27

C16 eCH3 eC3H7 29.42 ± 2.13 n.d. 58.17 ± 0.86 28.84
(22.57–36.86)

7.05

C17 eCH3 eC5H11 10.12 ± 1.99 n.d. 54.93 ± 0.97 39.68
(32.96–47.77)

6.60

C18 eCH3 eCH2eC6H5 40.97 ± 1.88 n.d. 85.02 ± 0.47 6.24
(5.32–7.33)

7.13

C19 eCH3 eC3H6eC6H5 62.76 ± 1.83 n.s. 89.86 ± 0.23 n.s 7.04
C20 eCH3 eC5H10eC6H5 64.27 ± 3.62 n.s. 92.74 ± 0.27 3.27

(2.75–3.88)
6.95

C21 eCH3 eCOeC6H5 12.83 ± 4.05 n.d. 82.09 ± 0.92 n.s 6.98
C22 eCH3 eCOeCF3 34.90 ± 11.1 n.d. 60.65 ± 4.71 n.s 7.00
C23 eH 50.80 ± 1.28 48.64

(42.09–56.22)
78.05 ± 1.28 11.34

(9.03–14.24)
7.12

n.d. – non-determined.
n.s. – non-soluble in test conditions.

a Inhibition percentage of enzyme at 50 μM concentration. Values are expressed as means ± SD for at least three independent experiments.
b IC50 inhibitory concentration of enzyme. Values are expressed as means with confidence interval (CI) for at least three experiments.
c pA2 value obtained from in vitro test system on the guinea pig jejunum [21,36–38].
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1P0I), to find the possible binding mode and to explain the reasons for
varied potencies against cholinesterases. We used previously developed
and validated methods for docking to both cholinesterases [41]. In the
case of AChE, all active derivatives were arranged along the active
gorge and blocked both catalytic and peripheral active sites. The pre-
dominance of phenylalkyl derivatives over other tested ligands in series
A and B reported during bioassays correlated well with our in silico
results. Compounds A11–A14 and B11–B14 established a very coherent
binding mode in docking experiments. The most active AChE inhibitor,
A13, is shown in Fig. 6 as an example of the final docking pose of
phenylalkyl derivatives. The N-methyl-N-3-phenylalkyl fragment in-
teracts with the anion binding site via TRP 84 (π–π) and PHE 330
(cation–π). The thiazole ring is located at the entrance to the active site
creating aromatic interactions with PHE 290, PHE 331 and TYR 334.
The hydrogen bond between preserved the water molecule (HOH 1254)
and nitrogen from the thiazole ring deserves additional attention be-
cause of its presence, particularly in terms of the results of the docking
of the most active derivatives from the A series. The length of the linker
between those two aromatic centers had a direct influence on the
binding affinity of the compounds. In all docked ligands, the phenyl
position was unchanged but ligands with shorter linkers (A11, A12) or
longer (A14) imposed changes in the position of the thiazole ring which

consequently weakened the binding to the surrounding aromatic amino
acids. Changing the substitution within the thiazole ring from 2,5 po-
sition (A series) to 2,4 (B series) also resulted in difficulty of adjustment
of this aromatic system into the binding site. Location of the protonated
amine in the active site of the enzyme is revealed another interesting
point. According to the computational predictions at a pH equal to 8
(pH of the cholinesterase bioassays), the monoprotonated form with a
charged nitrogen atom from the linker occurs most commonly
(64.16%). The diprotonated form was represented only by 31.36% and
the monoprotonated form with the charge at a piperazine cyclic system
was only 1.5%. Nevertheless, in docking studies, the monoprotonated
form as well as the diprotonated form displayed the same binding
pattern. The presence of a second proton on the nitrogen in the piper-
azine system increased the value of the scoring function due to the
formation of the cation–π between this fragment and TRP 279. This
may indicate that this fraction is mainly responsible for binding with
the enzyme. At physiological pH (pH equal to 7.4), its amount increases
to 65.28%, which may also corroborate well with the level of enzyme
inhibition by the tested compounds. We compared binding mode of
A13 with the conformation presented by donepezil in 1EVE complex.
As expected key interactions like cation–π with PHE 330 or aromatic
interaction with TRP 84 were common for both ligands. Additionally,

Fig. 3. Comparison of the IC50 values for AChE, BuChE inhibition for selected analogs from series A (green) and B (violet).

Fig. 4. Comparison of the pA2 values for selected analogs from series A (green) and B (violet).
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both compounds created hydrogen bond with water molecule HOH
1254 but in case of donepezil oxygen atom from indane-1-one formed a
slightly more beneficial bond than that formed by nitrogen atom from
thiazole in A13. Crucial differences were observed in PAS region. A13
created aromatic interaction with TYR 334 while donepezil binding was
dependent on TRP 279. In case of A13 TRP 279 participated in cation–π
interaction with the second protonated nitrogen but, as already men-
tioned, only small amount of compound occurred in this form at the pH

of the biological assay.
In the case of BuChE, active derivatives were arranged in a large

active space—mostly in elongate conformation. As expected, larger,
hydrophobic substituents improved both scoring function values and
activity. Of the tested compounds, ligand C20 best illustrates the li-
gand-protein interaction for BuChE inhibitors (Fig. 7). Among the
tested compounds, the strongest inhibitors of BuChE (C20, B14, B13
and C18) created a CH–π interaction with TRP 231 and a phenyl ring

Fig. 5. (A–D). Lineweaver-Burk plots illustrating: mixed types of eeAChE inhibition by compounds A12 (A) and A13 (C), mixed types of eqBuChE inhibition by
compounds A12 (B) and C20 (D). V= initial velocity rate; ATC=acetylcholinesterase concentration; BTC=butyrylcholinesterase concentration.

Fig. 6. Binding mode of A13 (orange) in AChE active site. The colors represent individual parts of the binding site: yellow–catalytic triad, magenta–anion binding
site, cyan–oxyanion hole, blue–acyl pocket, green–PAS.
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from phenylalkyl fragment. First, the protonated amine from the linker
was situated opposite the entrance to the enzyme active site. Second,
the aromatic moiety and piperazine were directed toward TYR 282 and
this created a cation–π connection with it. That position of the proto-
nated amine is additionally promoted by ionic interaction with ASP 70.
Further, part of the compound is directed toward the entrance to the
active site of the enzyme, near the aromatic residue of TYR 332.
Docking results indicate that phenoxy fragments do not play a crucial
role in the binding mode. Comparison of binding mode of C20 with
tacrine arrangement in crystal structure (PDB: 4BDS) showed how
strength of ligand binding depended on specific interactions of the li-
gand within the active site. Tacrine, smaller and less lipophilic molecule
than C20 was more than thousand times stronger inhibitor of BuChE.
High activity of tacrine was caused by its specific interactions with
TRP82 and HIS438, additionally stabilized by large net of H-bonds
between compound and surrounding water molecules. Larger and more
flexible compound C20 interacted with more amino acids but in a less
specific way.

2.3.2. Docking studies on histamine H3 receptor
Using the newly prepared homology model [42], we made an at-

tempt to demonstrate how the tested compounds interacted with the
histamine H3 receptor active site. We chose the most active ligand A12,
to present the observed interactions (Fig. 8). The overall binding mode
apparently resembles that described for the known H3 receptor inverse
agonist JNJ5207852 [23,42]. Both compounds contain in their struc-
ture two nitrogen atoms capable of protonation at physiological pH.
The docking results suggest that ionic interaction with GLU 176 (E5.46)
in the orthosteric binding site is crucial for efficient binding of non-
imidazole H3 antagonists. A12, just like JNJ5207852, creates that bond
through the nitrogen atom in a heterocyclic system. The thiazole ring is
deflected between PHE 163 (F45.55) and TYR 85 (3.33), where aro-
matic interaction occurs. The distance between PHE 163 (F45.55) and
second protonated amine in the ligand aliphatic linker allows the sta-
bilization via cation–π interaction. Further, the phenylpropyl sub-
stituent of A12 was arranged along the part of the allosteric site that is
rich in aromatic residues of TM2, TM3 and TM7. Our attempt to explain
the differences in the activity between the compounds from series A and
B was an important element of the molecular modeling study. The re-
sults of biological tests indicated that the pharmacophore common for

both series of compounds ensures the ability to reduce the activity of
the histamine H3 receptor; however, the substitution of the thiazole at
the 2,5-position strengthened this effect. The results obtained during
molecular modeling studies suggest that small changes in the geometry
of the compound from group B resulting in the disabling of optimal
interaction with PHE 163 (F45.55), TYR 344 (6.51), TYR 85 (3.33) and
aromatic residues of TM2, TM3 and TM7 are responsible for the activity
decline.

2.4. Prediction of physicochemical properties and permeability through the
blood-brain barrier

Before the in vivo experiments, we carried out studies to predict
whether the tested compounds would achieve biological targets located
in the central nervous system (CNS), i.e., whether the compounds are
capable of penetrating through the blood–brain barrier (BBB). In the
first stage, in silico experiments were performed. Table 4 shows the
values of calculated physicochemical parameters and permeability
predictions for four compounds (A12, A13, B10 and C20) selected for
animal testing.

Calculated physicochemical properties for all four compounds were
very promising. All tested ligands have a high degree of drug-likeness
with particular emphasis on A12 and B10 without any violations of the
Lipinski rule of 5. Predictions for all tested compounds, with the ex-
ception of C20, indicate very good oral absorption, which is particularly
important from the point of view of potential therapeutic application.
Based on the results of calculations, we can assume that ligands present
good (C20) or very good (A12, A13, and B10) penetration across the
BBB and in commonly used cell systems Caco-2 and MDCK.

2.5. PAMPA assay

In order to confirm the predictions obtained by in silico methods, a
BBB–PAMPA assay was carried out. Data obtained for the new com-
pounds were compared to standard drugs, where CNS availability is
known. Our results (Table 5) clearly demonstrate that compounds la-
beled as CNS+ should be able to cross the BBB by passive diffusion, as
their Pe values are well above the standard drugs, which are known to
be CNS-available (tacrine, donepezile, rivastigmine, chlorpromazine).

Fig. 7. Position of ligand C20 (orange) in the active site of the BuChE. The colors represent individual parts of the binding site: yellow–catalytic triad, magenta–anion
binding site, cyan–oxyanion hole, blue–acyl pocket, green–PAS.
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2.6. In vivo study

The aim of the in vivo part of this study was to assess the influence of
compounds A12, A13, B10 and C20 on fear-motivated contextual
memory in the scopolamine model of amnesia in mice. For this purpose,
the passive avoidance (PA) task was used. Additionally, to interpret the
results obtained in the PA task properly, and to assess the effect of these
compounds on animals’ general activity and motor coordination, the
locomotor activity test and the rotarod test were performed. In the PA
task, an overall effect of treatment with the use of scopolamine and
compounds A12, A13, B10 and C20 was observed (F[7,132]=7.509;
p < 0.0001). Time also affected the results significantly (F
[1,132]=54.23; p < 0.0001) and drug× time interaction was sig-
nificant (F[7,132]= 8.116; p < 0.0001). Post hoc analysis of the re-
sults obtained during the acquisition phase revealed no significant

differences in the step-through latencies among experimental groups. In
contrast to this, in the retention trial performed on day 2 of PA testing,
A12 at the dose of 30mg/kg significantly (p < 0.05 vs. scopolamine-
treated group) prolonged step-through latency. Lower doses of A12, as
well as compounds A13, B10 and C20 at a dose of 30mg/kg were not
active in this task (Fig. 9).

In the locomotor activity test a significant drug effect for A12 and
A13 was shown (F[2,105]= 12.75; p < 0.0001). Time did not affect
the results significantly (F[4,105]= 0.5773; p > 0.05) and
drug× time interaction was not significant, either (F[8,105]=0.7783;
p > 0.05). Post hoc analysis revealed a transient but statistically sig-
nificant decrease of locomotor activity of A12-treated mice only during
12th and 18th min of the test (p < 0.05 vs. vehicle; Fig. 10A). De-
creased locomotor activity was also noted in A13-treated mice between
0 and 6min (p < 0.05) and 12–18min (p < 0.001; Fig. 10A).

Fig. 8. Binding mode of A12 (represented by orange sticks) in H3 receptor binding site presents position of ligand (orange) in the active site of the receptor. The
colors represent individual transmembrane helices (TMH): blue – TMH1, cyan – TMH2, lime-green – TMH3, green – TMH4, yellow – TMH5, orange – TMH6, red –
TMH7.

Table 4
Selected physicochemical parameters and predictions for penetration by biological structures for multifunctional ligands: A12, A13, B10 and C20 predicted with
QikProp.

Principal Descriptors A12 A13 B10 C20 Range 95% of drugs

Molecular weight 386.597 400.624 358.544 493.774 130.0–725.0
Dipole moment (D) 2.109 2.480 2.141 2.022 1.0–12.5
Molecular volume (A3) 1380.345 1450.122 1243.305 1840.488 500.0–2000.0
vdW polar surface area (PSA) 23.793 25.094 22.678 21.729 7.0–200.0
No. of rotatable bonds 9.000 10.000 7.000 19.000 0.0–15.0
Donor hydrogen bonds 0.000 0.000 0.000 0.000 0.0–6.0
Acceptor hydrogen bonds 6.000 6.000 6.000 6.750 2.0–20.0
QP log Poctanol/water 4.419 5.013 3.746 6.868 −2.0 to 6.5
QP log Saqueous solubility −3.958 −4.625 −2.695 −5.006 −6.5 to 0.5
QP log BBbrain/blood 0.644 0.554 0.948 0.170 −3.0 to 1.2
Predicted CNS activity ++ ++ ++ + − − to ++
Apparent Caco-2 permeability (nm/sec) 390 370 527 142 <25 poor, > 500 great
Apparent MDCK permeability (nm/sec) 295 291 461 81 <25 poor, > 500 great
Lipinski rule of 5 violations 0 1 0 1 maximum is 4
Jorgensen rule of 3 violations 0 0 0 0 maximum is 3
% Human oral absorption in GI (± 20%) 100 89 100 93 <25% is poor
Qual. Model for human oral absorption high high high low >80% is high
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For B10 and C20 an overall effect of treatment was observed (F
[2,95]= 39.33; p < 0.0001). Time did not affect the results sig-
nificantly (F[4,95]= 1.726; p > 0.05) and drug× time interaction
was not significant, either (F[8,95]= 1.763; p > 0.05). Post hoc
analysis revealed a significant but transient decrease of locomotor ac-
tivity of B10-treated mice only during 18th and 24th min of the test
(p < 0.001 vs. vehicle; Fig. 10B). Decreased locomotor activity was
noted in C20-treated mice at each time point of testing: between 0 and
6min (p < 0.05), 6–12min (p < 0.01), 12–24min (p < 0.0001) and
24–30min (p < 0.01) of the test (Fig. 10B).

As shown in Fig. 11, none of the test compounds administered at the
dose of 30mg/kg induced motor deficits in mice at 6 rpm and 18 rpm.
Some impairments of motor coordination were observed at 24 rpm,
however this effect was not statistically significant (F[4,35]= 1.00,
p > 0.05; Fig. 11C).

3. Conclusion

In the search for new multifunctional compounds as potential anti-
Alzheimer’s agents, the library of non-imidazole histamine H3 receptor
antagonists was investigated. Evaluation of inhibitory potency against
eeAChE and eqBuChE made it possible to discover new biological
properties of the tested compounds. Twenty-two of the tested com-
pounds showed comparable inhibitory potency for both cholinesterases
with IC50 values in the micromolar range. Regarding structure-activity-
relationship analysis, several conclusions can be drawn. Those com-
pounds with the phenylalkyl substituent connected to an aliphatic
amine proved to be stronger inhibitors of both enzymes than their
analogs with aliphatic or heterocyclic substituents. Generally, com-
pounds are non-selective inhibitors of both cholinesterases; however, 1-
phenoxyalkyl-4-(amino)-alkylpiperazine derivatives (series C) dis-
played a preference for BuChE. The most potent inhibitor of eeAChE
was identified among the thiazol derivatives, A13 with IC50= 4.45 μM,
and the most potent inhibitor of eqBuChE was found among the phe-
noxyalkyl derivatives, C20 with IC50= 3.27 μM.

Results of kinetic studies showed a mixed type of enzyme inhibition
which indicates that the test compounds may interact with both cata-
lytic active sites and peripheral anionic sites of cholinesterase at the
same time [43]. This has been confirmed by the results of molecular
modeling.

Molecular modeling studies have not only revealed possible inter-
actions between the active compounds and their targets but also have
shown promising directions for further modifications. Docking results

Table 5
Blood-brain barrier penetration of reference drugs and selected compounds
expressed as Pe ± SEM (10−6 cm/s) (N=3).

Compound Pe ± SEM (10−6 cm/s) CNS Penetrationa

A12 9.85 ± 1.2 CNS +
A13 8.2 ± 0.9 CNS +
B10 10.7 ± 1.1 CNS +
C20 9.4 ± 1.9 CNS +
Tacrine 5.3 ± 0.2 CNS +
Donepezil 7.3 ± 0.9 CNS +
Chlorpromazine 5.1 ± 0.3 CNS +
Rivastigmine 6.6 ± 0.5 CNS +
Cefuroxim 2.70 ± 0.1 CNS +/−
Piroxicam 2.20 ± 0.2 CNS +/−
Theophylline 1.1 ± 0.2 CNS −
Atenolol 1.0 ± 0.4 CNS −

a CNS (+) (high BBB permeation predicted), Pe (10−6 cm/s) > 4.0; CNS
(−) (low BBB permeation predicted), Pe (10−6 cm/s)≤ 2.0; CNS (± ) (BBB
permeation uncertain), 4.0≥ Pe (10−6 cm/s) > 2.0.

Fig. 9. Influence of the test compounds A12, A13, B10 and C20 on fear-mo-
tivated memory measured using step-through PA task. Statistical analysis: re-
peated measures analysis of variance (ANOVA), followed by Sidak’s multiple
comparison. Significance vs. scopolamine-treated control at the respective trial
day: *p < 0.05; **** p < 0.0001.

Fig. 10. Influence of the test compounds: A12, A13 (Fig. 10A), B10 and C20 (Fig. 10B), each used at 30mg/kg, on animals’ locomotor activity. Statistical analysis:
repeated measures ANOVA, followed by Dunnett’s post hoc comparison. Significance vs. vehicle-treated mice at the respective time point of testing: * p < 0.05, **
p < 0.01, *** p < 0.001, **** p < 0.0001.
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of the selected compound A12 allowed us to identify a methyl(3-phe-
nylpropyl)[2-(1,3-thiazol-5-yl)ethyl]amine fragment as responsible for
binding to AChE / BuChE and a 1-propyl-4-(1,3-thiazol-2-yl)piperazine
fragment responsible for crucial interactions with the H3 receptor.
Based on our observations we specified several ways to increase binding
strength with selected biological targets (Fig. 12). Development of the
aromatic center within thiazole moiety should increase the interactions
with both peripheral site of cholinesterases and with the aromatic
amino acids in the binding site of the H3 receptor. Improvement in
activity can also be achieved by optimizing the distance between aro-
matic moieties and nitrogen atoms. The proposed changes, apart from
improving the activity, are aimed at increasing the drug-likeness of the
compounds.

Both, computational studies and in vitro assay showed very good
physicochemical profiles of compounds for preclinical studies.

In terms of the multi-target profiles of the studied compounds, four
of them present interesting in vitro properties with various activities
toward cholinesterases and histamine H3 receptors. Consequently, we
chose compounds A12 (eeAChE IC50= 13.96 μM, eqBuChE
IC50= 14.62 μM and gpH3R pA2= 8.27), A13 (eeAChE
IC50= 4.45 μM eqBuChE IC50= 29.62 μM and gpH3R pA2= 7.80),
B10 (eeAChE IC50= 18.25 μM, eqBuChE IC50= 23.74 μM and gpH3R
pA2=7.12), and C20 (eeAChE IC50= 13.82 μM, eqBuChE
IC50= 15.55 μM and gpH3R pA2= 8.27) as good profiling structures to
demonstrate which component of a multi-functional compound is the
most important to produce a procognitive effect on a mouse. The in vitro
activity of tested compounds is comparable to the activity of the re-
ference MTDLs (CHEMBL3323053 and CHEMBL380101) which were
active during in vivo testing.

Performed pharmacological in vivo studies revealed anti-amnestic
properties of compound A12 at the dose of 30mg/kg (i.p.) in the PA
task, by applying the mouse model of dementia induced by scopola-
mine. Moreover, this compound did not affect animals’ motor skills,
although in an in vitro assay its penetration to the CNS was confirmed in
the BBB–PAMPA. Compound A12 is a thiazol derivative and, among the
tested compounds, is the most potent histamine H3 receptor antagonist
with a moderate anti-cholinergic effect. At this stage of the study, it is
difficult to determine whether its anti-amnestic properties in vivo de-
pend on the multi-target profile of compound A12; however, antag-
onism of the histamine H3 receptor appears to be an important com-
ponent. In summary, the obtained results led us to select the most
potent multifunctional compound, A12 with in vivo activity, and allow
for indication the direction of structural modifications of these multi-
functional compounds. Nevertheless the key point of such research will
be the maintenance of strong H3 antagonism with improved cholines-
terase activity.

4. Methods

4.1. In vitro inhibition of AChE and BuChE

Inhibitory activity of the synthesized compounds against the choli-
nesterases was measured using the spectrophotometric method de-
scribed by Ellman et al. modified for 24-well microplates [39]. AChE
from electric eel (eeAChE) and BuChE from equine serum (eqBuChE)
were used. 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB), acetylthiocho-
line iodide (ATC), butyrylthiocholine iodide (BTC), and both cholines-
terases were purchased from Sigma–Aldrich. The enzymes were

Fig. 11. Influence of the test compounds: A12, A13, B10 and C20 tested at the dose of 30mg/kg on animals’ motor coordination measured in the rotarod test at 6
(Fig. 11A), 18 (Fig. 11B) and 24 rpm (Fig. 11C). Statistical analysis: one-way analysis of variance (ANOVA), followed by Dunnett’s post hoc test. Results not
significant.

Fig. 12. Proposed modifications of A12 structure based on results of computational studies.
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prepared by dissolving 500 U of each in demineralized water to give
stock solutions of 5 U/mL. AChE and BuChE were further diluted before
use to a final concentration of 1.918 U/mL. In the first step of Ellman’s
method, 25 μL of the tested compound (or water; i.e., blank samples)
was incubated in 0.1M phosphate buffer (765 μL, pH=8.0) with the
enzyme (20 μL; eeAChE or eqBuChE) at 25 °C. After an incubation
period (5min), 20 μL of DTNB and 20 μL of acetylthiocholine iodide
(ATC) or butyrylthiocholine iodide (BTC) solutions (depending on the
enzyme used) were added. After another 5min of incubation, changes
in absorbance were measured at 412 nm, using a microplate reader
(EnSpire Multimode; PerkinElmer). All the compounds were tested at
the screening concentration of 10 μM. The percentage of inhibition was
calculated from the equation: 100− (S/B)× 100, where S and B were
the enzyme activities with and without the tested compound, respec-
tively. For compounds with inhibitory potency higher than 50%, IC50

values were determined. For the IC50 measurements, six different con-
centrations of each compound were used to obtain enzyme activities
between 5% and 95%. The IC50 values were calculated using nonlinear
regression (GraphPad Prism 5. GraphPad Software, San Diego Cali-
fornia USA) by plotting the residual enzyme activities against the ap-
plied inhibitor concentration. All reactions were performed in tripli-
cate.

4.2. Kinetics studies of AChE and BuChE inhibition

The kinetic studies were performed with compounds A12, A13 and
C20. We used Ellman’s method, modified for 96-well microplates [39].
The aqueous stock solution of eeAChE (5 U/mL) was diluted before use
to a final concentration of 0.384 U/mL (0.027 U/mL in the well). The
stock solution (0.02125M) of substrate acetylthiocholine iodide (ATC)
was prepared in demineralized water and diluted before use. For each
concentration of the test compound, ATC was used at concentrations of
0.3, 0.24, 0.18, 0.12, 0.06, and 0.04mM in the wells. According to the
modified Ellman’s protocol, 25 μL of compounds A12, A13 and C20 (or
water; i.e., blank samples) were incubated in 0.1M phosphate buffer
(200 μL, pH=8.0) with 20 μL of eeAChE and 20 μL of DTNB (0.0025M;
0.18mM in the well) at a temperature of 25 °C for 5min. Six different
concentrations of compounds A12, A13 and C20 were used to obtain
enzyme activities between 30% and 80%. After an incubation period,
20 μL of ATC solutions in five concentrations were added. After a fur-
ther 5min, the change in absorbance was measured at 412 nm. Each
experiment was performed in triplicate. Vmax and Km values of the
Michaelis-Menten kinetics were calculated by nonlinear regression from
substrate-velocity curves. Lineweaver-Burk and Cornish-Bowden plots
were calculated using linear regression in GraphPad Prism 5.

4.3. Molecular modeling

4.3.1. Docking procedure
Three-dimensional structures of the ligands were prepared using

Corina on-line (Molecular Networks). Sybyl X 1.12 was applied to check
the atom types, add hydrogen atoms, and assign Gasteiger-Marsili
charges. Protonation and charges were assigned as indicated by pre-
dictions obtained with the MarvinSketch 6.2.2 program in accordance
with the pH specified for each biological assay conditions. Structures of
acetylcholinesterase from the 1EVE crystal structure and butyr-
ylcholinesterase from the 1P0I crystal structure were prepared for
docking in the following way: all histidine residues were protonated at
Nε, the hydrogen atoms were added, and all ligands were removed. The
presence of some water molecules was also taken into account. The
binding site of modified 1EVE complex was defined as all amino acid
residues within 10 Å of the reference ligand – donepezil. The binding
site of the 1P0I complex was defined as all amino acid residues within
20 Å of the butyrate. Docking was performed with GoldSuite 5.3, using
a standard set of genetic algorithms with population size 100 and
100,000 operations for each docking pose. As a result, 10 ligand poses,

sorted by Chemscore function value, were obtained for each ligand. The
results were visualized by PyMOL 0.99rc64.

Algorithms of GOLD docking to both AChE and BuChE were vali-
dated in our earlier publication [41]. Docking to AChE was tested by
redocking and cross-docking processes with structures from seven
crystal complexes with the non-covalently bound inhibitors (1EVE,
1ACJ, 2CKM, 1DX6, 1ACL, 1AX9 and 1VOT). Redocking allowed us to
choose the best docking parameters and scoring function. Based on the
results of cross-docking AChE complex 1EVE was chosen as the best,
multipurpose structure which allowed correct prediction of the con-
formation of many AChE ligands. RMSD value for the top-scored pose of
donepezil obtained during redocking was equal 0.8 Å. In case of bu-
tyrylcholinesterase, the docking validation process was slightly dif-
ferent. Due to lack of crystal structures of BuChE with non-covalently
bound inhibitors at moment of validation, structure of 1P0I with tacrine
was prepared based on AChE complex (PDB: 1ACJ). Further, tacrine
was docked into the enzyme from 1P0I and results were compared with
binding mode of tacrine from complex prepared by alignment. RMSD
for the top-ranked pose was equal 0.9 Å. The same pose compared to the
tacrine position, now available in the 4BDS crystal, showed even a
better RMSD value equal 0.4 Å.

During the molecular modeling studies on the histamine H3 re-
ceptor, a previously prepared homology model was used [42]. Ligand
models were prepared in the same way as those used in cholinesterase
docking. Docking was performed with Glide from Schrӧdinger Suite
2017–3 in the standard precision (SP) protocol. The binding site was
defined as a box of dimensions 22× 22×22 Å, where the center was
identified by the CA atom of Asp 3.32. Ten poses per ligand were col-
lected and analyzed. The best conformation of each ligand obtained
during docking was subsequently optimized with Prime in two steps.
Primarily, by applying the Monte Carlo method for optimization of li-
gand and side chains of all amino acids in the receptor model; and
subsequently, by applying the same method optimizing ligands with all
amino acids (sidechains and backbone) in the receptor model. Obtained
results were visualized by PyMOL 0.99rc64.

4.4. Prediction of physicochemical properties and permeability through the
brain blood barrier

The in silico predictions of physicochemical and pharmacokinetic
properties for the test compounds were performed using the QikProp
module from Schrӧdinger Suite 2017–3.

4.5. PAMPA assay

For the prediction of the ability of tested compounds to passively
penetrate the BBB, the PAMPA modified protocol was used [44].
Briefly, the filter membrane of the donor plate was coated with PBL
(Polar Brain Lipid, Avanti, USA) in dodecane (4 µL of 20mg/mL PBL in
dodecane) and the acceptor well was filled with 300 µL of PBS pH 7.4
buffer (VA). Tested compounds were first dissolved in DMSO and di-
luted with PBS pH 7.4 to reach the final concentration 100 µM in the
donor well. The concentration of DMSO did not exceed 0.5% (V/V) in
the donor solution. Next, 300 µL of the donor solution was added to the
donor wells (VD) and the donor filter plate was carefully placed on the
acceptor plate so that the coated membrane was “in touch” with both
donor solution and acceptor buffer. The test compound diffused from
the donor well through the lipid membrane (Area= 0.28 cm2) to the
acceptor well. The amount of the drug (n) in both donor and the ac-
ceptor wells was assessed after 3, 4, 5 and 6 h of incubation in quad-
ruplicate using a Synergy HT UV plate reader (Biotek, USA) at the
maximum absorption wavelength of each compound. The concentration
of the compounds was calculated from the standard curve and ex-
pressed as the permeability (Pe) according the equation:
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4.6. In vivo experiments

4.6.1. Animals and housing conditions
Adult male Albino Swiss (CD-1) mice weighing 18–22 g were used in

behavioral tests. The animals were housed in groups of 10 mice per
cage at a room temperature of 22 ± 2 °C, under a light/dark (12:12)
cycle. The animals had free access to food and water before experi-
ments. The ambient temperature of the room and the humidity were
kept consistent throughout all the tests. For the experiments, the ani-
mals were selected randomly. Each experimental group consisted of
8–10 animals/dose and each mouse was used only once. The experi-
ments were performed between 8 AM and 2 PM. Immediately after in
vivo assays, the animals were euthanized by cervical dislocation. All
procedures were approved by the Local Ethics Committee of the
Jagiellonian University in Kraków and the treatment of animals was in
full accordance with ethical standards laid down in respective Polish
and EU regulations (Directive No. 86/609/EEC).

4.6.2. Chemicals used in the in vivo tests
The test compounds were synthesized at the Department of

Synthesis and Technology of Drugs, Medical University of Łódź. For in
vivo studies, they were suspended in 1% Tween 80 (Polskie Odczynniki
Chemiczne, Poland) and administered intraperitoneally (i.p.) 60min
before the test. Control mice were given an appropriate amount of
vehicle (1% Tween 80). (-)-Scopolamine hydrobromide was purchased
from Sigma–Aldrich (Poland). To induce memory impairments, it was
dissolved in 0.9% saline solution and administered i.p. at a dose of
1mg/kg 30min before the acquisition trial of the PA task.

4.6.3. Behavioral testing protocol
4.6.3.1. PA task (fear-motivated contextual memory task). The influence
of the test compounds on acquisition and retention of the PA task was
conducted as previously described by Park et al. [45]. For this purpose,
the PA apparatus (Panlab Harvard Apparatus, Spain) was used. This
consists of a large white-painted illuminated compartment
(26× 26×34 cm) and a small black-painted dark compartment
(13× 7.5× 7.5 cm) separated from each other by a guillotine gate.
To assess the effect of the test compound on scopolamine-induced
memory impairments, the animals underwent two separate trials: an
acquisition trial (conditioning phase) and a retention trial (testing
phase). The latter was conducted 24 h after the acquisition trial.

For the acquisition trial, the mouse was initially placed for 30 s in
the light compartment (exploration period; guillotine gate is closed). At
the end of the exploration period, the guillotine door (5×5 cm) be-
tween the light and the dark compartments was opened and the time
elapsed before entering the black chamber was recorded. As soon as the
mouse entered the dark compartment, the door automatically closed
and an electrical shock (current intensity: 0.2mA, duration: 2 s) was
delivered through the grid floor.

For the retention trial, the mice were placed in the illuminated,
white compartment again and the latency time between door opening
and entry into the dark compartment was recorded for each mouse. If
the mouse did not enter the dark compartment within 180 s (cut off
latency), it was concluded that it remembered the foot shock from the
acquisition trial. Better memory performance was indicated by longer
latency to enter the black chamber in the test (retention) phase than in
the conditioning (acquisition) phase.

4.6.3.2. Locomotor activity test. The locomotor activity test was
performed using activity cages (40×40×31 cm, supplied with I.R.
beam emitters) (Activity Cage 7441, Ugo Basile, Italy) connected to a
counter for the recording of light-beam interruptions. Sixty minutes

before the experiment, the mice were i.p. pretreated with the tested
compound or the vehicle (1% Tween 80), and then individually placed
in the activity cages in a sound-attenuated room. The animals’
movements (i.e., the number of light-beam crossings) were counted
during the next 30min at five 6-min each intervals [46].

4.6.3.3. Rotarod test. The test was performed according to the method
recently described by Sałat et al. [47]. Briefly, the mice were trained
daily for 3 days on the rotarod apparatus (Rotarod apparatus, May
Commat RR0711, Turkey; rod diameter: 2 cm), rotating at a constant
speed of 18 rotations per minute (rpm). During each training session,
the animals were placed on a rotating rod for 3min with an unlimited
number of trials. The experimentation proper was conducted at least
24 h after the final training trial. On the test day, 60min before the
rotarod test, the mice were i.p. pretreated with the test compound or the
vehicle. Then, the animals were tested on the rotarod apparatus
revolving at 6, 18, 24 rpm. Motor impairments, defined as the
inability to remain on the rod for 1min, were measured at each
speed and the mean time spent on the rotating rod was counted.

4.6.4. Data analysis
Data analysis of the in vivo results was provided by GraphPad Prism

Software (v.8, CA, USA). Numerical results from the tests are expressed
as mean ± SEM. The results were statistically evaluated using one-way
analysis of variance (ANOVA), followed by Dunnett’s post hoc com-
parison or two-way repeated measures ANOVA, followed by Sidak’s or
Dunnett’s multiple comparisons. P < 0.05 was considered significant.
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