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Abstract: Research of treatment options addressing the cognitive deficit associated with neurodegen-
erative disorders is of particular importance. Application of trimethyltin (TMT) to rats represents
a promising model replicating multiple relevant features of such disorders. N-methyl-D-aspartate
(NMDA) receptor antagonists and gamma-aminobutyric acid type A (GABAA) receptor potentia-
tors have been reported to alleviate the TMT-induced cognitive deficit. These compounds may
provide synergistic interactions in other models. The aim of this study was to investigate, whether
co-application of NMDA receptor antagonist dizocilpine (MK-801) and GABAA receptor potentiator
midazolam would be associated with an improved effect on the TMT-induced model of cognitive
deficit. Wistar rats injected with TMT were repeatedly (12 days) treated with MK-801, midazolam, or
both. Subsequently, cognitive performance was assessed. Finally, after a 17-day drug-free period,
hippocampal neurodegeneration (neuronal density in CA2/3 subfield in the dorsal hippocampus,
dentate gyrus morphometry) were analyzed. All three protective treatments induced similar degree
of therapeutic effect in Morris water maze. The results of histological analyses were suggestive of
minor protective effect of the combined treatment (MK-801 and midazolam), while these compounds
alone were largely ineffective at this time point. Therefore, in terms of mitigation of cognitive deficit,
the combined treatment was not associated with improved effect.

Keywords: cognitive function; trimethyltin; hippocampus; NMDA receptor; GABA A receptor;
dementia; combination therapy; Alzheimer’s disease; neurodegeneration; neuroprotection

1. Introduction

Dementias, exemplified mainly by Alzheimer’s disease, represent a serious worldwide
problem. The rising numbers of patients, significant socioeconomic burden, and limited
treatment options necessitate research into treatments targeting the disabling cognitive
deficit. Amyloid beta is assumed to play a pivotal role in the pathogenesis of the disease.
Besides other detrimental effects, amyloid beta seems to contribute to disturbance of the
balance between excitation and inhibition in limbic structures, including hippocampus.
These alterations of neurotransmitter systems may contribute to the cognitive deficit. There-
fore, pharmacological approaches aiming at restoration of the neurotransmission balance
by modulation of glutamatergic and GABAergic systems seem reasonable (reviewed in [1]).

A representative of antagonists of the glutamate receptor of the N-methyl-D-aspartate
(NMDA) type, memantine, is already clinically used and is capable of reducing the worsen-
ing of clinical symptoms in patients with Alzheimer’s disease [2]. It was also proven to
decrease the levels of Alzheimer’s disease associated proteins amyloid beta and tau in a
triple transgenic mouse model, suggesting its disease-modifying potential [3]. Multiple
publications corroborate promising effects of NMDA receptor antagonists on cognitive
functions in genetic and non-genetic rodent models of Alzheimer’s disease [4–6], and
neuroprotective effects in other animal models [7–9]. Generally, the neuroprotective effect
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lies in mitigation of glutamate excitotoxicity [9]. However, as NMDA receptors are neces-
sary for physiological neurotransmission, many NMDA receptor antagonists can induce
undesirable side effects [9,10].

The role of the modulation of the GABAergic system by various compounds including
benzodiazepines in the treatment of dementias did not receive bigger attention until
the last decade [1,11]. Benzodiazepines acts as positive allosteric modulators of GABAA
receptors, therefore facilitating the inhibitory effect of GABA [12]. Such action may possibly
help to restore the balance between excitation and inhibition. Besides, GABAA receptor
potentiators, including benzodiazepines, possess beneficial neuroprotective properties in
animal and in vitro models [13–17]. On the other hand, side effects may limit the use of
these compounds [18].

Among animal models of neurodegenerative diseases associated with cognitive deficit,
one possible approach is a systemic administration of trimethyltin (TMT), an organometallic
compound inducing neurodegeneration in the limbic system, particularly in the hippocam-
pus [19–21], and behavioral alterations, including cognitive deficit in various tasks [22–26]
in laboratory rats. The effect of TMT is age-dependent, affecting older animals more
profoundly [27]. Moreover, the model shares other typical features of neurodegenerative
disorders, such as oxidative stress [25], microglia activation [28], mitochondrial dysfunc-
tion [29], progressive pattern of action [22], altered neurotransmission [23,30–32], and
altered expression of multiple gene groups, including those relevant to Alzheimer’s dis-
ease, such as presenilin 1, presenilin 2, amyloid precursor protein, and tau [33,34]. These
properties make the TMT model a promising tool for testing of treatment options targeting
the disabling cognitive deficit associated with neurodegenerative disorders, particularly
Alzheimer’s disease.

The precise mechanisms of the selective neurotoxicity of TMT are complex and not
yet fully elucidated. Oxidative stress, calcium overload, and mitochondrial damage are
most probably involved, although other phenomena like glutamate excitotoxicity are also
considered, as reviewed by Geloso et al. [35]. Among other pathologies, alterations of
neurotransmitter systems [32] involving increased extracellular levels of glutamate [30,31]
and decreased levels of GABA in hippocampus [23] seem to be present. Correspondingly,
therapeutic effects of drugs with various mechanisms of action (anti-inflammatory agents,
antioxidants, or agents correcting altered neurotransmission) were described (for review
see [36]).

NMDA receptor antagonists [37] or positive modulators of GABAA receptors [38] are
able to accomplish the desired alleviation of the TMT-induced cognitive deficit. The precise
underlying mechanism is difficult to specify due to the complex nature of TMT action. It is
supposed to lie mainly in correction of altered neurotransmission [36], since the neuropro-
tective potential of these compounds in the TMT model appears rather limited [39–41].

Due to the complex nature of Alzheimer’s disease, combined treatment is expected
to represent a more suitable approach than monotherapy [1,42]. Such an approach may
lead to increased therapeutic effects and an improved side effect profile [42], which would
be of great benefit. Furthermore, given the current interest in so-called multi-target di-
rected ligands, these findings can represent a potential basis for future drug development.
It seems reasonable to suppose that co-application of NMDA receptor antagonists and
GABAA receptor potentiators might, by complementary mechanisms, help to restore the
excitatory/inhibitory balance and lead to an increased effect. The evidence from models of
different central nervous system disorders suggests that co-application of NMDA recep-
tor antagonists with GABAA potentiators may be associated with beneficial synergistic
interactions [15,43–45].

To our knowledge, it remains to be elucidated whether similar beneficial interactions
may also occur in the TMT model. Therefore, the purpose of this study was to investigate
whether co-application of an NMDA receptor antagonist and GABAA receptor potentiator
would increase the intended anti-amnestic therapeutic effect in the TMT model. As a
selective NMDA receptor antagonist, we used MK-801 [46], as a representative of GABAA
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receptor potentiators of the benzodiazepine class, we chose midazolam; its advantage
over other benzodiazepines lies in its water-solubility [47]. MK-801, midazolam, or their
combination were repeatedly administered to the TMT-injected rats. Subsequently, we
focused on the cognitive performance of the animals in Morris water maze (a hippocampus-
dependent task [48]) and contextual fear conditioning (task involving hippocampus- and
amygdala-associated processes [49,50]). We hypothesized that the co-application would be
associated with increased cognitive effect. In addition, the neurodegeneration in dorsal
hippocampus was histologically assessed.

2. Materials and Methods
2.1. Animals

Thirty-two adult male Wistar rats (10–11 weeks old, 380–490 g) purchased from the
Institute of Physiology of the Czech Academy of Sciences (accredited breeding colony)
were used. After one week acclimatization period, the experiment has been initiated. As
TMT may induce aggression [22,25], the animals were single housed since the day of TMT
administration in transparent plastic cages (20 × 25 × 40 cm). The cages were located in an
air-conditioned animal room with constant temperature (22 ◦C), humidity (50–60%), and
12 h light/dark cycle (lights on: 06:00–18:00 h). Water and food were available ad libitum.
All experiments were conducted in accordance with the guidelines of the European Union
directive 2010/63/EU and Act No 246/1992 Coll., on the protection of animals against
cruelty, and were approved by the Animal Care and Use Committee of the Institute of
Physiology of the Czech Academy of Sciences and by the Central Committee of the Czech
Academy of Sciences (approval number 136/2013, approved 3 October 2013). All efforts
were made to reduce the number of animals and minimize suffering.

2.2. Drugs and Experimental Design

The rats were pseudorandomly allocated to five groups: Saline, TMT, TMT + MK-801,
TMT + midazolam, and TMT + MK-801 + midazolam. On Day 0, animals were intraperi-
toneally injected with a single dose of TMT (trimethyltin chloride, #146498, Sigma-Aldrich,
St. Louis, MO, USA; 8 mg/kg body weight, TMT weight expressed as total salt, 8 mg/mL,
dissolved in 0.9% saline). Control animals (group saline) received a corresponding volume
of saline. MK-801 at a dose of 0.1 mg/kg ((+)-MK-801 hydrogen maleate, #M107, Sigma-
Aldrich, 0.1 mg/mL, dissolved in 0.9% saline), midazolam at a dose of 5 mg/kg (midazolam
hydrochloride, 5 mg/mL, Dormicum, Roche, Prague, Czech Republic), or both MK-801 and
midazolam were applied to animals from corresponding groups 30 min before the applica-
tion of TMT on Day 0 and then on a daily basis until Day 11, while animals from groups
saline and TMT received 0.9% saline. All drugs were administered intraperitoneally.

The timeline of the experiment is shown in Figure 1. After finishing the treatment,
a battery of behavioral tests was conducted. Ethical aspects were considered in the ex-
perimental design. The same animals were used for behavioral tests and histological
assessment, enabling reduction of the number of animals. Perfusion was performed on
Day 28 (therefore, after a 17-day drug-free period).

The number of animals in groups was: 7 animals in saline, 8 animals in TMT, 6 animals
in TMT + MK-801, 6 animals in TMT + midazolam, and 5 animals in TMT + MK-801 +
midazolam group.
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Figure 1. Timeline of the experiment.

2.3. Morris Water Maze

Morris water maze (MWM) was performed to assess cognitive performance. The
apparatus consisted of a blue plastic circular pool (180 cm in diameter) with a circular
platform (10 cm in diameter, transparent plastic, submerged 1 cm below the water surface).
The position of the platform was constant (in the center of SW quadrant). The pool was
filled with water (21–22 ◦C, 28 cm deep) colored by a small amount of non-toxic grey dye.
The position of the rat was recorded every 40 ms by an overhead camera connected to a
digital tracking system (Tracker, Biosignal Group, New York, NY, USA). The data was later
analyzed using software Carousel Maze Manager 0.4.0 [51].

The MWM testing was initiated on Day 12 of the experiment and it was conducted
during four consecutive days (MWM Day 1–4) in the light phase of the day. The rats were
trained to find the hidden platform. Each day the rats underwent 8 swims from different
starting points located on the periphery of the pool (in pseudorandom order). Animals
were released into the water facing the inner wall of the pool. If the rat did not find the
platform in 60 s, it was guided to the platform by the experimenter. On the MWM Day 4,
after finishing the MWM sessions, the platform was removed, and the rats underwent a
30-s probe trial. Subsequently, the platform was returned to the pool, raised 1 cm above the
water surface, and provided with a contrast rim for better visibility. A 60-s visible platform
trial was conducted to assess sensorimotor functions and motivation [52].

The dependent variables for training trials were total distance (m) moved by the rat to
reach the hidden platform (or total distance moved in the case of unsuccessful trials) and
mean distance (cm) from platform (mean of the distances of the animal from the platform,
sampled in 40 ms intervals), which represents a sensitive parameter, reflecting not only
the ability to locate the platform, but also the search strategy [53]. Mean daily values were
calculated for each animal and used for analysis. Latency was also analyzed, but as latency
and distance are generally correlated, we report only the distance, which is less sensitive to
possible differences in swimming speed. Cumulative latency (sum of all latencies during
MWM Day 3 and 4) was calculated to assess the best achieved performance [54]. Days 3–4
were chosen because all groups reached asymptotic performance by MWM Day 3 (within
each group, there was no significant difference between MWM Day 3 and Day 4 with
respect to the distance moved as well as escape latency [latency data not shown]; two-way
repeated measures ANOVA with Bonferroni post hoc test).

The dependent variables for probe trial and visible platform trial were dwell time in
target quadrant (=the quadrant where the platform was originally located) and latency to
find the platform, respectively.

“The periphery of the pool” refers to an 18-cm wide annulus; the wall of the pool
represented the outer border of the annulus.

2.4. Contextual Fear Conditioning

Contextual fear conditioning is a cognitive task based on association of aversive stim-
ulus with the context of its administration. In healthy animals, repeated exposition to the
context leads to manifestation of freezing behavior [55]. The experiment was performed
during two consecutive days (Day 17–18). An automated apparatus TSE Multi Condi-
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tioning System (TSE Systems, Bad Homburg, Germany) with corresponding software
(TSE ActiMot) was used. The apparatus consisted of a testing box (44 × 44 cm; the floor
was made of a stainless steel grid) and enabled administration of electric stimulus via
the grid floor and detection of the animal’s activity using infrared sensors. For the first
session (learning), the animal was placed into the apparatus and after 3 min, an electric
stimulus (1 mA, direct current, 2000 ms) was administered. After 2 min, the stimulus was
administered once more. Testing session was performed 24 h later. The animal was placed
again into the testing box for 5 min and the cumulative duration of freezing was analyzed.
Freezing episode was defined as absence of (other than breathing) body movements for 2 s
or more.

2.5. Open Field Tests

The rats were subjected to open field tests to monitor their locomotor activity to
exclude any presence of severe malaise or decreased state of well-being, possibly induced
by the TMT toxicity and manifested as decreased/absent locomotion. These non-specific
effects, if present, may influence the performance of the animals in the cognitive tests. Open
field tests (10 min) were performed on Day 0 before TMT administration (baseline activity)
and then weekly: on Day 7, Day 14, and Day 21. The TSE Multi Conditioning System (TSE
Systems, Germany) apparatus (open field size 44 × 44 cm) with corresponding software
(TSE ActiMot) were used. The dependent variable was distance moved by the animal. Due
to apparatus error, one animal from the saline group and one animal from the TMT group
were excluded from the analysis.

2.6. Histology

On Day 28, the rats were anaesthetized with intraperitoneal injection of ketamine
(Narketan, Vétoquinol, Lure, France; 120 mg/kg) and xylazine (Rometar, Bioveta, Ivanovice
na Hane, Czech Republic; 6 mg/kg), and transcardially perfused with 0.01 M phosphate
buffered saline (pH 7.4) rinse followed by ice cold 4% paraformaldehyde in 0.15 M Na-
phosphate buffer and 15% saturated picric acid (pH 7.4). The brains were dissected,
postfixed in the paraformaldehyde solution overnight, cryoprotected in buffered 10% and
30% sucrose solution at 4 ◦C, frozen on dry ice, and stored at −80 ◦C. The brains were
sectioned (coronal plane, 50 µm) using cryostat Leica CM1850. Two series were used for
following analyses.

A randomly selected series of sections (every 6th section) was mounted on gelatin-
coated slides, stained with cresyl violet, and coverslipped.

Another series of sections (50 µm apart the cresyl violet stained sections) was immunos-
tained with antibodies against neuronal nuclei (NeuN) using the previously described
avidin-biotin method [56]. The protocol involved incubation in the solution containing
primary antibody (anti-NeuN, mouse monoclonal, clone A60, #MAB377, Chemicon Inter-
national, Temecula, CA, USA; dilution 1:1000), 1.5% normal horse serum, sodium azide
(0.2 mg/mL), and 0.3% Triton-100 in 0.01 M phosphate buffered saline (PBS, pH 7.6) for
72 h at 8 ◦C. The incubation with secondary antibody was performed using the solution
containing biotinylated horse anti-mouse IgG (BA-2001, Vector Laboratories, Burlingame,
CA, USA; dilution 1:200), 1.5% normal horse serum, and 0.3% Triton-100 in 0.01 M PBS
(1 h incubation at room temperature). After the staining, the sections were mounted on
gelatin-coated slides and coverslipped.

2.7. Stereological Estimate of CA2/3 Neuronal Density in a Defined Portion of the
Dorsal Hippocampus

Five NeuN-stained sections starting at the level corresponding to −2.92 from Bregma
according to rat brain atlas [57] were used for stereological estimation of neuronal density
in the cornu Ammonis 2/3 (CA3 together with CA2) subfield in the dorsal hippocampus.
Dorsal CA3 was selected as it is known to be susceptible to TMT-induced damage [20,58]
and is also necessary for normal MWM performance [59]. As the CA3/CA2 border is not
always easily distinguishable, CA2 was included in the region of interest as well. The



Brain Sci. 2021, 11, 400 6 of 16

region of interest is shown in Figure 2a. Nomenclature (CA3, CA2) is based on Paxinos
and Watson [57]. CA3c refers to the portion of CA3 encapsulated by the blades of dentate
gyrus, as described in Hunsaker et al. [60].
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Figure 2. Regions of interest tracing. (a) CA2/3 subfield, where the stereological counting was performed; (b) area of
dentate gyrus. Magnification: 2×. Microphotographs in Figure 2 were acquired using a microscope (Olympus BX53,
2×/0.08 objective lens) connected to a camera (Olympus DP74 for the Olympus BX53 microscope, and Zeiss AxioCam
MRm for the Zeiss microscope) and acquisition system in brightfield illumination in grayscale camera mode.

The neuronal density was determined using unbiased stereology approach. The neu-
rons were visualized with Olympus BX51 microscope (100× oil immersion objective lens)
and stereologically counted using optical fractionator [61] using the software Stereo Inves-
tigator (MBF Bioscience, Williston, VT, USA). Counting was performed with 50 × 50 µm
counting frame and the systematic random sampling grid size was 150 × 150 µm. Tissue
thickness was measured at every sampling site, dissector height was 7 µm. Guard zones
were used to avoid abnormalities of the tissue surface, guard zone distance was 0.6 µm.
Subsequently, estimated population using mean section thickness was calculated by the
software. The coefficient of error for a single measurement (Gundersen, m = 1) was ≤0.07.
Analysis was performed in a blinded manner.

The volume of the analyzed area (µm3) was assessed by the software as well. The
neuronal density was then calculated by dividing the estimated neuronal count by the
volume of the analyzed area. Right and left hippocampus from each subject was analyzed
separately. Subsequently, mean value of neuronal density was calculated for each animal
and used for statistical analysis.

2.8. Mean Area of Dentate Gyrus in a Defined Portion of the Dorsal Hippocampus

As excessive neurodegeneration in CA3c may lead to thinning of dentate gyrus [62],
five cresyl violet-stained sections (corresponding to the NeuN-stained sections used for the
stereological counting) were used for dentate gyrus morphometry. Microphotographs were
acquired using a microscope (Olympus BX53; 2× objective lens) connected to a camera
(Olympus DP74) and acquisition system (Olympus CellSens Dimension 1.18). Analysis was
performed using Fiji (ImageJ 2.0.0) software. A line was drawn around the outer borders
of the suprapyramidal and infrapyramidal blades of the granule cell layers, and the shape
was closed by drawing a straight line connecting the temporal ends of the dentate gyrus
blades, resulting in a triangle-like area, including the granule cell layer, a part of CA3
pyramidal layer, and the hilus (Figure 2b). The area of the dentate gyrus was measured.
These measurements were done for the left and right hippocampus in all five sections, and
the mean of all the 10 measurements per animal was calculated. Analysis was performed
in a blinded manner.
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2.9. Statistics

Statistical analysis was performed using GraphPad Prism 5.0 (San Diego, CA, USA).
The differences were considered as significant at p < 0.05. Asterisks and number signs in
graphs denote statistical significance, * p < 0.05, ** p < 0.01, *** p < 0.001.

Distance moved and mean distance from platform in MWM were analyzed using
two-way repeated measures ANOVA (treatment and day factor) followed by Bonferroni
post hoc test to assess treatment effect (differences between treatment groups within each
day). An additional Bonferroni post hoc test was performed for distance moved to assess
the day effect (differences between days within each treatment group).

In the probe trial, the percentage of time spent in the target quadrant was compared to
25% (the value corresponding to random preference for quadrants) using one-sample t-test.

The data from MWM visible platform, MWM cumulative latency, dorsal CA2/3
neuronal density, and area of dentate gyrus were tested for normality using Kolmogorov–
Smirnov test and for equal variances by Bartlett’s test. If these assumptions for ANOVA
were met, ANOVA followed by Tukey’s post hoc test (when appropriate) was used for data
analysis (CA2/3 neuronal density, area of dentate gyrus; data are graphically represented as
group mean + SEM). If the assumptions for ANOVA were not met (MWM visible platform,
MWM cumulative latency), the data were analyzed using Kruskal–Wallis test followed
by Dunn’s multiple comparison test where appropriate, and graphically represented as
median with interquartile range. The data from fear conditioning (cumulative duration of
freezing) were analyzed using ANOVA. The distance moved in open field was analyzed
using ANOVA (individual days separately) and, if appropriate, Bonferroni post hoc test
was performed to compare the groups with the saline group.

3. Results
3.1. Morris Water Maze

Spatial cognition of the animals was tested using MWM. Two-way repeated measures
ANOVA of distance moved in MWM revealed a significant effect of treatment (F4,81 = 6.234,
p = 0.0011) and day (F3,81 = 60.22, p < 0.0001), with no interaction. Bonferroni post hoc test
(treatment effect) showed that the distance moved by the TMT group was significantly
longer than that of saline-treated animals on all MWM days (p < 0.01, p < 0.001, p < 0.001,
and p < 0.01 for MWM Day 1, 2, 3 and 4, respectively), indicating impaired cognitive
performance. Conversely, the distance moved by the treated groups (TMT + MK-801, TMT
+ midazolam, TMT + MK-801 + midazolam) did not differ from saline-treated animals
throughout whole experiment. Moreover, the distance moved by animals treated with TMT
+ MK-801 on MWM Day 2 was significantly shorter than that of the TMT group (p < 0.05).
Similarly, on Day 2 and 3, the animals from the TMT + midazolam group (p < 0.01 for day 2
and p < 0.05 for day 3) and animals from the TMT + MK-801 + midazolam group (p < 0.05
for both days) travelled shorter distances compared to the TMT group (Figure 3a). These
findings suggest alleviation of TMT-induced cognitive deficit.

Analysis of day effect using Bonferroni post hoc test revealed that the distance moved
by saline-treated animals as well as by all groups treated with tested drugs (TMT + MK-
801, TMT + midazolam, TMT + MK-801 + midazolam) significantly decreased on Day
2 (compared to the same group on day 1; p < 0.001, p < 0.05, p < 0.01, and p < 0.01,
respectively), indicating successful learning. In contrast, in the TMT group, there was no
significant difference between distance moved on Day 1 and 2. The improvement occurred
on Day 3 (vs. day 1; p < 0.001), indicating a delayed onset of learning. These findings may
further corroborate a beneficial effect of both drugs and their combination on cognition.

Two-way repeated measures ANOVA of mean distance from the platform yielded a
significant effect of treatment (F4,81 = 5.973, p = 0.0014) and day (F3,81 = 119.1, p < 0.0001).
TMT treatment was associated with an increased mean distance from the platform com-
pared to saline on all MWM days (Bonferroni post hoc test, treatment effect, p < 0.01,
p < 0.001, p < 0.001, and p < 0.05 for Day 1, 2, 3, and 4, respectively). The groups treated
with tested drugs did not differ from saline; moreover, they displayed lower mean distance
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from the platform than TMT-treated rats on certain days: the TMT + MK-801group differed
from TMT on Day 2 (p < 0.05), TMT + midazolam on Day 2 (p < 0.01), and TMT + MK-801 +
midazolam differed from TMT on Days 2, 3, and 4 (p < 0.05 for all; Figure 3b).
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Figure 3. Morris water maze. (a) Distance moved. Group mean + SEM, two-way repeated measures ANOVA and Bonferroni
post hoc test (treatment effect within day), * p < 0.05, ** p < 0.01, *** p < 0.001 vs. TMT, ## p < 0.01, ### p < 0.001 vs. saline.
(b) Mean distance from platform. Group mean + SEM, two-way repeated measures ANOVA and Bonferroni post hoc test
(treatment effect within day), * p < 0.05, ** p < 0.01, *** p < 0.001 vs. TMT, # p < 0.05, ## p < 0.01, ### p < 0.001 vs. saline.
(c) Cumulative latency. Kruskal–Wallis with Dunn’s multiple comparison test, ** p < 0.01 vs. TMT, ## p < 0.01 vs. saline.
Median with interquartile range, circles represent values from individual animals. (d) Probe trial—dwell time in target
quadrant. Group mean + SEM, asterisks denote difference from the quadrant choice equivalent to random chance (25%,
indicated by the dashed line) analyzed using one-sample t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. (e) Visible platform
trial—latency to find the platform. Median with interquartile range, circles represent values from individual animals.

Cumulative latencies (sum of latencies from MWM day 3–4) of the treatment groups
were significantly different (Kruskal–Wallis test, H = 14.25, N1 = 7, N2 = 8, N3 = 6, N4 = 6,
N5 = 5, p = 0.0065). TMT-treated animals had higher cumulative latency than saline-treated
animals (Dunn’s multiple comparison test, p < 0.01), indicating impaired performance.
Although we observed differences between the group means, with that of saline group
being the lowest, followed by TMT + MK-801 + midazolam group, no other statistically
significant differences were found (Figure 3c). In the TMT group, three out of eight animals
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(37.5%) displayed considerably high cumulative latency. High cumulative latency was
associated with an increased time spent in the periphery of the pool in these three animals
(time spent in the periphery on Day 3–4 was 66–78%, representing the highest values
of all animals), suggesting that they failed to adopt effective strategy. One of the six
animals (16.7%) in the TMT + MK-801 group tended to manifest similar deficit; however,
other groups (saline, TMT + midazolam, TMT + MK-801 + midazolam) were free of such
“poor performers”.

Analysis of probe trial showed that despite observed differences in the groups’ perfor-
mance, animals from all treatment groups displayed significant preference for the target
quadrant, as one sample t-test revealed that time spent in target quadrant was >25%, which
corresponds to random choice (t6 = 7.929, p = 0.0002 for saline, t7 = 2.668, p = 0.0321 for
TMT, t5 = 10.61, p = 0.0001 for TMT + MK-801, t5 = 5.544, p = 0.0026 for TMT + midazolam,
t4 = 5.728, p = 0.0046 for TMT + MK-801 + midazolam group). Therefore, all groups were
able to eventually learn the location of target quadrant (Figure 3d).

Finally, we did not detect any significant differences between groups in the visible
platform trial. This suggests a low risk of confounding the MWM results via alterations in
sensorimotor functions or motivation (Kruskal–Wallis test; Figure 3e).

3.2. Contextual Fear Conditioning

According to visual observation during the learning phase, control as well as TMT-
treated animals exhibited the typical response to the painful stimulus (running, vocalization;
not quantified). ANOVA of the cumulative duration of freezing during the testing phase
did not find a statistically significant group effect, although we observed differences in the
groups’ means (Figure 4).
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Figure 4. Contextual fear conditioning: Cumulative duration of freezing. Group mean + SEM. No
statistically significant differences were found (ANOVA).

3.3. Open Field Tests

Analyses of distance moved in open field (Day 0, Day 14, Day 21) did not reveal
significant differences between groups (ANOVA). On Day 7, there was a group effect
(F4,25 = 3.426, p = 0.0230), but the post hoc test (Bonferroni) did not find statistically signif-
icant differences. Therefore, we failed to detect any significant activity decrease, which
would suggest severe impairment of health condition by the toxic effects of TMT (data
not shown).

3.4. Stereological Estimate of CA2/3 Neuronal Density in a Defined Portion of the
Dorsal Hippocampus

Examination of NeuN-stained sections confirmed that TMT induced pyramidal cell
loss in dorsal CA3, which was particularly prominent in the CA3c subfield. Various degrees
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of cell loss were observed in individual animals. Representative images of NeuN-stained
sections from animals in different treatment groups are shown in Figure 5a1–e2.
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Figure 5. Representative NeuN-stained sections from dorsal hippocampus. Panels show sec-
tions from animals treated with: (a1,a2) Saline (relevant subfields of pyramidal cell layer are
marked); (b1,b2) TMT (note almost complete neuronal loss in CA3c); (c1,c2) TMT + MK-801; (d1,d2)
TMT + midazolam; (e1,e2) TMT + MK-801 + midazolam. Note different neuronal densities in CA3c.
Sections from animals with neuronal density close to the group mean are depicted. Magnification: 4×
(left panels); 10× (right panels). Microphotographs in Figure 5 were acquired using a microscope (left
panels: Zeiss Axio Observer D1, 4×/0.1 objective lens; right panels: Olympus BX53, 10×/0.40 dry
objective lens) connected to a camera (Olympus DP74 for the Olympus BX53 microscope, and Zeiss
AxioCam MRm for the Zeiss microscope) and acquisition system in brightfield illumination in
grayscale camera mode.

ANOVA of the stereological estimates of neuronal density in CA2/3 in the defined
portion of the dorsal hippocampus found significant effect of treatment (F4,27 = 6.772,
p = 0.0007). The TMT (p < 0.001), TMT + MK-801 (p < 0.01), and TMT + midazolam
(p < 0.05) group displayed significantly lower neuronal densities than the saline-treated
group (Tukey’s post hoc test). In contrast, the TMT + MK-801 + midazolam group did
not differ from the saline or from the TMT group, suggesting mild neuroprotective effect
(Figure 6a).
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< 0.01, *** p < 0.001. (b) Mean area of dentate gyrus (including the hilus, as described in Methods) 

in the defined portion of the dorsal hippocampus. ANOVA and Tukey’s post hoc test, * p < 0.05, ** 

p < 0.01. 
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Figure 6. Histology. (a) Stereological estimate of neuronal density in CA2/3 in the defined portion of the dorsal hippocampus.
Group mean + SEM. ANOVA and Tukey’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001. (b) Mean area of dentate gyrus
(including the hilus, as described in Methods) in the defined portion of the dorsal hippocampus. ANOVA and Tukey’s post
hoc test, * p < 0.05, ** p < 0.01.

3.5. Mean Area of Dentate Gyrus in a Defined Portion of the Dorsal Hippocampus

To assess thinning of dentate gyrus, possibly associated with degeneration of CA3c
neurons, area of dentate gyrus was measured. ANOVA of the mean area of dentate gyrus
revealed significant effect of treatment (F4,27 = 5.978, p = 0.0014). TMT reduced the area of
dentate gyrus (p < 0.01, compared to saline, Tukey’s post hoc test). In contrast, TMT + MK-
801 + midazolam treatment was associated with increased area of dentate gyrus compared
to TMT group (p < 0.05), being suggestive of protective effect. The TMT + MK-801 and
TMT + midazolam groups did not differ from saline or from TMT group, which may be
interpreted as possible partial protective effect (Figure 6b).

4. Discussion

The research of the treatment options addressing the disabling cognitive deficit accom-
panying neurodegenerative diseases is of particular importance. One possible approach
may be based on restoration of balance in neurotransmitter systems. The administration of
TMT to laboratory rats is considered as a promising model of neurodegenerative diseases
associated with cognitive deficit, especially Alzheimer’s disease [35]. The TMT-induced
pathologies may involve increased levels of glutamate [30,31] and decreased levels of
GABA [23]. Correspondingly, THIP (gaboxadol), representing an agonist of extrasynaptic
GABAA receptors [38,63], and phencyclidine, acting predominantly but not exclusively as
an NMDA receptor antagonist [37], were found to ameliorate the TMT-induced cognitive
deficit. Besides, the co-application of NMDA receptor antagonists with positive modulators
of GABAA receptors is associated with beneficial synergistic interactions in other mod-
els [15,43–45]. This prompted us to investigate the possible benefit of the co-application of
these agents in the TMT-induced model of cognitive deficit in rats. MK-801 was chosen as
a selective NMDA receptor antagonist [46]. We selected midazolam as a representative of
water-soluble [47] GABAA receptor potentiators of the benzodiazepine class.

In accordance with existing literature [23,26], TMT induced cognitive deficit in MWM,
manifested as increased distance moved and mean distance from platform throughout
the experiment. Moreover, the onset of learning was delayed and TMT-treated animals
never reached the level of performance of control animals, as indicated by cumulative la-
tency [54]. According to visible platform trial and open field test, the impaired performance
was not caused by non-cognitive phenomena (sensorimotor dysfunction or decreased activ-
ity/malaise, respectively). Treatment with MK-801, midazolam, as well as a combination
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thereof, provided a similar degree of alleviation of manifestations of cognitive impairment
in the observed parameters. Our results confirm the protective effects of NMDA receptor in-
hibition [37] and GABAA receptor positive modulation [38] against TMT-induced cognitive
deficit. However, we failed to bring forward any clear evidence for the superiority of the
combined treatment. Interestingly, the combined treatment (TMT + MK-801 + midazolam),
but not MK-801 or midazolam alone (TMT + MK-801, TMT + midazolam), improved the
search strategy on MWM Day3–4, as indicated by the mean distance from the platform [53].
We also observed mildly improved cumulative latency in animals with the combined
(TMT + MK-801 + midazolam) treatment compared to the compounds alone; nonetheless,
the difference did not attain statistical significance. It is therefore possible that a subtle
difference in cognition was present, but that the basic version of MWM used in our study
was not sensitive enough to detect it. Anyway, no statistically significant advantage of the
combined treatment over monotherapy was found.

As opposed to MWM, we did not find any statistically significant difference between
the performance of the treatment groups in the contextual fear conditioning, although we
observed tendency to impaired performance in the groups TMT and TMT + MK-801. Hence,
our results do not corroborate the findings of Takahashi, who reported decreased freezing
in TMT-treated rats in the testing phase of contextual fear conditioning [64]. However, it is
worth noting that the experimental design was not identical.

In addition to cognitive aspects, we assessed the TMT-induced hippocampal neuronal
loss. Brain samples were harvested with time delay, after completing the behavioral tests
(therefore 17 days after treatment cessation). Neuronal loss in CA3 subfield in dorsal
hippocampus, a region highly susceptible to TMT-induced damage [20,58], was evaluated
using the unbiased stereology approach. Consistently, TMT induced neuronal loss in
dorsal CA2/3. Moreover, as the CA3c subfield in the dorsal hippocampus is extremely
vulnerable to TMT-induced neurodegeneration [19,20], possibly leading to dentate gyrus
thinning [62], the area of dentate gyrus was measured as well, revealing a shrinkage of
dentate gyrus in TMT-treated animals. Combined treatment (TMT + MK-801 + midazolam)
was associated with mild mitigation of dorsal CA2/3 neuronal loss as well as of dentate
gyrus shrinkage, while the substances were largely ineffective when administered alone
(TMT + MK-801, TMT + midazolam), suggesting the possible benefit of the combined
treatment. It should be noted that the protective effect of the combined treatment at the
selected time point was minor. Nevertheless, the analyzed area included the CA3c, the
subfield considered the most sensitive for the toxic effects of TMT [19,20], and the beneficial
effect of treatment was present even after the 17-day drug-free period. Therefore, although
MK-801 [39] or GABAA receptor potentiator phenobarbital [41] alone were reported to fail
to protect neurons against TMT-induced degeneration, our results seem to suggest that
co-application of similar agents may provide some degree of protective effect.

To sum up, we hypothesized that NMDA receptor antagonists and GABAA receptor
potentiators might by complementary mechanisms restore the essential balance between
excitation and inhibition in the central nervous system, resulting in desired increase of anti-
amnestic effect. However, our results do not support this hypothesis. The behavioral and
delayed histological assessments brought different results, with only the latter suggesting
possible benefit of combined treatment. It should be emphasized that the benefit of the
combined treatment on the histological parameters at selected time point was only minor,
and, on the other hand, a non-significant tendency towards improved performance of
the group with combined treatment (compared to monotherapy) in Morris water maze
was observed.

An insight into the mechanisms underlying the effects of MK-801, midazolam, and
their combination in the TMT model is difficult to gain due to the complex and not fully
understood mechanisms of action of TMT. In this context, it is challenging to interpret
the lack of beneficial interactions of MK-801 and midazolam with respect to the cognitive
performance. Moreover, the anti-amnestic and neuroprotective effects of agents interfering
with neurotransmitter systems in the TMT model may not be necessarily exerted via
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identical mechanisms and their relationship is unclear. In general, similar drugs seem
to be effective in terms of mitigation of cognitive deficit, but less effective in preventing
TMT-induced neuronal loss [36–39,41]. Addressing the question whether the nature of
the anti-amnestic effect is mainly symptomatic or causal is not the objective of the current
study and it is also constrained by the design of the experiment, in which, due to ethical
reasons, the same animals were used for behavioral and histological assessment (resulting
in time gap between them).

Among putative mechanisms underlying the observed mild neuroprotective effect,
mitigation of glutamate excitotoxicity seems possible. Excitotoxicity refers to overactivation
of glutamate receptors including NMDA receptors by glutamate, enabling calcium influx
into neurons, triggering multiple processes including oxidative stress, ultimately resulting
in neuronal loss [9]. NMDA receptor antagonists [9,65] and GABAA receptor potentia-
tors [66,67] can mitigate glutamate excitotoxicity and exert neuroprotective effects in other
models, and co-application of these agents may increase these effects [15]. Although TMT
does not directly activate glutamate receptors [68], glutamate excitotoxicity has been indeed
suggested to participate in its neurotoxic effect. As proposed in the 1980s, degeneration of
CA3 pyramidal neurons was ascribed to their putative hyperstimulation caused by disin-
hibited dentate granule cells [20,69,70]. Proven increased release and reduced uptake of
glutamate in the TMT model [30,31] may be consistent with this hypothesis. Nevertheless,
the role of glutamate excitotoxicity in the TMT model remains controversial [36,39,40] and
if it is involved at all, it most likely represents only one of the factors contributing to the
neuronal injury, rather than the exclusive one [35,40]. As opposed to excitotoxicity, involve-
ment of oxidative stress in the mechanism of action of TMT is much more definite [35,36].
Activation of NMDA receptors by glutamate may perhaps only potentiate the oxidative
effect induced by distinct mechanisms and accelerate the neuronal degeneration [40]. In
this context, the antioxidant effect of midazolam [17] seems especially relevant.

In summary, co-application of MK-801 and midazolam did not significantly improve
the pro-cognitive effect. Since the mitigation of behavioral and cognitive symptoms in
patients is more important than histological aspects, we consider behavioral outcomes of
primary importance. From this perspective, MK-801 and midazolam co-application did
not lead to an improved effect in the current experimental setup.

5. Conclusions

In conclusion, MK-801, midazolam, as well as the combination thereof, mitigated
cognitive deficit in MWM; however, we failed to detect any significant superiority of the
combined treatment. According to the delayed histological assessment of the neuronal
loss in the dorsal CA2/3 hippocampal subfield, a minor protective effect of the combined
treatment with MK-801 and midazolam was present, while no significant effect of MK-801
or midazolam alone was detected at the selected time point.
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experiment consisting of Morris Water Maze test, where it demonstrated mild procognitive effect. Taking into 
account all in vitro and in vivo data, highlighted derivative 10w could be considered as the lead structure worthy 
of further investigation.   

1. Introduction 

Alzheimerś disease (AD) is currently incurable neurodegenerative 
condition and one of the greatest health-care challenges of the 21st 
century. In 2013, the “Group of Eight” countries stated that dementia 
should be made a global priority with a presumptuous ambition of dis
covery of the cure or disease-modifying therapy by 2025 [1]. People 
suffering from AD usually exert memory impairment, executive 
dysfunction interfering with the activities of daily living, and finally 
progressing dependency on others for care. According to the Alzheimerś 
Association, 13% of people over 65 suffer from this disease in developed 
countries, where it is the fifth leading cause of death in patients at this 
age [2]. Pursuant to the World Health Organization estimates, the 
overall projected prevalence in global population will quadruple in the 
next decades, reaching 114 million patients by 2050 [3]. Apart from 
having a significant social impact, this would clearly lead to increased 
economic burden to healthcare systems worldwide. 

In spite of large gains in our understanding of AD pathogenesis and 
how the disease is conceptualized, there are still striking gaps mainly in 
diagnosis, ethiology and available therapy. Since the uncompromising 
trigger of the disease is still elusive, several hypotheses have been put 
forward based on the various causative factors in order to explain this 
disorder. Efforts to identify which changes in the CNS play the major 
role in AD pathogenesis pointed out on pharmacological interference 
with cholinergic function suggested a strong relationship between 
acetylcholine-mediated neurotransmission and cognitive function. 
Following afore-mentioned studies, the cholinergic hypothesis of Alz
heimer’s disease has been evolved [4]. Seminal work on cholinergic 
hypothesis of AD by Bartus et al. in 1982 was the stimulus for a great 
deal of effort in experimental pharmacology and in a large number of 
clinical trials. Such endeavor bore the fruit in the form of approved 
drugs – tacrine, donepezil, rivastigmine and galantamine [5]. Although 
aforesaid paragraph has pointed out to a fact that cholinergic neuro
transmission is affected by AD, it is no longer widely believed that the 
cholinergic depletion alone is responsible for causing AD. 

The credibility of cholinergic hypothesis as the only theory 
explaining the ethiopathogenesis of AD was undermined by purification 
of amyloid β (Aβ) from the neuritic plaques. This discovery set the 
premise for the amyloid cascade hypothesis, which revolves around an 
imbalance in Aβ peptide metabolism followed by its aggregation and 
deposition in plaques as the major cause of neuronal death and 
dysfunction leading to dementia [6–7]. Additionally, a considerable 
evidence gained over the past decades has supported the idea that the 
neurons overexpressing amyloid precursor protein are more vulnerable 
to oxidative stress, mitochondrial dysfunction and apoptosis [8]. Passing 
the Aβ-channel in the cytoplasmic membrane, Aβ binds to a specific 
carrier called amyloid β-binding alcohol dehydrogenase (ABAD, EC 
1.1.1.51) to reach mitochondria [9]. Such coupling modifies the 
permeability of mitochondrial membranes [10]. In mitochondrial ma
trix Aβ binds again to ABAD and presumably this interaction results in 
the mitochondrial dysfunction [11]. In healthy brain, ABAD functions as 
a vital energy regulator within the mitochondria, containing a Rossman 
fold that acts to oxidize alcohols and reduce aldehydes and ketones [12]. 
The interaction between Aβ and ABAD inhibits enzymés physiological 
functions, leading eventually to oxidative burden. The latter information 
points out to the fact that the original version of amyloid cascade hy
pothesis, prevailing for the last two decades and having much of 
experimental support, does not account for the complexity of the dis
ease. Thus, such lack of complexity recognized in basic and clinical trials 
caused a shift from the simple assumption of linear causality as proposed 

in the original amyloid cascade hypothesis to the multifactorial nature of 
the disease that involves multiple biological pathways. 

Successful introduction of L-DOPA for Parkinsońs disease therapy 
had a significant impact on the AD therapy research field. Such dis
covery opened the way for so-called “neurotransmitter replacement” 
therapies for neurodegenerative diseases and led to development of the 
leading class of drugs currently approved for AD treatment, i.e. acetyl
cholinesterase inhibitors (AChEIs) [13]. This concept was additionally 
supported by the evidence of amnestic effect of anticholinergic drugs, 
such as scopolamine, in experimental and human studies [14]. AChEIs 
act by enhancing cholinergic neurotransmission through the inhibition 
of enzyme acetylcholinesterase (AChE, EC 3.1.1.7), thus decreasing the 
breakdown of ACh. There have been four, equally effective, AChEIs 
approved for the symptomatic treatment of AD: tacrine, donepezil, 
rivastigmine and galantamine [15]. Unfortunately, none of these drugs 
is capable of reversing the course of AD nor of even appreciably slowing 
down the rate of disease progression. Their clinical effect is largely 
palliative, however, their potential use in combination therapy with 
other disease-modifying compounds should not be excluded [16]. 

As it has been mentioned above, “one-target, one-molecule” thera
peutic strategy is unlikely to help in multifactorial diseases such as AD. 
Moreover, the cells can often find ways to compensate for a protein 
whose activity is affected by a drug [17]. Thus, “multitarget-directed 
ligand” (MTDL) paradigm has been formulated aiming on therapeutics 
that hit more than one target simultaneously [18]. This approach nor
mally involves the use of two or more different pharmacophore moieties 
(in most cases, at least one is directly related to AChEIs being a pillar of 
standard AD therapy) to include into a single framework [19]. 

2. Design 

There exists a long-established relationship between Aβ aggregation 
and AChE activity [20]. Namely, Aβ-AChE complexes trigger neuro
degeneration much more intensively than Aβ alone, acting as a chap
erone protein which increases the toxicity of Aβ peptide [21–22]. More 
recently, many evidences have indicated that the increased neurotox
icity of Aβ-AChE complexes is probably related to a more rapid and non- 
reversible increase in mitochondrial dysfunction or to some direct ef
fects at a mitochondrial viability level [23]. 

In the study presented herein, we turned our attention to compounds 
combining tacrine scaffolds with benzothiazole moieties in order to 
obtain MTDLs acting as triple inhibitors of AChE activity, Aβ aggrega
tion and mitochondrial dysfunction via ABAD activity modulation 
(Chart 1). To get at least partial proof-of-concept, several derivatives 
(10a, 10c, 10e, 10 g) have been already tested by our group for their 
potential to inhibit amyloid aggregation in hen egg white lysozyme [24]. 
This study pointed out to a significant improvement in inhibitory ac
tivity of novel compounds comparing to parent building blocks. Such 
positive finding pushed our group to extend the series with more 
derivatives. 

The story of tacrine (1,2,3,4-tetrahydroacridin-9-amine, THA, Chart 
1) started already in the middle of 20th century, however, only in the 
1980́s, THA was rediscovered by William Summers who hypothesized 
that it may be of benefit in treating the early stages of AD [25–27]. Thus, 
THA became the first of four AChEIs approved for treating this type of 
dementia. However, due to its clinical shortcomings instigating hepa
totoxicity, the use of tacrine was limited soon after its inception in 
therapeutic application [28]. In this regard, development of tacrine 
derivatives lacking the aforementioned drawback has drawn significant 
attention in last three decades [29]. On the other hand, the main trumps 
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of THA as a relevant lead scaffold in the field of medicinal chemistry 
include: its easy commercial accessibility, drug-like properties, low 
molecular weight and cholinesterase inhibitory potential at nanomolar 
concentration. For design of our compounds we have decided to utilize 
not only non-substituted tacrine moiety, but also two other tacrine de
rivatives – 7-methoxytacrine (7-MEOTA, Chart 1) and 6-chlorotacrine 
(Chart 1). The former represents a class of tacrine-like compounds 
with safer pharmacological profile, since Phase I of clinical trials with 7- 
MEOTA did not disclose any sign of hepatotoxicity [30]. The latter 
analogue – 6-chlorotacrine - belongs among tacrine derivatives with 
more favorable inhibitory effect on AChE comparing to its parent 
compound [31]. 

Benzothiazole scaffold belongs to a class of heterocyclic two-ring 
systems consisting of benzene ring fused with a thiazole moiety. From 
the physical–chemical properties point of view, benzothiazole fragment 
is planar, aromatic lacking rotatable bonds, thus, it is able to interact 
with various proteins as hydrogen-bond acceptor and at the same time as 
electron-density acceptor within π – π non-bonding complexes. This 
motif takes up its honorary place in medicinal chemistry, since it ex
hibits various biological activities such as antitumor, antidiabetic, 
antitubercular, antibacterial etc. [32]. For us, however, the most inter
esting are those benzothiazole compounds with potential anti-AD 
application. Due to similarity with Thioflavin T dye, the majority of 
them are used as diagnostic tools to detect Aβ. Fewer publications are 
devoted to benzothiazole-containing anti-AD therapeutics: some of them 

have been designed as ABAD modulators, others as multitarget ligands 
affecting cholinergic and amyloid pathways simultaneously [33–37]. 

Several scientific groups have already published tacrine – benzo
thiazole hybrids with various linkers. Huang and colleagues described 
such derivatives with a phenyl linker [35]. They tested them towards 
both cholinesterases and for their potential to inhibit Aβ self- 
aggregation. Keri et al. designed a series of tacrine – benzothiazoles 
linked by an amide spacer confronting AChE, Aβ aggregation and 
reactive oxygen species [34]. Finally, Rajeshwari and coworkers syn
thesized tacrine – phenylbenzothiazole heterodimers in order to obtain 
dual inhibitors of AChE and Aβ aggregation [36]. Considering moderate 
to good AChE inhibitory potential and average inhibition of Aβ aggre
gation exerted by aforementioned compounds we may prioritize our 
tacrine – benzothiazole hybrids, since they proved better results from 
both aspects and, moreover, they demonstrated their potential in 
mitochondrial dysfunction inhibition via ABAD activity modulation. 

Within our study, firstly, we have synthesized the 1st generation of 
tacrine – benzothiazoles (10a-10v) in order to ascertain which linker 
and tacrine moiety are the most appropriate in terms of all three pro
teins, i.e. AChE, Aβ and ABAD. The results of cytotoxicity and blood–
brain barrier penetration have been taken into account as well. Within 
the 2nd generation (10v-10y), the only variable parameter has been 
substitution on 6-position of benzothiazole ring in order to obtain even 
more potent representatives than in the 1st generation. 
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Chart 1. Design strategy toward tacrine – benzothiazoles 10a-10y.  
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3. Results and discussion 

3.1. Chemistry 

Tacrine – benzothiazole hybrids (10a-10y) were synthesized via 
three- or four-step sequence from commercially available 2-chloro-1,3- 
benzothiazoles (5–9) and tacrine intermediates (4a-4u) (Scheme 1a). 
9-Chlorotacrines (1–3) were obtained as reported in the literature [38]. 
Subsequent reaction of 1–3 with α,ω-diaminoalkanes gave key in
termediates (4a-4u) in good yields (70 – 90%) [39–40]. Such in
termediates were further utilized for the synthesis of final products 
(10a-10y) by coupling with unsubstituted 2-chloro-1,3-benzothiazole 
(5) (1st generation) or 6-position substituted 2-chloro-1,3-benzothia
zoles (6–9) (2nd generation) in the presence of N,N-diisopropylethyl
amine (DIPEA) in dimethylformamide (DMF). Finally, novel tacrine – 
benzothiazoles (10a-10y) were characterized in the form of hydro
chloride salts through their spectroscopic (1H and 13C NMR), HRMS and 
melting point data. Hydrochloride salts were also used for the activity 
profile assessment. 

3.2. In vitro inhibition of human cholinesterases 

As was mentioned above, the mode of action of the most frequently 
used drugs against AD is AChE inhibition. However, apart from AChE, 

butyrylcholinesterase (BChE, EC 3.1.1.8) could also represent a target of 
interest, inasmuch as this enzyme exerts a compensatory effect in 
response to a greatly decreased AChE activity in CNS when AD pro
gresses [41]. Due to this fact, all target compounds were evaluated for 
their potential to inhibit both cholinesterases by following Ellmańs 
spectrophotometric method using human recombinant AChE (hAChE) 
and human plasma BChE (hBChE) [42]. Tacrine, 7-MEOTA and 6-chlor
otacrine were used as reference compounds. 2-Aminobenzothiazole 
(BTZ) was found to be inactive. Experimental results, presented as 
IC50 values, i.e. concentration that reduces cholinesterase activity by 
50%, as well as selectivity indexes (SI) are summarized in Table 1. 

Regarding the 1st generation of tacrine – benzothiazoles (10a-10u), 
all of them turned out to be potent hAChE inhibitors with the IC50 values 
in micromolar to nanomolar range. Considering the general structure 
variations, two main modifications could be highlighted: 1) substitution 
on tacrine scaffold and/or 2) spacer length between two pharmaco
phores. In line with the expected binding mode of prepared molecules 
along the active site gorge of AChE, [31,39,43] hybrids bearing 7- 
methoxytacrine moiety (10a-10 g) displayed the poorest inhibitory 
potential towards hAChE, heterodimers derived from non-substituted 
tacrine (10 h-10n) showed moderate results, whereas analogues with 
6-chlorotacrine core (10o-10u) proved to be the best hAChE inhibitors 
of the 1st generation. From the point of view of the second varying 
parameter – tether length, the results showed no linear relationship 
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Scheme 1a. Synthesis of tacrine – benzothiazole hybrids 10a-y.  
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Table 1 
In Vitro results of tacrine – benzothiazole hybrids 10a-10y and reference compounds.  

Compound IC50 hAChE ± SEM (nM)a IC50 hBChE ± SEM (nM)a SI (hBChE/hAChE)b IC50 Aβ40 (μM)a % of remaining ABAD activity ± SEM (100 μM)a IC50 CHO-K1 ± SEM (μM)a 

10a 34 660 ± 4 330 1 340 ± 55 0.04 161.1 99.44 ± 1.50 33.2 ± 5.06 
10b 10 360 ± 929 196 ± 6 0.02 392.4 101.57 ± 2.71 36.7 ± 7.54 
10c 12 190 ± 783 462 ± 13 0.04 11.5 103.71 ± 2.55 27.5 ± 2.01 
10d 3 918 ± 324 1 595 ± 23 0.41 76.9 102.37 ± 2.11 12.8 ± 3.65 
10e 1 265 ± 226 417 ± 20 0.33 28.3 109.32 ± 3.21 8.47 ± 0.54 
10f 33 630 ± 17 090 4 188 ± 84 0.12 20.3 107.91 ± 4.01 5.64 ± 0.39 
10g 2 823 ± 361 1 608 ± 60 0.57 41.3 110.93 ± 3.75 5.33 ± 0.45 
10h 671 ± 34 64 ± 1 0.09 63.1 104.82 ± 3.05 36.9 ± 3.24 
10i 1 727 ± 76 8 ± 0.2 0.005 84.2 107.22 ± 3.10 105 ± 3.2 
10j 525 ± 22 24 ± 2 0.04 133.4 102.81 ± 4.12 41.5 ± 3.51 
10k 854 ± 37 11 ± 1 0.01 46.0 90.90 ± 3.21 27.0 ± 3.59 
10l 136 ± 6 20 ± 1 0.14 59.5 83.33 ± 5.95 11.2 ± 1.41 
10m 89 ± 2 43 ± 2 0.44 21.8 106.23 ± 3.48 7.87 ± 0.39 
10n 68 ± 2 483 ± 10 6.86 40.1 110.27 ± 2.82 6.92 ± 0.46 
10o 4 ± 0.3 799 ± 37 200.00 39.3 103.20 ± 2.30 18.4 ± 1.63 
10p 55 ± 2 41 ± 3 0.67 50.2 105.13 ± 2.10 42.0 ± 3.29 
10q 15 ± 1 382 ± 16 38.00 74.5 106.60 ± 3.68 24.1 ± 0.09 
10r 18 ± 0.2 49 ± 1 2.50 117.9 108.09 ± 3.44 18.0 ± 2.87 
10s 9 ± 0.4 259 ± 11 28.89 34.3 111.41 ± 3.27 11.4 ± 2.33 
10t 16 ± 0.4 270 ± 10 13.50 89.5 110.33 ± 2.11 20.1 ± 0.12 
10u 18 ± 1 1 325 ± 41 66.50 44.9 113.79 ± 3.06 31.0 ± 3.89 
10v 32 ± 3 1 859 ± 75 58.09 14.3 93.11 ± 3.08 21.4 ± 1.05 
10w 18 ± 1 4 657 ± 428 258.72 3.8 77.85 ± 1.03 25.4 ± 4.73 
10x 8 ± 1 902 ± 93 112.75 19.0 87.25 ± 3.80 38.5 ± 1.39 
10y 25 ± 3 840 ± 57 33.60 24.0 95.02 ± 7.28 15.3 ± 1.70 
tacrine 320 ± 13 88 ± 1 0.68 735.1 n.d. 248.0 ± 11.0 
7-MEOTA 10 000 ± 975 17 560 ± 795 1.76 454.3 n.d. 63.0 ± 4.12 
6-chlorotacrine 18 ± 1 1 727 ± 98 100.68 170.0 n.d. 71.2 ± 2.39 
BTZ 167 100 ± 46 120 ˃ 1 000 000 n.d. n.d. n.d. ˃ 1000 

n.d. not determined. 
a Results are expressed as the mean of at least three experiments. 
b Selectivity for hAChE is determined as ratio IC50(hBChE)/IC50(hAChE). 
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between the linker length and the inhibitory activity across all tacrine 
subfamilies was observed. Overall, compound 10o (IC50 = 4 ± 0.3 nM) 
was highlighted as the most potent hAChE inhibitor of the 1st genera
tion. Additionally, 10o even surpassed the inhibitory potential of its 
parent compound 6-chlorotacrine (IC50 = 18 ± 1 nM) more than four 
times. However, regardless aforesaid excellent results of 10o towards 
hAChE, for further derivatization and subsequent synthesis of the com
pounds of the 2nd generation (10v-10y) has been selected derivative 
10p (IC50 = 55 ± 2 nM) due to its superiority also in other biological 
disciplines. 

From the perspective of hBChE inhibition by target compounds of the 
1st generation (10a-10u), the inhibitory power remained relatively 
similar as in the case of AChE ranging from micromolar to nanomolar 
concentration. Nevertheless, structure–activity relationship analysis 
revealed quite different findings from those obtained for hAChE. 
Considering tacrine motif modifications, the inhibitory potential to
wards hBChE dropped in case of 7-MEOTA derivatives (10a-10 g), 
slightly increased in 6-chlorotacrine heterodimers (10o-10u) and 
dramatically raised in dimers derived from non-substituted tacrine (10 
h-10n). Concerning spacer length, no significant changes were observed 
with the exception of compounds with 3-carbon linker (e.g. 10b, 10i, 
10p) that belonged among the most active BChE inhibitors within each 
subfamily. The highest hBChE inhibition was achieved with compound 
10i (IC50 = 8 ± 0.2 nM), whose IC50 value fell in nanomolar range and 
overcame thus the inhibitory potential of its parent compound tacrine 
(IC50 = 88.1 ± 1.3 nM). 

The importance of selectivity for one of two cholinesterase enzymes 
by the 1st generation of tacrine – benzothiazoles (10a-10u) deserves a 
comment as well. Considering the fact that the roles played by AChE and 
BChE in central cholinergic tone modulation vary with the disease 
progression, it is conceivable that selective AChE inhibitors would be 
more effective in the early stages of AD, while selective BChE inhibitors 
may be beneficial rather in moderate to severe forms of the disease. 
Synthesized tacrine – benzothiazoles (10a-10u) exhibited both types of 
selectivity, namely, compounds bearing 7-MEOTA (10a-10 g) and non- 
substituted tacrine (10 h-10n) scaffolds proved to be rather BChE se
lective inhibitors, whereas 6-chlorotacrine analogues (10o-10u) dis
played rather AChE selective profile. Such finding is in a strong 
agreement with the selectivity of parent compounds pointing out to a 
fact that the decisive motif of prepared hybrids in the interaction with 
cholinesterases is rather tacrinés one. 

Also all representatives of the 2nd generation of tacrine – benzo
thiazoles (10v-10y) were tested for their anti-cholinestesterase poten
tial. These compounds showed an increasing efficacy towards hAChE, 

comparing to the parent compound 10p, in the following order: -Cl <
–CH3 < –NO2 < –OCH3 (Table 1). The most active derivative 10x with 
OCH3 function (IC50 = 8 ± 1 nM) exceeded even the inhibitory con
centration of 6-chlorotacrine which highlights the fact that chemical 
modification of the benzothioazole moiety has an important impact on 
the observed cholinesterase activity as well. Considering hBChE inhi
bition, the situation was found to be completely different in comparison 
to the parent compound 10p, when the IC50 values of 10v – 10y raised 
pronouncedly. Selectivity, reflecting the results obtained above, pointed 
out to a strong preference to hAChE, similarly to 6-chlorotacrine. In view 
of excellent anti-cholinesterase selectivity and anti-amyloid profile, 
compound 10w with nitro function in the benzothiazole part has been 
finally forwarded for further biological testing. 

3.3. Molecular modeling study of hAChE inhibition 

To predict the binding mode as well as binding affinity between the 
ligand and receptor and to gain deeper understanding of the structur
e–activity relationship for the hAChE inhibition by selected compound 
(10w), molecular docking study was conducted on the model of hAChE 
(PDB ID: 4EY7) using AutoDock Vina software [44–45]. Resulted com
plex of 10w and hAChE is depicted in Fig. 1. In general, 10w spans 
throughout the cavity gorge of the enzyme. By all accounts, 6-chlorota
crine moiety occupies the peripheral anionic site (PAS) of hAChE. Such 
finding is in contrast with previously published studies, where 6-chlor
otacrine was anchored to the catalytic active site (CAS) of hAChE 
either as a single entity [46] or complexed into the hybrid compounds 
like pyrano[3,2-c]quinoline-6-chlorotacrine, [47] tetrahydrobenzo[h] 
[1,6]naphthyridine-6-chlorotacrine series, [48] or tacrine-benzyl qui
nolone carboxylic acid hybrids [49]. On the other hand, in the scientific 
literature cases when 6-chlorotacrine-based compounds interact rather 
with PAS have also been described, e.g. tacrine-trolox hybrids or 
huprine-tacrine family [39,50–51]. A more detailed view on the PAS of 
AChE revealed that 1,2,3,4-tetrahydroacridine unit is sandwiched be
tween Tyr122 (3.7 Å) and Trp286 (3.7 Å) via π-π stacking. The latter 
amino acid residue is considered as a crucial one since it participates on 
AChE-induced aggregation of Aβ [52]. Accordingly, based on this 
observation, it can be assumed that tacrine – benzothiazole hybrids by 
interaction with Trp286 could block Aβ-aggregation process mediated 
by AChE. Another critical interaction within the PAS region is cation-π 
formed between Tyr72 and protonated tacrine aromatic nitrogen (3.9 
Å). In line with other methylene-tethered dual-binding inhibitors, 
[53–55] alkyl chain spacer between 2-amino-6-nitrobenzothiazole and 
6-chlorotacrine pharmacophores stabilizes ligand anchoring by several 

Fig. 1. Top-scored docking pose of 10w in the hAChE active site (PDB ID: 4EY7). Close-up view is displayed either as 3D (A) or 2D (B) representation. In Fig. 1A, 10w 
is shown in blue, important amino acid residues in green and the catalytic triad in yellow. Dashed lines represent crucial intermolecular interactions of different 
origin (hydrogen bonds, π-π/π-cation stacking, van der Waal’s interactions and other hydrophobic forces). Fig. 1A was created with the PyMOL Molecular Graphics 
System, Version 2.0 Schrödinger, LLC. Fig. 1B was rendered with Dassault Systèmes BIOVIA, Discovery Studio Visualizer, v 17.2.0.16349, San Diego: Dassault 
Systèmes, 2016. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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distinct interactions, e.g. with Tyr341 (van der Waals), Tyr124 
(hydrogen bond), Phe338 (van der Waals) or Asp74 (hydrogen-carbon 
bond). Regarding 2-amino-6-nitrobenzothiazole moiety, the study 
revealed that it is proximally lodged in CAS of AChE. Such accommo
dation enables face-to-face π-π interaction with Trp86 (3.6 Å). Pre
sumably the most crucial motif being responsible for high inhibition 
ability of 10w is nitro group which establishes hydrogen bonds with 
–OH of Tyr133 (2.7 Å), –NH- of Gly120 (oxyanion hole residue, 2.7 Å) 
and –OH of Ser203 (catalytic triad residue, 2.9 Å). Even though other 
catalytic triad residues (Glu202, His447) lie in a close proximity to 10w, 
no significant enzyme – ligand interactions have been found. 

3.4. Interaction with amyloid peptide 

Aβ peptide is composed of 39 – 43 amino acids, 28 of which are 
extracellular and the remainder constitutes the transmembrane domain. 
Twelve amino acids are hydrophobic and confer on this molecule the 
ability to self-aggregate and polymerize into amyloid fibrils [56]. Two 
main forms of Aβ can be distinguished by electrophoresis, the shorter, 40 
amino acid Aβ40 species, and the longer, 42 amino acid Aβ42 species. The 
Aβ40 form accounts for ~ 90% of all Aβ normally released by cells and it 
appears to contribute only to later phases of the disease pathology. The 
Aβ42 form accounts only for ~ 10% of secreted Aβ, however, it is the 
predominant form found in the amyloid plaques of AD. The Aβ42 peptide 
aggregates and polymerizes into amyloid fibrils more readily than the 
Aβ40 species, and these properties are thought to confer the peptidés 
pathogenicity [57]. 

In the first phase of investigation all hybrids of the 1st generation 
(10a-10u) were screened for their inhibitory potential towards in vitro 
formation of Aβ40 fibrils using thioflavin T (ThT) fluorescence assay to 
assess various structural elements responsible for the inhibitory activity. 
This assay is based on a specific interaction between the fluorescent dye 
thioflavin T that binds to the β-sheets of assembled amyloid fibrils 
leading to a significant increase in fluorescence signal [58–59]. There
fore, the decrease in ThT fluorescence correlates with the activity of 
studied compounds to inhibit the formation of amyloid aggregates. For 
quantification of the inhibitory potential of studied compounds, the IC50 
values (concentration of the compound causing half-maximal inhibition 
of Aβ40 fibrillization) were determined from fitted fluorescence values 
and are shown in Table 1. To allow a comparison of the results tacrine, 7- 
MEOTA, 6-chlorotacrine and 2-aminobenzothiazole were used as the 
reference compounds. Note, that the lack of activity of the reference 
compound BTZ shows that this scaffold by itself is unable to inhibit Aβ40 
formation. 

The analysis of the results reported in Table 1 revealed that all 
compounds of the 1st generation (10a-10u) effectively inhibited Aβ40 
fibrillization with the IC50 values spanning from 11.5 to 392.4 µM. A 
subset bearing non-substituted tacrine moiety (10 h-10n) exerted the 
weakest inhibitory properties. Slightly more effective inhibition was 
obtained for a class represented by 7-methoxytacrine counterparts (10a- 
10 g). Uncompromisingly, the lowest IC50 values were calculated for a 
group of hybrids substituted with a 6-chlorotacrine scaffold (10o-10u). 
The similar fashion in inhibitory potency could be observed also across 
the reference compounds (tacrine < 7-MEOTA < 6-chlorotacrine). One 
would expect, the more planar molecule is, the better it prevents pro
tein–protein interaction, however, the opposite is true. The obtained 
results suggest to rather favorable interactions of either 7-methoxy- or 6- 
chloro- substituents within the process of inhibition of Aβ40 fibrilliza
tion. Modification of the spacer length affected the ability of compounds 
to prevent Aβ40 fibril formation quite dramatically. Based on the IC50 
values it seems that rather longer linkers (six, seven, eight methylene 
groups) represent an optimal distance between the two pharmaco
phores. Overall, all the target hybrids displayed better inhibitory profile 
towards Aβ40 fibrillization comparing to the reference compounds, 
highlighting derivative 10c, bearing 7-methoxytacrine, 4-carbon linker 
and BTZ fragment, as the best representative of the 1st generation. Apart 

from hybrid 10c also derivative 10p was forwarded for more detailed 
investigation since it exerted the best cytotoxic profile of the first gen
eration of tacrine – benzothiazole hybrids. 

Within the next phase we focused on the study of the effect of 10c 
and 10p on Aβ42 self-aggregation process using steady-state fluores
cence and microscopy techniques, since methods using ThT are known 
for limitations and false results [60]. Obtained results were compared 
with myricetin, a well-known natural polyphenol, which is widely used 
as a positive control for Aβ42 inhibition experiments [61]. For the pur
pose of this assay, a novel label-free manner to trigger amyloid forma
tion, following the intrinsic visible autofluorescence of amyloid 
aggregates, was used [60]. Fig. 2a plots the fluorescence emission in
tensity at 430 nm followed during 32 h throughout the aggregation 
process of 25 µM Aβ42, at pH 7.25 and 30 ◦C. At the excitation wave
length of 390 nm used, the aromatic residues of Aβ42 do not absorb and 
the fluorescence observed is attributed to the amyloid intrinsic fluo
rescence [62]. This florescence intensity growth over time sets a clear 
sigmoidal profile (see open squares in Fig. 2a). It is also possible to 
follow the Aβ42 fibril growth taking advantage on the fact that the 
scattering intensity is highly dependent on the particle size. As a 
consequence, the scattering properties of aggregates are significantly 
larger compared to monomers, and the formation of fibrils can be 

Fig. 2. a) Scatter measurements of Aβ42 (25 µM) in absence and in the presence 
of (10 µM) myricetin and 10p at several time-points (t = 0–32 h) during the 
aggregation process. The open squares correspond to (auto)fluorescence mea
surements of Aβ42 (25 µM) at several time-points (t = 0–32 h) during the ag
gregation process. b) Scatter measurements of Aβ42 (25 µM) in absence and in 
the presence of (10 µM) myricetin, 10c and 10p at several time-points (t = 0, 4, 
24, 48 h); each point corresponds to the average of three independent experi
ments. λex = 550 nm for scatter measurements; λex = 390 nm and λem = 430 nm 
for fluorescence experiments. Samples were incubated at 30 ◦C. 
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detected by following the increase in the scattered intensity during the 
time. Amyloid intrinsic fluorescence and scattering experiments report a 
similar aggregation pattern (Fig. 2a). The intrinsic amyloid fluorescence 
intensity concomitantly increases with the size of the aggregates in so
lution. An obstacle occurred when we tried to evaluate the inhibitory 
potential of tacrine – benzothiazole hybrids 10c and 10p by following 
the amyloid intrinsic fluorescence: 10c and 10p exhibited not only ab
sorption (Fig. S1) but also intrinsic fluorescence (Fig. S2) in the wave
length range used for monitoring of the enhancement of the intrinsic 
visible autofluorescence originated from the Aβ42 pathogenic aggrega
tion. Nevertheless, it was still possible to take an advantage of changes in 
the light scattering induced by Aβ42 aggregates by exciting and col
lecting the Rayleigh signal at 550 nm, where no absorption and fluo
rescence was observed from the aggregates and inhibitors. Fig. 2a and 
2b display the measurements of scattered light intensity with time for 
25 μM Aβ42 in the absence and presence of inhibitors at pH 7.25 and 
30 ◦C. Acquired results show a sigmoidal profile (red curve in Fig. 2a) 
that is characterized by three kinetic steps: a lag phase, an exponential 
growth phase and a plateau phase. This trend is in agreement with 
previously described sigmoid curves obtained by circular dichroism and 
ThT assays [61,63]. The length of the lag time (tlag) is approximately 7 h, 
reflecting the nucleation event when the initial size of Aβ42 molecules 
suffers only minor growth. 

The second parameter that can be extracted from the kinetic curve is 
the rate of aggregation k (0.4 h− 1) which predicates the kinetics of 
polymerization event and thus the formation of Aβ42 aggregates and has 
duration of approximately 6 h. Finally, the plateau phase is defined by a 
beginning of fibril formation at 15 h. The Rayleigh scattering intensity of 
Aβ42 aggregates, in the presence of 10p, 10c and myricetin (Fig. 2b) 
decreased to a different extent. The scattering intensity of Aβ42 incu
bated in the presence of myricetin is relatively constant over time and 
there is no experimental evidence of an exponential growth phase. The 
inhibitory potency of myricetin was previously determined by ThT 
assay, where it was shown that 10 μM myricetin was able to inhibit the 
increase of ThT fluorescence signal related to 50 μM of Aβ42 aggregation 
almost completely (94%) [61]. Furthermore, the presence of this in
hibitor shifted the t50 from 12.8 to 78.5 h. In the presence of tacrine – 
benzothiazole hybrid 10p, the scattering intensity matched that one 
observed in the absence of the inhibitor in the first 4 h. Over the 
following time points the scattering intensity increases, although at a 
slower rate and reaching a plateau at lower intensities than the scat
tering intensity for Aβ42 alone. The average inhibition potency of 10p 
was determined to be approximately 68 ± 9% at 10 µM (Fig. 3, 24 h). 

The second tested inhibitor, 10c, was also studied from the point of view 
of inhibition of Aβ42 self-aggregation at specific time points. According 
to obtained results, 10c is less effective against amyloid formation than 
10p, promoting a decrease in scattering intensity that corresponds to an 
inhibition percentage of 57 ± 1% at 10 µM (Fig. 3, 24 h). 

In order to complement the above-mentioned results, the 
morphology and dimension of Aβ42 aggregates in the absence and in the 
presence of 10c, 10p and myricetin using the spinning-disk confocal 
microscopy was studied. The advantage of using spinning disk confocal 
microscopy is that the presence of the Yokogawa disk rejects the out-of- 
focus light that is emitted by the sample, allowing capturing information 
only from a reduced depth of focus. Additionally, the selective excitation 
absorption at 405 nm, contributed to the discriminatory detection of the 
autofluorescence of Aβ42 aggregates, without the interference of the 
fluorescence emitted by the inhibitors in solution. In order to follow the 
aggregation process, images were collected every 30 min, for 24 h (data 
shown for t = 0, 10 and 24 h; Fig. 4). The quantification of the per
centage of area occupied by the aggregates over time for the first 10 h 
(Fig. 5) clearly shows that the overall assembly process is retarded and 
fibril formation is delayed in the presence of myricetin as well as 10c 
and 10p and that the inhibitory effect of these compounds is observed 
since the nucleation phase. Obtained results are thus in strong agree
ment with those gained by light-scattering analysis and validate those 
obtained from the ThT screening in the way that observed inhibitory 
potency is not an artefact or a false positive result. 

In the last phase of investigation of the interaction between tacrine – 
benzothiazole hybrids and amyloid peptide, the 2nd generation of 
compounds (10v-10y) was screened for its ability to prevent Aβ40 fibril 
formation in the last phase. The IC50 values listed in Table 1 demonstrate 
that optimization of the prototype structure from the 1st generation 
brought the fruit. All the representatives of the 2nd generation proved to 
be more potent inhibitors of Aβ40 fibrillization than the 1st generation of 
hybrids, highlighting derivative 10w as a compound with absolutely the 
best results of the series. Additionally, the effect of 10w on Aβ40 fibril
lization was examined using atomic force microscopy (AFM). The AFM 
images of 10 µM of Aβ40 fibrils alone (Fig. 6A) and in the presence of 
studied compound 10w (Fig. 6B) proved the results obtained within the 
latter assay, revealing an extensive reduction in a number of fibrillar 
aggregates caused by tested compound treatment. 

3.5. ABAD inhibition 

ABAD, also known as 17β-hydroxysteroid dehydrogenase type 10, 
belongs among the proteins interacting directly with Aβ [64–65]. Such 
interaction promotes oxidative stress and mitochondrial dysfunction 
[11]. Furthermore, recent studies have detected elevated ABAD levels in 
the regions of the hippocampus and cerebral cortex which are generally 
affected by AD pathology [12,66]. All these and also other findings 
overwhelmingly confirmed that Aβ-ABAD interaction causes a cascade 
of events that eventually lead to neuronal damage, evoking a consid
erable interest in medicinal chemists as a potential target for AD treat
ment. Frentizole, a non-toxic antiviral and immunosuppressive drug 
approved by the FDA for rheumatoid arthritis and systemic lupus ery
thematosus, was identified as an Aβ-ABAD interaction inhibitor (97.9 ±
3.6% of remaining ABAD activity at 25 µM) using an ELISA-based 
screening assay [67,68]. Interestingly, frentizole bears benzothiazolyl 
urea moiety. Pursuant to this fact, tacrine – benzothiazole hybrids (10a- 
10y) were screened for their ability to inhibit mitochondrial enzyme 
ABAD at 100 µM concentration, using modified spectrophotometric 
assay [64]. The relative percent of remaining ABAD activity after 
treatment with tested compounds is given in Table 1. 

In general, tacrine – benzothiazoles (10a-10y) did not significantly 
inhibit ABAD function, contrary the majority of them potentiated en
zymés activity. Within the 1st generation, only compounds 10 k and 10 l 
induced a decrease in ABAD activity by 10% and 17%, respectively. 
Regarding the 2nd generation, all derivatives showed better inhibitory 
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Fig. 3. Percentage of Aβ42 inhibition at different time points by tested in
hibitors at 10 µM concentration. Note: % inhibition calculations =((I/I0(Aβ42) – 
I/I0(Aβ42 + inhibitor))/ I/I0(Aβ42)) × 100. 
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potential than the former generation. Derivative 10w achieved abso
lutely the best results, decreasing ABAD activity by 23%. 

3.6. Cytotoxicity 

To assess in vitro safety profile of novel hybrids, cell viability assay on 
various cell lines was performed. Initially, the IC50 values (concentration 

of the compound resulting in 50% decrease in cell viability) of all 25 
compounds coming from both generations as well as their building 
blocks (7-MEOTA, tacrine, 6-chlorotacrine and BTZ) were determined 
on Chinese hamster ovary cell line (CHO-K1) using standard 3-[4,5- 
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay 
[69]. The results are shown in Table 1. With such data in hand, it is 
obvious that heterodimers bearing non-substituted tacrine seem to be 
less toxic comparing to their analogues with 7-MEOTA and 6-chlorota
crine moieties that exerted more pronounced decrease in viability of 
the cells. The same trend can be observed also in the building blocks 
forming the final compounds (tacrine < 7-MEOTA, 6-chlorotacrine). 
Besides, such phenomenon points out to an inferior role of 2-aminoben
zothiazole scaffold within current experiment. Another finding that can 
be deduced from the data obtained is that as the length of the linker 
increases within each subfamily, so does the cytotoxicity. The plausible 
explanation of such finding may consist in the general fact that with an 
increasing lipophilicity also the toxicity rises. The lowest cytotoxicity 
within each subfamily exerted derivatives bearing propylene linker. 
Regarding comparison of the prototype (10p) and the representatives of 
the 2nd generation, the latter demonstrated slightly higher toxicity than 
the former, however, only in terms of absolute numbers. 

Hepatotoxicity is one of the most critical biological concerns when 
dealing with novel tacrine derivatives, since the main reason of tacrinés 
withdrawal from the market were its side effects associated with liver 
toxicity [70]. For this reason, derivative 10p, representatives of the 2nd 
generation (10v-10y) as well as parent compounds were forwarded also 
for toxicity evaluation on human hepatocellular carcinoma cell line 
(HepG2). Also for this experiment MTT methodology was used. The 
results are summarized in Table 2. Looking at obtained IC50 values, 
derivative 10w could be highlighted as the least toxic compound of the 

Fig. 4. Fluorescence microscopy images of Aβ42 (25 µM), in the absence and in the presence of tacrine – benzothiazole hybrids 10c (10 µM), 10p (10 µM) and 
myricetin at t = 0, 10 and 24 h in PBS at 30 ◦C. 

Fig. 5. Quantification of the percentage of the total area occupied by aggre
gates of Aβ42 (25 µM), in the absence and in the presence of tacrine – benzo
thiazole hybrids 10c (10 µM), 10p (10 µM) and myricetin. 
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tested set. However, in relation to reference compounds, drug candidate 
10w proved twice as high hepatotoxicity as its parent compound – 6- 
chlorotacrine. Notwithstanding, previous studies on multi-target 
tacrine derivatives have already several times revealed that such assay 
is only illustrative [39–40]. An example testifying for everything is 7- 
MEOTA, which according to in vitro hepatotoxicity assay exerts higher 
toxicity comparing to non-substituted tacrine, however, the clinical 
trials talk about the opposite [30]. 

Finally, the neurotoxic effect of target compounds (10p, 10v-10y) on 
human neural astrocytoma 1321 N1 cell line using the MTT assay [69] 
was determined. The reference compounds were evaluated as well. As 
given in Table 2, tested tacrine – benzothiazoles exhibited higher 
toxicity comparing to their building blocks. However, in general, it can 
be claimed, that cell toxicity profile of the 2nd generation of tacrine – 
benzothiazole hybrids roughly matched that of their parent compound – 
6-chlorotacrine. 

3.7. Blood-brain barrier penetration 

Successful crossing of the blood–brain barrier (BBB) by a novel drug 
candidate is a prerequisite for efficient treatment of CNS disorders 
[71,72]. To explore whether the lead 10p and the representatives of the 
2nd generation of tacrine – benzothiazoles (10v-10y) could penetrate 
into the brain, a parallel artificial membrane permeation assay for the 
BBB (PAMPA-BBB), described by Di et al. [73], was used. The in vitro 
permeabilities (Pe) of newly synthesized compounds 10p, 10v-10y, 
reference compounds and 7 commercially available drugs through a 
lipid extract of porcine brain were determined (Table 2, Table S1 of 

Supporting Information). Assay validation was carried out by comparing 
the experimental permeabilities with the reported values of commercial 
drugs, which gave a good correlation. According to described limits for 
BBB permeation, compounds with the Pe values above 4.0 × 10-6 cm.s− 1 

could penetrate into the CNS by passive diffusion. All the tested com
pounds exhibited permeability values over this threshold, pointing out 
that these compounds could cross the BBB and reach thus their biolog
ical targets located in the CNS. 

Taking into account all in vitro results obtained for the 1st and 2nd 
generation of tacrine – benzothiazole hybrids, derivative 10w was 
selected and forwarded for further in vivo evaluation. 

3.8. Behavioral study 

Given an interesting multipotent activity profile of 10w, its ability to 
ameliorate scopolamine-induced cognition impairment in rats was 
investigated. First of all, the maximum tolerated dose (MTD) assessment 
upon intraperitoneal (i.p.) administration was performed in Wistar rats. 
Due to limited compound́s solubility, the MTD was replaced by the 
maximum feasible dose (MFD). The MFD of 10 mg/kg was shown to be 
relatively safe for 10w, since only mild to moderate signs of intoxication 
occurred. They diminished spontaneously in approximately 5 h. 

After MFD determination, the therapeutic effect of 10w on a cogni
tive impairment model was assessed. Scopolamine-induced amnesia in 
rodents is an accepted standard model in behavioral pharmacology for 
evaluation of cholinesterase inhibiting potential of drug candidates to be 
developed for the anti-AD therapy. Scopolamine (scop) blocks the 
cholinergic pathway by antagonizing the muscarinic receptors that leads 

Fig. 6. AFM images of 10 µM of Aβ40 fibrils alone (A) and after 7 day treatment with 60 μM of 10w (B). In all images the xy scale is 10 μm × 10 μm.  

Table 2 
Advanced in vitro results obtained for the prototype of the 1st generation (10p), the 2nd generation of tacrine – benzothiazole hybrids (10v-10y) and the reference 
compounds.  

Compound IC50 HepG2 ± SEM (μM)a IC50 1321 N1 ± SEM (μM)a Pe ± SEM (×10-6 cm.s-1) CNS (+/-) 

10p 11.18 ± 0.45 28.05 ± 0.56 12.83 ± 3.11 CNS (+) 
10v 4.76 ± 0.03 10.43 ± 0.53 13.79 ± 2.69 CNS (+) 
10w 20.99 ± 1.19 21.22 ± 1.05 8.31 ± 1.65 CNS (+) 
10x 14.29 ± 0.83 31.20 ± 1.21 16.91 ± 0.93 CNS (+) 
10y 12.16 ± 0.23 18.34 ± 0.08 13.69 ± 1.04 CNS (+) 
tacrine 168.47 ± 3.63 107.90 ± 4.93 5.94 ± 0.67 CNS (+) 
7-MEOTA 44.37 ± 1.83 93.92 ± 5.53 8.2 ± 0.6 [72] CNS (+) 
6-chlorotacrine 43.20 ± 1.17 113.43 ± 3.47 11.5 ± 2.7 [72] CNS (+) 
BTZ ˃ 500 ˃ 500 20.08 ± 0.38 CNS (+) 

CNS (+) - high BBB permeation predicted: Pe (×10-6 cm.s− 1) > 4.0. 
CNS (-) - low BBB permeation predicted: Pe (×10-6 cm.s− 1) < 2.0. 
CNS (+/− ) - BBB permeation uncertain: Pe (×10-6 cm.s− 1) from 4.0 to 2.0. 

a Results are expressed as the mean of at least three experiments. 
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to impairment of cognitive functions and enables, thus, to test anti
cholinergic drug candidates preclinically [74]. To evaluate the anti- 
amnesic effect of 10w, Morris Water Maze (MWM) test was utilized. 
THA at 2.5 mg/kg was used as a comparator. Tacrine doses were studied 
for adverse events prior to the study. Therefore, THA was used at a dose 
of 2.5 mg/kg, since at a higher dose of 5 mg/kg, significant para
sympathomimetic side effects are already observed. In contrast, 10w 
doses devoid of side effects (e.g. parasympathomimetic effects) were 
chosen. The rodents were randomly allocated into 4 groups, i) vehicle- 
injected control, ii) scop, iii) scop + 10w, and iv) scop + THA. The 
drugs were applied i.p. each day before MWM. Within the experiment, 
all rats received 8 swimming sessions per day for 4 consecutive days. 
One-way ANOVA analysis of the data from day 4 found significant dif
ferences between groups in the parameters of distance moved (F(3, 21) 
= 4.838, p = 0.0103) and latency (F(3, 21) = 4.599, p = 0.0126). 
Tukey’s post hoc test showed that the scop group exhibited longer dis
tance moved by the rats (p < 0.05) and prolonged escape latency (p <
0.05) than the members of the vehicle-treated control group, validating, 
thus, the experiment (Fig. 7 and Fig. 8, respectively). The rats treated 
with the combination of 10w (2 mg/kg) and scopolamine did not differ 
significantly from vehicle- or scopolamine-treated rats in the parameters 
of distance moved and latency. These results may hint about mild 
therapeutic effect of selected dose of 10w. On the other hand, tacrine 
(2.5 mg/kg) as well did not exert any therapeutic effect (group scop +
tacrine differed significantly from vehicle-treated rats in distance moved 
(p < 0.05) and latency (p < 0.05)). Selected dose of THA was apparently 
too low to reverse scopolamine-induced cognitive deficit. However, it 
was impossible to use higher doses of tacrine, since these doses may 
evoke unwanted parasympathomimetic side effects. Taken together, 
considering the risk of side effects and potential therapeutic effects, 10w 
seems to be more promising compared to the comparator. 

4. Conclusion 

By understanding the multifactorial character of AD, a single mole
cule acting against multiple disease-relevant targets may offer a poten
tial approach to address successfully the needs for AD therapy. Taking 
into account the fact, that AChEIs still remain the drugs of choice, anti- 
cholinesterase activity has been recognized as a prospective focus point 
to design MTDLs. Currently, the most accredited hypothesis explaining 
AD etiology is amyloid-cascade hypothesis. Therefore, searching for 

multifunctional anti-AD agents combating cholinergic deficiency and 
amyloid burden could be of high interest. 

Presented tacrine – benzothiazole hybrids were designed to exhibit a 
multitarget profile of interest for the efficient management of AD, which 
included AChE inhibition, decrease in amyloid aggregation and inter
action with mitochondrial enzyme ABAD. These biological properties, 
along with their ability to penetrate into the CNS and alleviate 
scopolamine-induced amnesia in AD rodent model similarly to tacrine, 
highlight this new class of compounds and confirm that the additive 
approach (“two better than one”) to design new multi-acting compounds 
is a good strategy to confront AD. 

5. Experimental section 

5.1. Chemistry 

5.1.1. General chemical methods 
All the chemical reagents used were purchased from Sigma-Aldrich 

(Czech Republic). Solvents for synthesis were obtained from Penta 
chemicals Co. The solvents and additives used for LC-UV-MS analyses 
were purchased from Sigma-Aldrich (Czech Republic) in LC-MS grade 
purity. The course of the reactions was monitored by thin-layer chro
matography on aluminium plates precoated with silica gel 60 F254 
(Merck, Czech Republic) and then visualized by UV 254. Melting points 
were determined on a melting point apparatus M− 565 (Büchi, 
Switzerland) and are uncorrected. Uncalibrated purity at the wave
length of 254 nm was ascertained by a LC-UV system Dionex Ultimate 
3000 RS which consisted of a binary high-pressure gradient pump HPG- 
3400RS connected to a vacuum degasser, a heated column compartment 
TCC-3000, an autosampler WTS-3000 equipped with a 25 μL injection 
loop and a VWD-3000 ultraviolet detector. As the stationary phase, a 
Waters Atlantis dC18 100 Å (2.1 × 100 mm/3 µm) column was used 
along with a protective in-line filter (Vici Jour) and a frit of 0.5 µm pores. 
The mobile phase was mixed from two components: ultrapure water 
(MPA) and acetonitrile (MPB), both acidified by 0.1% (v/v) of formic 
acid. The studied compounds were first properly dissolved in methanol 
(c ~ 0.1 mg/mL) and then analyzed by the LC-UV-MS system (MS setting 
is described below). The following ramp-gradient program was used for 
the elution: 0 – 1 min: 10% MPB, 1 – 4 min: 10% – 100% MPB linearly, 4 
– 5 min: 100% MPB, 5 – 7.5 min: 10% MPB. The mobile phase flow-rate 
in the gradient elution was set to 0.4 mL/min. In the LC-UV analyses, all 
the synthesized compounds exhibited uncalibrated chromatographic 

Fig. 7. The distance moved in MWM on day 4. Scopolamine application 
induced cognitive deficit, which manifested as significant increase in distance 
moved compared to vehicle-treated rats. The values are shown as group means 
+ SEM. * p < 0.05 compared to the vehicle group; # p < 0.05 compared to the 
scopolamine group. 

Fig. 8. Escape latency in MWM on day 4. Scopolamine-treated rats exerted 
significantly longer escape latency compared to vehicle-treated rats. The values 
are shown as group means + SEM. * p < 0.05 compared to the vehicle group; # 
p < 0.05 compared to the scopolamine group. 
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purity 95 – 99% at a wavelength 254 nm. NMR spectra of target com
pounds were recorded on Varian S500 spectrometer (operating at 500 
MHz for 1H and 126 MHz for 13C; Varian Comp. Palo Alto, USA). 
Chemical shifts are reported in parts per million (ppm). Spin multi
plicities are given as s (singlet), d (doublet), dd (doublet of doublets), t 
(triplet), p (pentaplet), or m (multiplet). The coupling constants (J) are 
reported in Hertz (Hz). High-resolution mass spectra (HRMS) were 
determined by Q Exactive Plus hybrid quadrupole-orbitrap spectrometer 
which was attached to the above-mentioned LC-UV system. Ions for 
HRMS were generated by a heated electro-spray ionization source 
(HESI) working in positive mode under the following settings: sheath gas 
flow rate 40 arbitrary units (a.u.), aux gas flow rate 10 a.u., sweep gas 
flow rate 2 a.u., spray voltage 3.2 kV, capillary temperature 350 ◦C, aux 
gas temperature 300 ◦C, S-lens RF level 50, microscans 1, maximal in
jection time 35 ms, automatic gain control 1e6, resolution of the Fourier 
transformation 140 000. The applied full-scan MS analyses monitored 
positive ions within m/z range of 100 – 1500. In order to increase the 
accuracy of HRMS, internal lock-mass calibration was employed utiliz
ing polysiloxane traces of m/z = 445.12003 ([M+H]+, [C2H6SiO]6) 
present in the mobile phases besides the ordinary MS external calibra
tion system by Pierce™ LTQ ESI Positive Ion Calibration Solution 
(Sigma-Aldrich, Czech Republic). The chromatograms and HRMS 
spectra were processed in Chromeleon 6.80 and Xcalibur 3.0.63 soft
ware, respectively. 

5.2. General procedure for synthesis of tacrine – Benzothiazole hybrids 
(10a-10y) 

Appropriate 2-chlorobenzothiazole (5–9, 1 eq) was placed in a flask 
equipped with a stirring bar and septum. The flask was purged with 
argon and charged with DMF (5 mL). Thereafter, DIPEA (2 eq) was 
added into the mixture. Finally, appropriate α,ω-diaminotacrine deriv
ative (4a-4u, 1 eq) were dissolved in a minimal amount of DMF and 
added via the syringe. The resulting solution was then heated to 110 ◦C 
and stirred for 2 h. Subsequently, the mixture was cooled to room 
temperature and extracted with CH2Cl2 (3 × 100 mL) and water (100 
mL). Collected organic layers were dried over Na2SO4, filtered and 
evaporated to give crude product. The crude oil was purified by column 
chromatography using ethyl acetate/MeOH/26% aqueous ammonia 
solution (60/1/0.2) as eluent to yield a pure base. The pure base was 
dissolved in MeOH and saturated with gaseous HCl. The solvent was 
removed and the residue was washed with acetonitrile to afford the final 
product. 

5.2.1. N2–(1,3-benzothiazol-2-yl)-N1-(7-methoxy-1,2,3,4- 
tetrahydroacridin-9-yl)ethane-1,2-diamine Hydrochloride (10a). 

Yield 38%. mp 190.4 – 191.6 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 7.73 (d, J = 8.0 Hz, 1H), 7.68 (d, J = 2.6 Hz, 1H), 7.62 (d, 
J = 9.2 Hz, 1H), 7.51 – 7.44 (m, 2H), 7.37 – 7.32 (m, 2H), 4.31 (t, J =
5.7 Hz, 2H), 4.00 (t, J = 5.7 Hz, 2H), 3.96 (s, 3H), 3.05 (t, J = 6.3 Hz, 
2H), 2.86 (t, J = 6.2 Hz, 2H), 2.00 – 1.89 (m, 4H). 13C NMR (126 MHz, 
DMSO‑d6) δ 167.01, 163.15, 156.84, 155.33, 150.34, 132.48, 126.79, 
124.05, 123.22, 122.31, 120.84, 118.06, 112.37, 103.43, 56.36, 45.55, 
28.04, 25.43, 24.81, 21.89, 20.28. HRMS: [M+H]+ 405.1742 (calcu
lated for [C23H25N4OS]+: 405.1704). 

5.2.2. N3–(1,3-benzothiazol-2-yl)-N1-(7-methoxy-1,2,3,4- 
tetrahydroacridin-9-yl)propane-1,3-diamine Hydrochloride (10b). 

Yield 25%. mp 157.3 – 158.1 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 7.77 (d, J = 8.1 Hz, 1H), 7.68 (d, J = 2.6 Hz, 1H), 7.62 (d, 
J = 9.2 Hz, 1H), 7.54 – 7.47 (m, 2H), 7.43 (dd, J = 9.2, 2.5 Hz, 1H), 7.40 
– 7.35 (m, 1H), 4.16 (t, J = 6.7 Hz, 2H), 3.97 (s, 3H), 3.73 (t, J = 6.7 Hz, 
2H), 2.99 – 2.94 (m, 2H), 2.86 – 2.81 (m, 2H), 2.31 (p, J = 6.7 Hz, 2H), 
1.98 – 1.88 (m, 4H). 13C NMR (126 MHz, Methanol‑d4) δ 158.81, 
157.05, 151.12, 139.27, 134.14, 129.20, 126.35, 125.45, 124.43, 
123.86, 121.71, 118.82, 115.21, 113.33, 104.67, 56.86, 45.67, 30.41, 

29.25, 26.17, 23.17, 21.75. HRMS: [M+H]+ 419.1895 (calculated for 
[C24H27N4OS]+: 419.1900). 

5.2.3. N4-(1,3-benzothiazol-2-yl)-N1-(7-methoxy-1,2,3,4- 
tetrahydroacridin-9-yl)butane-1,4-diamine Hydrochloride (10c). 

Yield 16%. mp 174.9 – 175.1 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 7.79 (d, J = 7.9 Hz, 1H), 7.70 – 7.63 (m, 2H), 7.58 – 7.48 
(m, 2H), 7.45 – 7.35 (m, 2H), 4.02 (t, J = 6.5 Hz, 2H), 3.96 (s, 3H), 3.70 – 
3.61 (m, 2H), 3.00 (t, J = 5.4 Hz, 2H), 2.79 (t, J = 5.3 Hz, 2H), 2.04 – 
1.85 (m, 8H). 13C NMR (126 MHz, Methanol‑d4) δ 158.74, 157.04, 
151.00, 139.40, 134.19, 129.18, 126.29, 125.40, 124.43, 123.92, 
121.71, 118.90, 115.20, 113.25, 104.61, 56.77, 47.78, 29.30, 28.99, 
26.31, 26.02, 23.18, 21.79. HRMS: [M+H]+ 433.2056 (calculated for 
[C25H29N4OS]+: 433.2017). 

5.2.4. N5-(1,3-benzothiazol-2-yl)-N1-(7-methoxy-1,2,3,4- 
tetrahydroacridin-9-yl)pentane-1,5-diamine Hydrochloride (10d). 

Yield 21%. mp 177.4 – 178.9 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 7.79 (dd, J = 8.0, 1.1 Hz, 1H), 7.73 – 7.68 (m, 2H), 7.60 – 
7.56 (m, 1H), 7.55 – 7.47 (m, 2H), 7.42 – 7.37 (m, 1H), 4.02 – 3.95 (m, 
5H), 3.61 (t, J = 7.1 Hz, 2H), 3.04 – 2.99 (m, 2H), 2.82 – 2.76 (m, 2H), 
1.98 – 1.91 (m, 6H), 1.90 – 1.82 (m, 2H), 1.67 – 1.57 (m, 2H). 13C NMR 
(126 MHz, Methanol‑d4) δ 158.79, 157.27, 150.95, 139.55, 134.49, 
129.26, 126.33, 125.33, 124.40, 123.86, 121.78, 118.83, 115.28, 
113.12, 105.32, 56.75, 48.43, 31.43, 29.30, 28.91, 25.65, 24.87, 23.16, 
21.84. HRMS: [M+H]+ 447.2209 (calculated for [C26H31N4OS]+: 
447.2174). 

5.2.5. N6-(1,3-benzothiazol-2-yl)-N1-(7-methoxy-1,2,3,4- 
tetrahydroacridin-9-yl)hexane-1,6-diamine Hydrochloride (10e). 

Yield 27%. mp 151.7 – 152.6 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 7.81 (d, J = 8.0 Hz, 1H), 7.73 (d, J = 9.3 Hz, 1H), 7.69 (d, 
J = 2.6 Hz, 1H), 7.58 (dd, J = 8.1, 1.1 Hz, 1H), 7.55 – 7.49 (m, 2H), 7.41 
– 7.36 (m, 1H), 3.99 – 3.94 (m, 5H), 3.58 (t, J = 7.0 Hz, 2H), 3.04 – 2.99 
(m, 2H), 2.77 (t, J = 5.8 Hz, 2H), 1.95 (p, J = 3.1 Hz, 4H), 1.92 – 1.85 
(m, 2H), 1.85 – 1.78 (m, 2H), 1.61 – 1.50 (m, 4H). 13C NMR (126 MHz, 
Methanol‑d4) δ 158.65, 157.20, 150.74, 139.48, 134.48, 129.23, 
126.29, 125.40, 123.92, 121.75, 118.69, 115.15, 112.92, 105.02, 56.62, 
48.52, 31.81, 29.25, 29.14, 27.42, 27.33, 25.66, 23.17, 21.86. HRMS: 
[M+H]+ 461.2366 (calculated for [C27H33N4OS]+: 461.2330). 

5.2.6. N7-(1,3-benzothiazol-2-yl)-N1-(7-methoxy-1,2,3,4- 
tetrahydroacridin-9-yl)heptane-1,7-diamine Hydrochloride (10f). 

Yield 33%. mp 124.6 – 125.1 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 7.77 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 9.2 Hz, 1H), 7.61 (d, 
J = 2.6 Hz, 1H), 7.56 (d, J = 8.1 Hz, 1H), 7.51 – 7.44 (m, 1H), 7.42 (dd, J 
= 9.2, 2.5 Hz, 1H), 7.37 – 7.31 (m, 1H), 3.95 (s, 3H), 3.94 – 3.86 (m, 
2H), 3.58 (t, J = 7.1 Hz, 2H), 3.05 – 2.95 (m, 2H), 2.73 (t, J = 5.7 Hz, 
2H), 1.96 – 1.89 (m, 4H), 1.89 – 1.82 (m, 2H), 1.82 – 1.74 (m, 2H), 1.56 
– 1.43 (m, 6H). 13C NMR (126 MHz, Methanol‑d4) δ 158.40, 156.86, 
150.51, 139.30, 134.26, 129.05, 126.14, 125.25, 124.34, 123.84, 
121.70, 118.45, 115.11, 112.67, 104.82, 56.73, 48.46, 31.88, 29.78, 
29.22, 29.11, 27.54, 25.66, 23.13, 21.80. HRMS: [M+H]+ 475.2520 
(calculated for [C28H35N4OS]+: 475.2487). 

5.2.7. N8-(1,3-benzothiazol-2-yl)-N1-(7-methoxy-1,2,3,4- 
tetrahydroacridin-9-yl)octane-1,8-diamine Hydrochloride (10 g). 

Yield 15%. mp 146.8 – 147.4 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 7.78 (d, J = 7.8 Hz, 1H), 7.74 (d, J = 9.2 Hz, 1H), 7.65 (d, 
J = 2.5 Hz, 1H), 7.60 – 7.54 (m, 1H), 7.52 – 7.44 (m, 2H), 7.38 – 7.31 (m, 
1H), 3.96 (s, 3H), 3.95 – 3.88 (m, 2H), 3.57 (t, J = 7.1 Hz, 2H), 3.06 – 
2.98 (m, 2H), 2.79 – 2.70 (m, 2H), 1.99 – 1.90 (m, 4H), 1.88 – 1.74 (m, 
4H), 1.55 – 1.36 (m, 8H). 13C NMR (126 MHz, Methanol‑d4) δ 158.50, 
157.04, 150.57, 139.82, 134.39, 129.05, 126.07, 125.33, 124.59, 
123.81, 121.73, 118.54, 115.24, 112.76, 104.93, 56.65, 48.59, 31.95, 
30.15, 30.07, 29.22, 27.66, 27.63, 25.62, 23.14, 21.84. HRMS: [M+H]+

E. Nepovimova et al.                                                                                                                                                                                                                           



Bioorganic Chemistry 107 (2021) 104596

13

489.2682 (calculated for [C29H37N4OS]+: 489.2683). 

5.2.8. N2–(1,3-benzothiazol-2-yl)-N1-(1,2,3,4-tetrahydroacridin-9-yl) 
ethane-1,2-diamine Hydrochloride (10 h). 

Yield 16%. mp 152.3 – 153.0 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.44 – 8.41 (m, 1H), 7.80 – 7.72 (m, 3H), 7.58 – 7.54 (m, 
1H), 7.54 – 7.46 (m, 2H), 7.38 – 7.33 (m, 1H), 4.38 (t, J = 5.8 Hz, 2H), 
4.04 (t, J = 5.8 Hz, 2H), 3.07 – 3.00 (m, 2H), 2.83 – 2.77 (m, 2H), 1.98 – 
1.90 (m, 4H). 13C NMR (126 MHz, Methanol‑d4) δ 158.43, 153.00, 
140.23, 139.29, 134.11, 129.11, 126.95, 126.20, 125.75, 125.00, 
123.75, 120.20, 117.62, 115.61, 114.32, 47.05, 29.42, 25.81, 22.93, 
21.65. HRMS: [M+H]+ 375.1636 (calculated for [C22H23N4S]+: 
375.1599). 

5.2.9. N3–(1,3-benzothiazol-2-yl)-N1-(1,2,3,4-tetrahydroacridin-9-yl) 
propane-1,3-diamine Hydrochloride (10i). 

Yield 23%. mp 158.9 – 159.8 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.43 (d, J = 8.6 Hz, 1H), 7.83 – 7.74 (m, 2H), 7.69 (dd, J 
= 8.5, 1.1 Hz, 1H), 7.61 – 7.55 (m, 1H), 7.55 – 7.47 (m, 2H), 7.43 – 7.33 
(m, 1H), 4.20 (t, J = 6.8 Hz, 2H), 3.75 (t, J = 6.7 Hz, 2H), 3.03 – 2.93 (m, 
2H), 2.82 – 2.73 (m, 2H), 2.38 – 2.28 (m, 2H), 2.00 – 1.90 (m, 4H). 13C 
NMR (126 MHz, Methanol‑d4) δ 157.90, 152.01, 139.47, 139.37, 
134.03, 129.18, 126.59, 126.33, 124.46, 123.86, 120.04, 116.97, 
115.24, 113.28, 46.21, 30.08, 29.31, 25.29, 22.94, 21.72. HRMS: 
[M+H]+ 389.1793 (calculated for [C23H25N4S]+: 389.1794). 

5.2.10. N4-(1,3-benzothiazol-2-yl)-N1-(1,2,3,4-tetrahydroacridin-9-yl) 
butane-1,4-diamine hydrochloride (10j). 

Yield 36%. mp 147.6 – 148.9 ◦C. Purity: 97%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.42 (d, J = 8.7 Hz, 1H), 7.82 – 7.72 (m, 3H), 7.57 (t, J =
7.7 Hz, 2H), 7.54 – 7.47 (m, 1H), 7.37 (t, J = 7.8 Hz, 1H), 4.06 (t, J = 7.0 
Hz, 2H), 3.67 (t, J = 6.9 Hz, 2H), 3.04 – 2.96 (m, 2H), 2.78 – 2.69 (m, 
2H), 2.07 – 1.99 (m, 2H), 1.98 – 1.89 (m, 6H). 13C NMR (126 MHz, 
Methanol‑d4) δ 157.84, 151.88, 139.50, 139.31, 134.00, 129.16, 
126.52, 126.35, 126.28, 123.90, 120.05, 117.09, 115.20, 113.08, 48.36, 
29.33, 28.63, 26.31, 25.17, 22.96, 21.75. HRMS: [M+H]+ 403.1951 
(calculated for [C24H27N4S]+: 403.1951). 

5.2.11. N5-(1,3-benzothiazol-2-yl)-N1-(1,2,3,4-tetrahydroacridin-9-yl) 
pentane-1,5-diamine hydrochloride (10 k). 

Yield 38%. mp 226.9 – 227.6 ◦C. Purity: 98%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.42 (d, J = 8.6 Hz, 1H), 7.81 (dd, J = 8.0, 4.7 Hz, 2H), 
7.75 (dd, J = 8.5, 1.2 Hz, 1H), 7.58 (dd, J = 8.4, 1.3 Hz, 2H), 7.54 – 7.49 
(m, 1H), 7.41 – 7.35 (m, 1H), 4.02 (t, J = 7.2 Hz, 2H), 3.67 – 3.58 (m, 
2H), 3.01 (t, J = 5.8 Hz, 2H), 2.73 (t, J = 5.7 Hz, 2H), 2.01 – 1.90 (m, 
6H), 1.87 (p, J = 7.1 Hz, 2H), 1.67 – 1.58 (m, 2H). 13C NMR (126 MHz, 
Methanol‑d4) δ 157.84, 151.68, 139.62, 139.29, 134.01, 129.18, 
126.44, 126.40, 126.28, 123.91, 120.06, 116.99, 115.13, 112.89, 48.73, 
30.98, 29.31, 28.81, 25.04, 24.79, 22.98, 21.79. HRMS: [M+H]+

417.2107 (calculated for [C25H29N4S]+: 417.2107). 

5.2.12. N6-(1,3-benzothiazol-2-yl)-N1-(1,2,3,4-tetrahydroacridin-9-yl) 
hexane-1,6-diamine hydrochloride (10 l). 

Yield 20%. mp 141.0 – 142.2 ◦C. Purity: 97%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.39 (d, J = 8.7 Hz, 1H), 7.85 – 7.73 (m, 3H), 7.61 – 7.53 
(m, 2H), 7.49 (t, J = 7.9 Hz, 1H), 7.36 (t, J = 7.8 Hz, 1H), 4.04 – 3.93 (m, 
2H), 3.59 (t, J = 7.2 Hz, 2H), 3.01 (t, J = 5.9 Hz, 2H), 2.71 (t, J = 5.8 Hz, 
2H), 2.01 – 1.86 (m, 6H), 1.86 – 1.76 (m, 2H), 1.63 – 1.49 (m, 4H). 13C 
NMR (126 MHz, Methanol‑d4) δ 157.78, 151.59, 139.59, 139.28, 
133.97, 129.12, 126.44, 126.33, 126.21, 123.88, 120.05, 116.94, 
115.12, 112.77, 48.91, 31.33, 29.30, 29.09, 27.30, 27.21, 24.97, 22.96, 
21.78. HRMS: [M+H]+ 431.2265 (calculated for [C26H31N4S]+: 
431.2264). 

5.2.13. N7-(1,3-benzothiazol-2-yl)-N1-(1,2,3,4-tetrahydroacridin-9-yl) 
heptane-1,7-diamine hydrochloride (10 m). 

Yield 20%. mp 134.3 – 135.8 ◦C. Purity: 99%. 1H NMR (300 MHz, 
Methanol‑d4) δ 8.38 (d, J = 8.6 Hz, 1H), 7.86 – 7.74 (m, 3H), 7.61 – 7.53 
(m, 2H), 7.49 (t, J = 8.2 Hz, 1H), 7.35 (dd, J = 8.1, 1.3 Hz, 1H), 4.03 – 
3.90 (m, 2H), 3.57 (t, J = 7.0 Hz, 2H), 3.02 (t, J = 5.6 Hz, 2H), 2.69 (t, J 
= 5.5 Hz, 2H), 2.01 – 1.91 (m, 4H), 1.91 – 1.82 (m, 2H), 1.82 – 1.72 (m, 
2H), 1.58 – 1.41 (m, 6H). 13C NMR (75 MHz, Methanol‑d4) δ 157.83, 
151.57, 139.66, 139.61, 134.01, 129.11, 126.50, 126.30, 126.15, 
124.50, 123.87, 120.07, 116.95, 115.19, 112.76, 31.41, 29.77, 29.29, 
29.15, 27.58, 27.53, 24.95, 22.97, 21.82. HRMS: [M+H]+ 445.2417 
(calculated for [C27H33N4S]+: 445.2420). 

5.2.14. N8-(1,3-benzothiazol-2-yl)-N1-(1,2,3,4-tetrahydroacridin-9-yl) 
octane-1,8-diamine hydrochloride (10n). 

Yield 14%. mp 62.0 – 63.4 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.39 (d, J = 8.7 Hz, 1H), 7.88 – 7.72 (m, 3H), 7.62 – 7.53 
(m, 2H), 7.48 (t, J = 7.7 Hz, 1H), 7.33 (t, J = 7.6 Hz, 1H), 3.95 (t, J = 7.2 
Hz, 2H), 3.56 (t, J = 7.1 Hz, 2H), 3.03 (t, J = 5.6 Hz, 2H), 2.70 (t, J = 5.5 
Hz, 2H), 2.04 – 1.90 (m, 4H), 1.90 – 1.81 (m, 2H), 1.81 – 1.72 (m, 2H), 
1.54 – 1.38 (m, 8H). 13C NMR (126 MHz, Methanol‑d4) δ 169.23, 
157.88, 151.59, 140.74, 139.68, 134.02, 128.92, 126.48, 126.29, 
125.85, 125.02, 123.69, 120.08, 116.97, 115.49, 112.77, 49.10, 47.40, 
31.48, 30.10, 30.06, 29.30, 27.64, 27.60, 24.93, 22.97, 21.82. HRMS: 
[M+H]+ 459.2575 (calculated for [C28H35N4S]+: 459.2577). 

5.2.15. N2–(1,3-benzothiazol-2-yl)-N1-(6-chloro-1,2,3,4- 
tetrahydroacridin-9-yl)ethane-1,2-diamine hydrochloride (10o). 

Yield 31%. mp 184.1 – 185.7 ◦C. Purity: 97%. 1H NMR (500 MHz, 
DMSO‑d6) δ 10.50 (bs, 1H), 8.48 (d, J = 8.4 Hz, 1H), 8.10 (bs, 1H), 7.99 
(s, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.46 (t, J = 9.9 Hz, 2H), 7.36 (t, J = 7.2 
Hz, 1H), 7.20 (t, J = 7.2 Hz, 1H), 4.27 – 4.11 (m, 2H), 4.03 – 3.87 (m, 
2H), 2.96 (t, J = 5.7 Hz, 2H), 2.66 (t, J = 5.8 Hz, 2H), 1.85 – 1.65 (m, 
4H). 13C NMR (126 MHz, DMSO‑d6) δ 167.22, 156.18, 151.87, 138.43, 
137.03, 127.42, 126.97, 125.46, 123.55, 122.53, 117.94, 115.37, 
114.70, 112.72, 46.33, 45.07, 28.14, 24.60, 21.51, 20.18. HRMS: 
[M+H]+ 409.1182 (calculated for [C22H22ClN4S]+: 409.1248). 

5.2.16. N3–(1,3-benzothiazol-2-yl)-N1-(6-chloro-1,2,3,4- 
tetrahydroacridin-9-yl)propane-1,3-diamine hydrochloride (10p). 

Yield 30%. mp 217.3 – 218.0 ◦C. Purity: 95%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.40 (d, J = 9.0 Hz, 1H), 7.73 (d, J = 7.9 Hz, 1H), 7.67 – 
7.61 (m, 1H), 7.55 – 7.42 (m, 3H), 7.37 – 7.28 (m, 1H), 4.18 (t, J = 5.5 
Hz, 2H), 3.84 – 3.63 (m, 2H), 3.06 – 2.86 (m, 2H), 2.82 – 2.65 (m, 2H), 
2.43 – 2.22 (m, 2H), 2.06 – 1.81 (m, 4H). 13C NMR (126 MHz, Meth
anol‑d4) δ 169.17, 157.67, 152.34, 140.71, 140.10, 139.85, 128.91, 
128.64, 126.92, 125.94, 125.13, 123.63, 118.97, 115.58, 115.25, 
113.70, 46.39, 44.70, 30.10, 29.34, 25.14, 22.81, 21.63. HRMS: 
[M+H]+ 423.1401 (calculated for [C23H24ClN4S]+: 423.1405). 

5.2.17. N4-(1,3-benzothiazol-2-yl)-N1-(6-chloro-1,2,3,4- 
tetrahydroacridin-9-yl)butane-1,4-diamine hydrochloride (10q). 

Yield 30%. mp 194.8 – 195.5 ◦C. Purity: 95%. 1H NMR (500 MHz, 
DMSO‑d6) δ 8.45 (dd, J = 9.2, 2.4 Hz, 1H), 8.01 (d, J = 2.3 Hz, 2H), 7.85 
(d, J = 8.0 Hz, 1H), 7.63 (d, J = 8.1 Hz, 1H), 7.53 – 7.46 (m, 1H), 7.41 (t, 
J = 7.7 Hz, 1H), 7.26 (t, J = 7.7 Hz, 1H), 3.95 – 3.84 (m, 2H), 3.72 – 3.60 
(m, 2H), 2.96 (t, J = 5.7 Hz, 2H), 2.64 (t, J = 5.6 Hz, 2H), 1.89 (p, J =
7.0 Hz, 2H), 1.82 – 1.69 (m, 6H). 13C NMR (126 MHz, DMSO‑d6) δ 
166.84, 155.77, 151.48, 138.93, 137.29, 128.06, 127.63, 125.70, 
124.52, 124.41, 123.32, 118.21, 114.69, 114.49, 112.11, 47.00, 45.56, 
28.35, 27.22, 25.41, 24.49, 21.77, 20.55. HRMS: [M+H]+ 437.1557 
(calculated for [C24H26ClN4S]+: 437.1561). 

5.2.18. N5-(1,3-benzothiazol-2-yl)-N1-(6-chloro-1,2,3,4- 
tetrahydroacridin-9-yl)pentane-1,5-diamine hydrochloride (10r). 

Yield 31%. mp 212.5 – 213.1 ◦C. Purity: 96%. 1H NMR (500 MHz, 
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DMSO‑d6) δ 8.42 (d, J = 9.3 Hz, 1H), 8.03 (d, J = 2.1 Hz, 1H), 7.96 (bs, 
1H), 7.84 (d, J = 7.9 Hz, 1H), 7.59 (d, J = 8.0 Hz, 1H), 7.54 (dd, J = 9.2, 
2.1 Hz, 1H), 7.39 (t, J = 7.5 Hz, 1H), 7.24 (t, J = 7.6 Hz, 1H), 3.90 – 3.79 
(m, 2H), 3.64 – 3.52 (m, 2H), 2.97 (t, J = 5.9 Hz, 2H), 2.63 (t, J = 5.8 Hz, 
2H), 1.87 – 1.73 (m, 6H), 1.69 (p, J = 7.1 Hz, 2H), 1.48 (p, J = 7.2 Hz, 
2H). 13C NMR (126 MHz, DMSO‑d6) δ 166.86, 155.75, 151.35, 139.04, 
137.33, 128.09, 127.47, 125.65, 124.20, 123.12, 118.27, 115.01, 
114.43, 112.00, 47.32, 45.68, 29.53, 28.35, 27.89, 24.38, 23.54, 21.77, 
20.59. HRMS: [M+H]+ 451.1715 (calculated for [C25H28ClN4S]+: 
451.1718). 

5.2.19. N6-(1,3-benzothiazol-2-yl)-N1-(6-chloro-1,2,3,4- 
tetrahydroacridin-9-yl)hexane-1,6-diamine hydrochloride (10 s). 

Yield 23%. mp 228.8 – 230.0 ◦C. Purity: 99%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.40 (d, J = 9.3 Hz, 1H), 7.81 – 7.75 (m, 2H), 7.60 – 7.52 
(m, 2H), 7.52 – 7.46 (m, 1H), 7.39 – 7.32 (m, 1H), 4.03 – 3.91 (m, 2H), 
3.59 (t, J = 7.0 Hz, 2H), 3.01 (t, J = 5.8 Hz, 2H), 2.69 (t, J = 5.7 Hz, 2H), 
2.00 – 1.93 (m, 4H), 1.93 – 1.87 (m, 2H), 1.86 – 1.79 (m, 2H), 1.62 – 
1.50 (m, 4H). 13C NMR (126 MHz, Methanol‑d4) δ 169.25, 157.67, 
152.06, 140.39, 139.97, 129.06, 128.77, 126.77, 126.06, 124.67, 
123.80, 119.09, 115.36, 115.30, 113.31, 47.42, 31.17, 29.32, 29.14, 
27.32, 27.23, 24.82, 22.85, 21.72. HRMS: [M+H]+ 465.1873 (calcu
lated for [C26H30ClN4S]+: 465.1874). 

5.2.20. N7-(1,3-benzothiazol-2-yl)-N1-(6-chloro-1,2,3,4- 
tetrahydroacridin-9-yl)heptane-1,7-diamine hydrochloride (10 t). 

Yield 26%. mp 69.2 – 70.9 ◦C. Purity: 97%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.40 (d, J = 9.3 Hz, 1H), 7.84 – 7.76 (m, 2H), 7.60 – 7.53 
(m, 2H), 7.53 – 7.48 (m, 1H), 7.40 – 7.34 (m, 1H), 4.00 – 3.93 (m, 2H), 
3.59 (t, J = 7.0 Hz, 2H), 3.01 (t, J = 5.7 Hz, 2H), 2.69 (t, J = 5.6 Hz, 2H), 
2.01 – 1.91 (m, 4H), 1.91 – 1.84 (m, 2H), 1.80 (p, J = 7.1 Hz, 2H), 1.59 – 
1.43 (m, 6H). 13C NMR (126 MHz, Methanol‑d4) δ 157.70, 152.05, 
140.42, 139.99, 139.49, 129.16, 128.76, 126.74, 126.21, 124.42, 
123.88, 119.09, 115.37, 115.14, 113.29, 49.13, 31.26, 29.77, 29.32, 
29.14, 27.58, 27.53, 24.80, 22.85, 21.73. HRMS: [M+H]+ 479.2028 
(calculated for [C27H32ClN4S]+: 479.2031). 

5.2.21. N8-(1,3-benzothiazol-2-yl)-N1-(6-chloro-1,2,3,4- 
tetrahydroacridin-9-yl)octane-1,8-diamine hydrochloride (10u). 

Yield 11%. mp 165.7 – 166.1 ◦C. Purity: 96%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.39 (d, J = 9.3 Hz, 1H), 7.82 – 7.76 (m, 2H), 7.59 – 7.53 
(m, 2H), 7.53 – 7.47 (m, 1H), 7.36 (t, J = 7.8 Hz, 1H), 3.99 – 3.91 (m, 
2H), 3.57 (t, J = 7.3 Hz, 2H), 3.01 (t, J = 5.8 Hz, 2H), 2.68 (t, J = 5.7 Hz, 
2H), 2.01 – 1.91 (m, 4H), 1.86 (p, J = 7.4 Hz, 2H), 1.79 (p, J = 7.3 Hz, 
2H), 1.54 – 1.40 (m, 8H). 13C NMR (126 MHz, Methanol‑d4) δ 157.71, 
152.04, 140.43, 139.99, 139.89, 129.09, 128.76, 126.72, 126.10, 
124.61, 123.83, 119.10, 115.37, 115.24, 113.28, 31.33, 30.12, 30.07, 
29.32, 29.24, 27.65, 27.62, 24.78, 22.85, 21.74. HRMS: [M+H]+

493.2165 (calculated for [C28H34ClN4S]+: 493.2187). 

5.2.22. N1-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)–N3-(6-chlorobenzo 
[d]thiazol-2-yl)propane-1,3-diamine hydrochloride (10v). 

Yield 48%. mp 225.8 – 226.7 ◦C. Purity: 97%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.43 (d, J = 9.3 Hz, 1H), 7.85 (dd, J = 1.8, 0.9 Hz, 1H), 
7.68 (d, J = 2.2 Hz, 1H), 7.54 (dd, J = 9.2, 2.1 Hz, 1H), 7.51 – 7.48 (m, 
2H), 4.18 (t, J = 6.8 Hz, 2H), 3.73 (t, J = 6.6 Hz, 2H), 3.03 – 2.95 (m, 
2H), 2.78 – 2.71 (m, 2H), 2.31 (p, J = 6.7 Hz, 2H), 1.97 – 1.94 (m, 4H). 
13C NMR (126 MHz, Methanol‑d4) δ 157.96, 152.55, 140.31, 140.10, 
139.42, 131.37, 129.37, 128.64, 127.02, 126.84, 123.62, 119.06, 
116.59, 115.43, 113.88, 46.33, 44.74, 30.03, 29.37, 25.10, 22.83, 
21.67. HRMS: [M+H]+ 457.1011 (calculated for [C23H23Cl2N4S]+: 
457.1015). 

5.2.23. N1-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)–N3-(6-nitrobenzo[d] 
thiazol-2-yl)propane-1,3-diamine hydrochloride (10w). 

Yield 57%. mp 214.7 – 215.5 ◦C. Purity: 96%. 1H NMR (500 MHz, 

DMSO‑d6) δ 14.09 (s, 1H), 9.85 (s, 1H), 8.66 (d, J = 2.5 Hz, 1H), 8.40 (d, 
J = 9.3 Hz, 1H), 8.08 (dd, J = 8.9, 2.5 Hz, 1H), 7.98 (s, 1H), 7.89 (d, J =
2.3 Hz, 1H), 7.45 (dd, J = 9.2, 2.2 Hz, 1H), 7.30 (d, J = 8.9 Hz, 1H), 4.06 
– 3.95 (m, 2H), 3.67 – 3.52 (m, 2H), 2.87 (t, J = 5.1 Hz, 2H), 2.64 (t, J =
5.0 Hz, 2H), 2.11 (p, J = 6.4 Hz, 2H), 1.85 – 1.67 (m, 4H). 13C NMR (126 
MHz, DMSO‑d6) δ 155.65, 150.95, 141.51, 138.64, 136.96, 129.84, 
127.78, 125.18, 122.49, 118.19, 117.88, 116.27, 114.13, 111.84, 45.10, 
42.01, 29.18, 28.00, 24.22, 21.49, 20.30. HRMS: [M+H]+ 468.1252 
(calculated for [C23H23ClN5O2S]+: 468.1256). 

5.2.24. N1-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)–N3-(6- 
methoxybenzo[d]thiazol-2-yl)propane-1,3-diamine hydrochloride (10x). 

Yield 20%. mp 187.6 – 189.0 ◦C. Purity: 97%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.42 (dd, J = 9.3, 2.0 Hz, 1H), 7.67 (d, J = 2.1 Hz, 1H), 
7.54 (dd, J = 9.2, 2.1 Hz, 1H), 7.42 (dd, J = 8.9, 2.3 Hz, 1H), 7.38 (d, J =
2.3 Hz, 1H), 7.09 (dd, J = 8.9, 2.4 Hz, 1H), 4.18 (t, J = 6.8 Hz, 2H), 3.86 
(s, 3H), 3.71 (t, J = 6.7 Hz, 2H), 2.97 (t, J = 5.7 Hz, 2H), 2.75 (t, J = 5.8 
Hz, 2H), 2.31 (p, J = 6.7 Hz, 2H), 2.04 – 1.89 (m, 4H). 13C NMR (126 
MHz, Methanol‑d4) δ 157.72, 156.49, 152.16, 138.92, 138.65, 137.89, 
131.51, 127.31, 126.20, 125.70, 124.83, 117.77, 115.41, 114.56, 
106.67, 55.24, 45.08, 28.72, 27.91, 23.87, 22.30, 21.15, 20.33. HRMS: 
[M+H]+ 453.1428 (calculated for [C24H26ClN4OS]+: 453.1510). 

5.2.25. N1-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)–N3-(6-methylbenzo 
[d]thiazol-2-yl)propane-1,3-diamine hydrochloride (10y). 

Yield 12%. mp 201.9 – 202.7 ◦C. Purity: 96%. 1H NMR (500 MHz, 
Methanol‑d4) δ 8.42 (d, J = 9.3 Hz, 1H), 7.67 (d, J = 2.1 Hz, 1H), 7.59 (d, 
J = 1.8 Hz, 1H), 7.53 (dd, J = 9.3, 2.2 Hz, 1H), 7.41 (d, J = 8.3 Hz, 1H), 
7.34 (dd, J = 8.4, 1.6 Hz, 1H), 4.18 (t, J = 6.8 Hz, 2H), 3.73 (t, J = 6.7 
Hz, 2H), 2.98 (t, J = 5.7 Hz, 2H), 2.79 – 2.72 (m, 2H), 2.45 (s, 3H), 2.32 
(p, J = 6.7 Hz, 2H), 2.02 – 1.91 (m, 4H). 13C NMR (126 MHz, Meth
anol‑d4) δ 157.87, 152.53, 140.25, 140.04, 137.03, 130.23, 128.61, 
127.01, 123.74, 119.05, 115.36, 114.88, 113.83, 46.30, 44.86, 29.96, 
29.35, 25.12, 22.82, 21.65, 21.24. HRMS: [M+H]+ 437.1484 (calcu
lated for [C23H23ClN5O2S]+: 437.1561). 

5.3. AChE and BChE inhibition assay 

AChE and BChE inhibitory potential of tested compounds was 
determined using modified Ellmańs method and is expressed as IC50.42 

Human recombinant AChE and human plasma BChE, 5,5́-dithiobis(2- 
nitrobenzoic acid) (Ellmańs reagent, DTNB), phosphate buffer solution 
(PBS: 0.1 M KH2PO4/K2HPO4, pH 7.4), acetylthiocholine iodide (ATC) 
and butyrylthiocholine iodide (BTC) were purchased from Sigma- 
Aldrich (Prague, Czech Republic). For measuring purposes, poly
styrene Nunc 96-well microplates with flat bottom shape (ThermoFisher 
Scientific, USA) were utilized. The assay medium (100 µL) consisted of 
40 µL of PBS, 20 µL of 0.0025 M DTNB, 10 µL of the enzyme, and 20 µL of 
0.01 M substrate (ATC or BTC iodide solution). 

Compounds were tested in concentration range 10-3 – 10-11 M. Their 
solutions were preincubated for 5 min with the enzyme (AChE or BChE). 
The reaction was initiated by immediate addition of 20 µL of the cor
responding substrate. The enzyme activity was determined by 
measuring the increase in absorbance at 412 nm at 37 ◦C in 2 min in
tervals, using Multi-mode microplate reader Synergy 2 (Vermont, USA). 
Each concentration was assessed in triplicate. Software GraphPad Prism 
5 (San Diego, USA) was used for the statistical data evaluation. 

5.4. Docking study 

Crystal structure of hAChE was downloaded from RCSB Protein Data 
Bank – PDB ID: 4EY7.45 Receptor structure was prepared by DockPrep 
function of UCSF Chimera (version 1.4) and converted to pdbqt-files by 
AutodockTools (v. 1.5.6) [75,76]. Flexible residues selection was based 
on previous experience with either hAChE [51,77,78]. Three- 
dimensional structures of 10w were built by Open Babel (v. 2.3.1), 
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minimized by Avogadro (v 1.1.0) and converted to pdbqt-file format by 
AutodockTools [79]. The docking calculations were made by Autodock 
Vina (v. 1.1.2) with the exhaustiveness of 8 [44]. Calculation was 
repeated 20 times and the best-scored result was selected for manual 
inspection. The visualization of enzyme – ligand interactions was pre
pared using The PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC, Mannheim, Germany. 2D diagram was created with 
Dassault Systèmes BIOVIA, Discovery Studio Visualizer, v 17.2.0.16349, 
San Diego: Dassault Systèmes, 2016. 

5.5. Inhibition of Aβ40 fibrillization 

1 mg of lyophilized powder of Aβ40 peptide (LOT # 2061240 T, 
rPeptide (USA Company)) was dissolved to a final concentration of 665 
µM in 10 mM NaOH solution defined by UV–VIS spectroscopy with an 
extinction coefficient ε292 = 2300 M− 1.cm− 1 using spectrophotometer 
Jasco V-630. The stock solution was sonicated for 1 min in a bath son
icator and then 10 min centrifuged at 12 000 g at 4 ◦C. The supernatant 
was diluted in 150 mM MOPS (3-(N-morpholino)–propanesulfonic acid) 
buffer solution to a final 10 µM concentration of Aβ40 peptide with 
addition of 0.02% NaN3 at pH 6.9. Aβ40 fibrils were formed after 7-day 
incubation at 37 ◦C. All other chemicals used were purchased from 
Sigma-Aldrich or Fluka and were of analytical reagent grade. 

The amount of Aβ40 fibrils was quantified using the specific fluo
rescent dye ThT since a significant enhancement of ThT fluorescence 
could be observed in the presence of amyloid fibrils. Thioflavin T was 
added to the 10 µM protein samples to a final ThT concentration of 20 
µM. Measurements were performed using a spectrofluorimeter Synergy 
MX BioTek in a fluorescence 96-well plate. The excitation was set at 440 
nm and the emission was recorded at 485 nm. The excitation and 
emission slits were adjusted to 9.0/9.0 nm and the top probe vertical 
offset was 6 nm. 

Tacrine – benzothiazole hybrids in a concentration range of 100 pM – 
500 µM were added to a 10 µM solution of Aβ40. The inhibition exper
iments were carried out after the incubation of Aβ40 with studied de
rivatives for 7 days at 37 ◦C. The inhibitory effect of derivatives on Aβ40 
fibrillization was investigated using ThT fluorescence assay. The fluo
rescence intensities of studied compounds were normalized to the 
fluorescence intensity of Aβ40 fibrils alone. Each experiment was carried 
out in triplicate and the final values represent the mean of three mea
surements. The inhibitory curves were obtained by fitting the average 
fluorescence data by non-linear least-squares method. 

5.6. Inhibition of Aβ42 self-aggregation 

Lyophilized HFIP-pretreated Aβ42 was purchased from Bachem 
(Switzerland). KCl was purchased from PancReac, AppliChem, Spain. 
NaCl, KH2PO4, Na2HPO4 and DMSO were supplied by Sigma-Aldrich, 
Germany. 

The stock solution of Aβ42 was prepared by dissolving the lyophilized 
peptide in DMSO, aliquoted and stored at − 20 ◦C. For the measurement 
of Aβ42 self-aggregation and amyloid inhibition studies, Aβ42 stock so
lution was diluted to a final concentration of 25 µM in PBS at pH 7.25 
(10 mM PBS, 2.7 mM KCl, 137 mM NaCl) and 10% DMSO. 

Amyloid inhibition study was performed by incubating Aβ42 peptide 
(25 µM) in the presence of 10c, 10p or myricetin at 30 ◦C for 48 h, 
without any stirring. PBS was used as a blank and the inhibitors were 
used as controls. Steady-state fluorescence spectra and Rayleigh scat
tering experiments were performed on a FluoroMax-4 spectrofluorom
eter. The fluorescence spectra were corrected for the wavelength 
response of the system. The Rayleigh scattering peaks were recorded 
with excitation at 550 nm using 0.2 mm slits in the excitation and 
emission monochromators. The reported intensities were corrected for 
those of buffer/tested inhibitor solutions under similar conditions and 
normalized with the initial scattering intensity. Fluorescence spectra 
were recorded in the range of 340 – 600 nm, with an excitation 

wavelength at 330 nm and slits of 0.5 mm and 2.0 mm for excitation and 
emission, respectively. All the measurements were performed in 5 mm 
optical path length cuvettes in a thermostated sample holder, 30 ◦C. 

All spinning-disk confocal microscopy experiments were performed 
in µ-Slide 8 Well (IBIDI, Germany). Live images were recorded every 30 
min for 24 h by spinning disc confocal microscopy (Zeiss Cell Observer 
SD with Yokogawa CSU-X1 Confocal Spinning Disc unit, Japan, and 
Evolve 512 EMCCD Camera) with 20×/0.8NA Plan-ApoChromat 
objective. The temperature of the incubation chamber on the micro
scope was set to 30 ◦C. Four conditions were imaged in duplicate: Aβ42 
peptide (25 μM), Aβ42 peptide (25 μM) with myricetin (10 µM), 10c (10 
µM) or 10p (10 µM). For each time point, the autofluorescence of the 
aggregates was imaged with excitation wavelength of 405 nm and 
emission wavelengths of 420–460 nm, together with a brightfield image 
of the aggregates. Image analysis was performed using Fiji [80]. Ag
gregates were segmented using Otsu threshold algorithm and selected 
by the Analyse Particle function, followed by the quantification of the 
percentage of the area occupied by the aggregates, for each time point, 
in each condition. 

Data analysis was performed with OriginPro 8.0 software. The 
following empirical sigmoidal function (logistic function) was used to fit 
the experimental data: 

y = y0 +A/[1 + exp(− k(t − − t50))]

where y0 is the pre-transition base line, A the amplitude of the transi
tion, t50 its midpoint and k is an apparent growth rate. By this method 
the lag time is often defined as tlag = t50 − 1/2k which is equivalent to 
the extrapolation from the maximal growth rate. 

5.7. Atomic force microscopy 

The samples for AFM were prepared by casting aliquots (10 μL) of 
solution onto freshly cleaved mica, which was left to adsorb for 10 min. 
Then the samples were 5-times rinsed with ultrapure water and dried in 
air. The images were recorded by using an atomic force microscope 
(Veeco di Innova) in a tapping mode under ambient conditions with a 
rectangular uncoated silicon cantilever NCHV (Bruker AFM Probes) 
with a specific resistance of 0.01 – 0.025 Wcm@1, antimony (n) doped 
Si with a typical resonance frequency 320 kHz, and a force constant of 
42 Nm− 1. All images were unfiltered. 

5.8. ABAD inhibition screening assay 

Purification of ABAD protein was performed as described in our 
previous work [81]. Activity assay conditions consisted of ABAD enzyme 
(0.5 μg/mL), NADH (250 μM), acetoacetyl-CoA (120 μM) and a single 
compound of interest (25 μM or 100 μM, 1% DMSO (v/v)). Solutions 
were prepared in assay buffer (10 mM Tris HCl (pH 7.4), 150 mM NaCl, 
1 mM DTT, 0.001% Tween and 0.01% BSA at 25 ◦C). Each compound 
was weighted in milligrams with maximal 0.1 mg deviation to prepare a 
10 mM stock solution in DMSO. The DMSO stock solution was further 
diluted by assay buffer solution to give a final assay concentration 25 μM 
1% DMSO (v/v). Control solutions containing an equivalent concen
tration of DMSO (1% (v/v)) were also prepared and run concurrently. 
Reaction progression was measured via a decrease in NADH absorbance 
at 340 nm using a SpectraMAX M2e spectrophotometer. The reaction 
period was gated to yield steady state conditions (R2 > 0.9). 

5.9. Cell viability assay on CHO-K1, HepG2 and 1321 N1 cell lines 

To ascertain the cytotoxic effect of studied compounds (10a-10y), 
standard MTT assay on the CHO-K1 cell line (Chinese hamster ovary) 
was used. Tested compounds were dissolved in DMSO and subsequently 
in the growth medium (Nutrient mixture F-12 Ham) supplemented with 
10% PBS and 1% penicillin (10000 U/mL)/streptomycin (10000 µg/ 

E. Nepovimova et al.                                                                                                                                                                                                                           



Bioorganic Chemistry 107 (2021) 104596

16

mL), so that the final concentration did not exceed 0.5% (v/v). The cells 
were seeded in 96-well plates and exposed to the tested compounds in 
the medium (100 µL) for 24 h at 37 ◦C, 95% humidity and in an atmo
sphere of 5% CO2. Subsequently, this medium was replaced by the 
medium containing MTT (10 µM) and incubated for another 3–4 h. After 
that, medium with MTT was removed and formazan crystals were dis
solved by an addition of 100 µL DMSO. Viability of the cells was esti
mated spectrophotometrically by the amount of produced formazan. 
The absorbance was measured at 570 nm, with 650 nm as a reference 
wavelength on Synergy HT reader (Biotek, USA). The results were 
evaluated as IC50 from the control substracted triplicates (in comparison 
with untreated control) using non-linear regression (four parameters) in 
GraphPad Prism software. 

To assess in vitro hepatotoxicity human liver hepatocellular carci
noma (HepG2) cell line (ATCC, Mannassas, VA, USA) was used. HepG2 
was cultivated in Dubleccós modified Eaglés medium (DMEM, Biosera, 
Nuaille, France) with 10% foetal bovine serum (Biosera, Nuaille, France) 
and 1% penicillin–streptomycin antibiotic solution (Sigma-Aldrich, 
Czech Republic). The cell line was incubated at 37 ◦C in CO2 incubator 
(Binder CO2 incubator BC 160, Tuttlingen, Germany) and routinely 
passaged by trypsinization at 75 – 85% confluence. The MTT reduction 
assay was used for measurement of tested compounds ́ hepatotoxicity 
[69,82]. HepG2 cells were plated into 96-well plates in 100 µL volume 
and density of 15 × 103 per well. The cells were allowed to attach 
overnight before the treatment. The stock solutions of tested compounds 
were prepared in DMSO and further serially diluted in DMEM. The cells 
were treated for 24 h. The final concentration of DMSO was<0.25%. 
After incubation, the medium was aspirated and replaced by 100 µL of 
fresh medium containing MTT (0.5 mg/mL). The plates were subse
quently incubated at 37 ◦C in CO2 incubator for 45 min. The medium 
containing MTT was aspirated after 45 min incubation and formed 
purple formazan was dissolved in 100 μL of DMSO. The optical density 
of each well was measured using Synergy 2 Multi-Mode Microplate 
Reader (BioTek Instruments, Inc., Winooski, VT, USA) at 570 nm. The 
cell viability was expressed as the percentage of untreated control. The 
results were obtained from three independent experiments performed in 
triplicate. The IC50 values were calculated using four parametric non- 
linear regression by statistic GraphPad Prism software (version 5.04, 
GraphPad Software Inc., San Diego, CA) by the logarithmic dos
e–response curve. The IC50 values were expressed as a mean ± standard 
error of the mean (SEM). 

For in vitro neurototoxicity assessment human neural astrocytoma 
1321 N1 cell line (Sigma-Aldrich, St. Louis, MO, USA) was used. 1321 
N1 was cultivated in Dubleccós modified Eaglés medium (Biosera, 
Nuaille, France) with 10% foetal bovine serum (Biosera, Nuaille, 
France), 1% penicillin–streptomycin antibiotic solution (Sigma-Aldrich, 
Czech Republic) and 1% non-essential amino acid solution (Sigma- 
Aldrich, Czech Republic). The cell line was incubated at 37 ◦C in CO2 
incubator (Binder CO2 incubator BC 160, Tuttlingen, Germany) and 
routinely passaged by trypsinization at 75 – 85% confluence. The MTT 
reduction assay was used for measurement of tested compounds ́ 
neurotoxicity [69,82]. 1321 N1 cells were plated into 96-well plates in 
100 µL volume and density of 15 × 103 per well. The cells were allowed 
to attach overnight before the treatment. The stock solutions of tested 
compounds were prepared in DMSO and further serially diluted in 
DMEM. The cells were treated for 24 h. The final concentration of DMSO 
was<0.25%. After incubation, the medium was aspirated and replaced 
by 100 µL of fresh medium containing MTT (0.5 mg/mL). The plates 
were subsequently incubated at 37 ◦C in CO2 incubator for 45 min. The 
medium containing MTT was aspirated after 45 min incubation and 
formed purple formazan was dissolved in 100 μL of DMSO. The optical 
density of each well was measured using Synergy 2 Multi-Mode Micro
plate Reader (BioTek Instruments, Inc., Winooski, VT, USA) at 570 nm. 
The cell viability was expressed as the percentage of untreated control. 
The results were obtained from three independent experiments per
formed in triplicate. The IC50 values were calculated using four 

parametric non-linear regression by statistic GraphPad Prism software 
(version 5.04, GraphPad Software Inc., San Diego, CA) by the logarith
mic dose–response curve. The IC50 values were expressed as a mean ±
SEM. 

5.10. PAMPA-BBB assay 

Parallel artificial membrane permeability assay is a high-throughput 
screening tool applied to predict the passive transport of potential drugs 
across the blood–brain barrier [73]. It was used as a non-cell-based in 
vitro assay carried out in a coated 96-well membrane filter. The filter 
membrane of the donor plate was coated with polar brain lipid (PBL, 
Avanti, USA) in dodecane (4 µL of 20 mg/mL PBL in dodecane). The 
acceptor well was filled with 300 µL of PBS buffer (pH 7.4; VA). Tested 
compounds were dissolved first in DMSO and then diluted with PBS (pH 
7.4) to reach the final concentration 30 – 50 µM in the donor well. The 
concentration of DMSO did not exceed 0.5% (v/v) in the donor solution. 
300 µL of the donor solution (VD) was added to the donor wells and the 
donor filter plate was carefully put on the acceptor plate so that the 
coated membrane was “in touch” with both donor solution and acceptor 
buffer. Tested compounds diffused from the donor well through the 
polar brain lipid membrane (area = 0.28 cm2) to the acceptor well. The 
concentration of tested compounds in both donor and acceptor wells was 
assessed after 3, 4, 5 and 6 h of incubation respectively in quadruplicate 
using the UV plate reader Synergy HT (Biotek, USA) at the maximum 
absorption wavelength of each compound. Also solutions at theoretical 
equilibrium of given compounds (i.e. theoretical concentration if the 
donor and acceptor compartments were simply combined) were pre
pared. The concentration of the compounds in the donor and acceptor 
well and equilibrium concentration were calculated from the standard 
curve and expressed as the permeability according the equation: 

logPe = log

{

C × − ln

(

1 −
[drug]acceptor

[drug]equilibrium

)}

where C =

(
VD×VA

(VD+VA)×Area×Time

)

5.11. Maximum tolerated dose determination 

Adult Wistar rats (body weight 409 – 483 g) were randomly assigned 
to experimental groups consisting of three males per applied dose of 
10w. Several doses were administered to identify the MTD, with a 
starting dose being of 1 mg/kg according to previously described pro
tocol [83]. 10w was administered via i.p. injection in standardized 
volumes of 1 mL.kg− 1 or 2 mL.kg− 1 depending on compound́s solubility. 
Treated rats were extensively observed for signs of toxicity within first 
five hours; then periodically for 48 h. Clinical signs, such as cardiovas
cular, respiratory and nervous system disability were monitored ac
cording to Laboratory Animal Science Association (UK) guidelines. 
Severity of symptoms was classified as mild, moderate and substantial 
[84]. If the category of substantial severity was achieved within 48 h, 
animals were immediately euthanized by CO2 and subsequently lower 
dose was selected for further group. Similarly, if severe adverse effect or 
death occurred within a few minutes after administration to the first 
animal in the group, other animals were not treated and lower dose was 
selected as well. All animals surviving 48 h were euthanized by CO2. 
Higher doses than 10 mg/kg was not able to solubilize, therefore the 
dose 10 mg/kg is considered as the maximum feasible dose. 

5.12. Morris water Maze test 

The experiments were performed in adult (3 months old, 400 – 550 
g) male Wistar rats. The rats were obtained from the breeding colony of 
the Institute of Physiology, Czech Academy of Sciences. The rats were 
housed in pairs in transparent plastic cages (20 × 25 × 40 cm) in an 
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animal room with stable temperature, humidity and a 12-hour light 
cycle. Water and food were available ad libitum. The experiments were 
performed in the light phase of the day. All experiments were conducted 
in accordance with the guidelines of the European Union directive 
2010/63/EU and approved by the Animal Care and Use Committee of 
the National Institute of Mental Health (reference number MZDR 
51755/2018–4/OVZ). Scopolamine hydrobromide and tacrine hydro
chloride were purchased from Sigma-Aldrich (Czech Republic). 
Scopolamine rodent model was adopted to induce AD-like phenotype, 
especially amnesia. 

Rats were divided into four experimental groups as per the given 
treatment: (i) vehicle, (ii) scopolamine, (iii) scopolamine + 10w, and 
(iv) scopolamine + tacrine. Each group consisted of six animals with the 
exception of the vehicle group, which consisted of seven animals. Each 
rat received two i.p. injections. Scopolamine hydrobromide (2.5 mg/kg) 
was dissolved in saline and administered 20 min before the start of 
MWM test to all groups except the vehicle-injected control group that 
received an equal volume of saline only. The suitability of selected 
scopolamine dose was verified within previous experiments published in 
the literature [85,86]. Tacrine hydrochloride was dissolved in 5% DMSO 
in redistilled water and applied at the dose of 2.5 mg/kg 10 min prior to 
administration of scopolamine. 10w was dissolved in 5% DMSO in 
redistilled water and applied at the dose of 2 mg/kg 5 min before the 
start of MWM test. The timing of 10w application before the experiment 
was chosen pursuant to results of the previous experiment dealing with 
MTD determination, i.e. shorter mild activity decrease and diarrhoea 
were observed 5 min after 10w administration. The rats in the vehicle 
group received an equal volume of 5% DMSO in redistilled water instead 
of 10w. All these treatments were applied each day before MWM (4 
consecutive days). The volume of i.p. injections was 1 mL/kg. The MWM 
apparatus consisting of a blue plastic circular pool (180 cm in diameter) 
was filled with water (23 ◦C) up to 28 cm depth. The pool was divided 
into four quadrants and contained an escape platform (circular, 10 cm in 
diameter, transparent plastic), placed 1 cm below the water surface in 
the middle of the NW quadrant. The position of the platform was stable 
during whole experiment. The MWM test was conducted during 4 
consecutive days. Every testing day each rat underwent 8 swims from 
different starting positions (their order was random and different each 
day). The rats were released into the pool facing the wall. Each trial 
lasted for 60 s. If the rat did not find the platform during this time, it was 
guided to the platform by the experimenter. During the experiment the 
rats were tracked by a camera connected to a tracking system (Tracker, 
Biosignal Group, New York, USA). Thereafter, the data were analysed 
using Carousel Maze Manager (https://github. 
com/bahniks/CM_Manager_0_4_0). The distance moved (m) and 
escape latency (s) on day 4 were analysed. The mean distance moved 
and the mean latency were calculated for each rat from all trials per
formed on day 4. Subsequently, group means were calculated and shown 
on graphs. Statistical analysis was conducted in GraphPad Prism 5.0 
software (San Diego, USA). One-way ANOVA was performed, followed 
by Tukey’s post hoc test. The differences were considered as significant 
at p < 0.05. 
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a b s t r a c t

A combination of tacrine and tryptophan led to the development of a new family of heterodimers as
multi-target agents with potential to treat Alzheimer's disease. Based on the in vitro biological profile,
compound S-K1035 was found to be the most potent inhibitor of human acetylcholinesterase (hAChE)
and human butyrylcholinesterase (hBChE), demonstrating balanced IC50 values of 6.3 and 9.1 nM,
respectively. For all the tacrine-tryptophan heterodimers, favorable inhibitory effect on hAChE as well as
on hBChE was coined to the optimal spacer length ranging from five to eight carbon atoms between these
two pharmacophores. S-K1035 also showed good ability to inhibit Ab42 self-aggregation (58.6 ± 5.1% at
50 mM) as well as hAChE-induced Ab40 aggregation (48.3 ± 6.3% at 100 mM). The X-ray crystallographic
analysis of TcAChE in complex with S-K1035 pinpointed the utility of the hybridization strategy applied
and the structures determined with the two K1035 enantiomers in complex with hBChE could explain
the higher inhibition potency of S-K1035. Other in vitro evaluations predicted the ability of S-K1035 to
cross blood-brain barrier and to exert a moderate inhibition potency against neuronal nitric oxide
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synthase. Based on the initial promising biochemical data and a safer in vivo toxicity compared to tacrine,
S-K1035 was administered to scopolamine-treated rats being able to dose-dependently revert amnesia.

© 2019 Elsevier Masson SAS. All rights reserved.

1. Introduction

Alzheimer's disease (AD) is an age-related neurodegenerative
disease and the most common cause of dementia associated with
selective loss of cognitive ability and behavioral disturbances ulti-
mately leading to death [1]. The progressive impairment of
neurological conditions of patients with AD produces devastating
problems on the patients themselves and very high economic
burden for their families and society [2]. Unfortunately, the etiology
of AD is still not fully understood. To date, several factors have been
demonstrated to be responsible for AD development and progres-
sion, thus playing an eminent role in the pathogenesis of AD [3,4].
These distinct neuropathological hallmarks include depositions of
extracellular b-amyloid (Ab) into plaques and intracellular neuro-
fibrillary tangles composed of hyper-phosphorylated tau protein.
Both of them are suspected to be involved in the pathophisology of
AD, however, their exact mechanism rather remains unclear. The
difference between the plaques and tangles lies in their structure
and effect on the nerve cells in the brain tissues [5]. Besides, the
most pronounced hypothesis for AD development stems from low
levels of acetylcholine (ACh), oxidative stress and bio-metal dys-
homeostasis [6e8]. Low levels of ACh resulting from neuronal
death are associated with cognitive and memory deterioration.
Based on these observations, enhancement of cholinergic neuro-
transmission and recovery of ACh levels may alleviate AD symp-
toms [9]. The administration of cholinesterase inhibitors (ChEIs)
builds upon the cholinergic hypothesis, and represents the most
prominent strategy providing beneficial therapeutic option in AD
therapy [10]. Acetylcholinesterase (AChE, E.C. 3.1.1.7) and butyr-
ylcholinesterase (BChE, E.C. 3.1.1.8) are two types of cholinesterase
(ChE) enzymeswhich are able to hydrolyze ACh. BChE is also able to
hydrolyze bulkier substrates like butyrylcholine (BCh). AChE has a
nearly 20 Å deep and narrow gorgewith twomajor binding sites. At
the bottom of the gorge, catalytic anionic site (CAS) resides whereas
peripheral anionic site (PAS) is located near the cavity entrance.
Experimental evidence showed that AChE inhibitors (AChEIs) able
to simultaneously bind CAS and PAS may have a higher beneficial
effect in AD therapy by their indirect anti-aggregating action [11].
Indeed, affinity of AChEIs for PAS confers ability against Ab aggre-
gation by preventing assembly of Ab monomers into fibrils and
other highly toxic complexes with Ab [12,13].

Increasing evidence on the role of the two types of ChE in the AD
brain pointed out a gradual switch of the hydrolyzing activity, from
AChE to BChE, along with the disease progression. In fact, AChE
levels were reported to gradually decrease, while BChE levels
remain unaltered or significantly increased in the hippocampus
and temporal cortex [14,15]. Furthermore, cortical BChE accumu-
lation has been shown to be associated with the formation of
neuritic plaques and neurofibrillary tangles [16]. Considering all of
the above mentioned observations, AChE/BChE inhibitors may
provide beneficial therapeutic effects in AD treatment.

In line with the multifactorial nature of this pathology, it is now
recognized that several pathological features coexist in AD and play
a role in a still undefined cause-effect circle. In this scenario, even if
several factors have been hypothesized to contribute to AD path-
ogenesis, Ab peptide is one of the most studied therapeutic targets.
The pathological processes related to AD correlate well with the
misfolded Ab, which leads to the formation of amyloid oligomers
and aggregates [17]. Ab of variable length (from 39 to 43 residues) is

generated by a sequential cleavage of the amyloid precursor protein
(APP) by the subsequent action of b- and g-secretases. Ab42 tends to
aggregate more rapidly than Ab40 and displays higher neurotoxicity
[18,19]. Ab aggregates trigger a cascade of biochemical processes,
which ultimately lead to neuronal dysfunction [20]. Many efforts
are being made to develop appropriate treatment strategies either
to decrease the Ab production or enhance the Ab clearance [21].

Current therapy of AD is mainly limited to administration of
three AChEIs, namely donepezil, rivastigmine and galantamine, and
one N-methyl-D-aspartate (NMDA) receptor antagonist, mem-
antine. Unfortunately, these drugs do not effectively address the
multifactorial nature of AD, exerting only a palliative effect [22,23].

Tacrine (3, THA, Fig. 2) was the first ChEI approved in 1993 by
the Food and Drug Administration (FDA) for the AD therapy and
withdrawn from clinical use in 2003 because of the hepatotoxic and
gastrointestinal side effects [24,25]. The ongoing research aiming at
finding novel and presumably more potent THA analogues led to
the discovery of 7-methoxytacrine (1, 7-MEOTA, Fig. 2), a centrally
active AChEI endowedwith a limited toxicity compared to THA, due
to a distinct metabolic fate [26]. Furthermore, the THA derivative 6-
chlorotacrine (2, 6-Cl-THA, Fig. 2) showed better AChE inhibitory
profile and selectivity than THA [27,28]. Thanks to the easy acces-
sibility and the lowmolecular weight, tacrines are still widely used
as starting fragments for the development of hybridmolecules with
additional pharmacological properties beyond ChE inhibition [29].

Over the last decades, the field of tacrine-based multi-target
directed ligands (MTDLs) has grown enormously [30e33]. Early
encouraging results were obtained when THA dimer bis(7)-tacrine
(4, Fig. 1), was rationally designed to contact both AChE central and
peripheral site, thus acting as a dual binding site AChEI. Indeed, 4
showed improved AChE inhibition, as well as a large array of anti-
AD activities, including neuroprotection against glutamate-
mediated excitotoxicity [34,35]. The latter is presumably associ-
ated to 4 inhibition potency of neuronal nitric oxide synthase
(nNOS) [36]. Indeed, excessive nitric oxide generated by nNOS
mediates the downstream signal transduction of the NMDA re-
ceptors thus leading to excitotoxic neuronal cell death [37]. Thus, 4
has spurred the development of several MTDLs featuring either
homo- and hetero-dimeric structures and targeting different
pathological pathways intertwined to oxidative stress, mitochon-
drial dysfunction, metal dyshomeostasis, amyloid aggregation and
tau protein hyper-phosphorylation [3,38e40].

2. Design of novel tacrine-tryptophan heterodimers

As part of our efforts in identifyingMTDLs as drug candidates for
AD, we became interested in hybrids obtained by linking THA and
tryptophan (Trp) fragments. Our starting point was the biological
profile of THA-based [41e45], melatonin-based [46,47] and Trp-

Fig. 1. Chemical structure of bis(7)-tacrine (4), first dual binding site AChEI.
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based [48e50] hybrids, which are endowed with a wide spectrum
of potential disease-modifying activities against AD.

Recently, we have reported on a series of tacrine-
naphthoquinone (THA-NQ) hybrids possessing a multifunctional
character, which included cholinesterase inhibition related to the
THA scaffold, anti-amyloid properties conveyed by the NQ moiety,
antioxidant properties, the ability to cross blood-brain barrier (BBB)
and, more importantly, lower hepatotoxicity if compared to THA.
The most prominent THA-NQ hybrid, in terms of the most balanced
and multipotent activity towards all the selected targets, was 5
(Fig. 2) [51] (see Fig. 2).

L-Tryptophan (L-Trp, Fig. 2) is an essential amino acid acting as
serotonin (5-HT) precursor. Studies on patients with AD have
shown that an acute reduction of L-Trp intake impairs learning and
memory [52,53] and that an increased L-Trp intake decreases
intraneuronal accumulation of Ab in the hippocampus in a trans-
genic mice model of AD [54]. Additionally, thanks to the key
involvement of Trp residues in amyloidogenic proteins in the
misfolding processes [55], L-Trp possesses strong potential as a
fragment for the development of targeted anti-amyloid agents [48].
On this basis, Segal's and Gazit's groups synthesized and investi-
gated 1,4-naphthoquinon-2-yl-L-tryptophan (6, L-NQ-Trp, Fig. 2) as
a promising inhibitor of Ab aggregation [56]. 6 was able to inhibit
Ab aggregation, decrease Ab cytotoxicity, reduce the amount of
amyloid brain burden in a transgenic Drosophila model of AD,
thereby prolonging lifespan and completely abolishing the defec-
tive locomotion [56]. Studies from the same group also showed that
the L-NQ-Trp analogue, Cl-1,4-naphthoquinone-2-yl-L-tryptophan
(7, Cl-L-NQ-Trp, Fig. 2), can inhibit tau aggregation in vitro and
in vivo [49]. Computer simulations investigations have provided
further insights into Ab42/L-NQ-Trp interaction mode [57]. Another
reason for linking THAwith Trp stems from the structural similarity
of the designed molecules 8 and 9with the THA-melatonin hybrids
developed by Rodrigues-Franco et al. as MTDLs against AD. Hybrid
8 showed a multifaceted profile combining cholinergic and anti-
oxidant properties together with low toxicity (Fig. 2) [46]. In 2009,
the same group developed 6-Cl-THA-melatonin hybrids [47]. The
best-in-class compound 9 (Fig. 2) exhibited good cholinergic
inhibitory activity, antioxidant and anti-amyloid properties and
excellent neuroprotective effects against Ab and oxidative stress.
Thus, it is plausible that tacrine-tryptophan heterodimers reported
herein could similarly span AChE gorge, inhibit Ab self-aggregation
and exert other similar beneficial properties like 8 and 9.

Based on all aforementioned considerations, herein, we describe
the synthesis and biological profile investigation of a novel multi-
target hybrids family combining a Trp moiety with a THA scaffold
tethered by aliphatic linkers of varying length. The characterization
of the biological profile of the synthesized THA-Trp heterodimers
includes an in vitro evaluation of (i) the inhibitory activity against
human AChE (hAChE) and human BChE (hBChE), (ii) crystallo-
graphic analysis of the most promising compound in complex with
Torpedo californica AChE (TcAChE) and human BChE (hBChE), (iii)
anti-amyloid properties (inhibition of Ab42 self-aggregation and of
AChE-induced Ab40 aggregation), (iv) prediction of BBB penetration
using parallel artificial membrane permeation assay (PAMPA), (v)
in vitro effect on the cell viability, (vi) inhibitory activity against
neuronal nitric oxide synthase (nNOS), and (vii) in vivo behavioral
studies using a scopolamine-induced cognitive deficit rat model.

3. Results and discussion

3.1. Chemistry

The general synthetic procedure for tacrine-tryptophan hybrids
S-K1024-K1044 is shown in Scheme 1. The starting 9-

chlorotacrines 10e12 were prepared according to the previous re-
ports and the spectral data were in good agreement with literature
reports [58,59]. The treatment of 10e12 with appropriate 1,u-dia-
minoalkanes in the presence of phenol yielded the desired in-
termediates 19e39 (70e90%) [60]. N-[(tert-Butoxy)carbonyl]-L-
tryptophan (16) was prepared in high yield (87%) from commer-
cially available L-tryptophan (13) via protection of the amino group
using triethylamine (TEA) and di-tert-butyl dicarbonate. Spectral
data were in good agreement with literature reports [61]. Finally,
the intermediates 19e39 with different linker sizes were coupled
with Boc-protected L-tryptophan 16 in the presence of TEA and
benzotriazol-1-yloxytris(dimethylamino)phosphonium hexa-
fluorophosphate (BOP) to afford Boc-protected tacrine-tryptophan
heterodimers 40e62 in low-to-excellent yields (15e91%). The
deprotection and the final conversion into dihydrochloride salts
took place in one pot to obtain the desired tacrine-tryptophan
hybrids S-K1024-K1044 in moderate-to-excellent yields
(38e99%). Moreover, 6-Cl-THA-containing derivatives bearing an R-
isomer (R-K1035) and a racemic mixture (rac-K1035) from D-
tryptophan and DL-tryptophan, respectively, were synthesized for
comparative purposes following an analogous procedure. Struc-
tural determination and signal assignments of the final compounds
were accomplished by the application of standard NMR experi-
ments (1H, 13C, 1H-1H COSY, 1H-13C HSQC, HMBC, DEPT). The
structural characterization also involved melting point assessment
and liquid chromatography-high-resolution mass spectrometry
(LC-HRMS). The absolute configuration of S-K1035, as the most
promising compound in the series, has been validated via elec-
tronic circular dichroism (Supporting information).

4. Cholinesterase inhibitory activity

Three series of THA-Trp conjugates underwent initial biological
screening for their inhibitory potential against hAChE and hBChE
(Table 1). All data for 7-MEOTA-tryptophan hybrids S-K1024-
K1030, 6-Cl-THA-tryptophan heterodimers S-K1031-K1037 and
THA-tryptophan derivatives S-K1038-K1044 were determined us-
ing the spectrophotometric method by Ellman et al., using 7-
MEOTA, 6-Cl-THA, and THA as reference compounds (Table 1)
[62,63].

In each series, the pharmacophores were combined via alkyl
chains of different length (n¼ 2-8). The length of the chain is
considered a crucial factor affecting the inhibitory activity against
both ChEs as shown in many examples of previously reported THA
hybrids [29,41,42,51,59,60,64e66]. This characteristic feature stems
from the optimal anchoring of each moiety (THA and Trp) to spe-
cific enzyme binding sites, which are located in a spatially defined
area of ChE. It has been previously shown that AChE shares 54%
homology of BChE [67]. However, some distinct differences be-
tween these two a/b hydrolases are present, such as in the gorge
dimension; indeed, the bulkier BChE active gorge grants a lower
substrate specificity compared to AChE [68]. Hence, it is expected
that an optimal chain-length and activity may differ between each
THA-containing subset for AChE and BChE. In general, the presence
of longer methylene tethers was associated with a favorable
inhibitory effect on hAChE as well as on hBChE, and the optimal
length of the spacer was found to lie between five to eight carbon
atoms for both ChEs in all the families bearing either THA, 6-Cl-THA
or 7-MEOTA scaffolds.

All novel hybrids (except for derivative S-K1026) turned out to
be potent inhibitors of hAChE with IC50 values ranging from mi-
cromoles to nanomoles. Derivative S-K1035 (IC50¼ 6.3 nM) bearing
6-Cl-THA moiety and a six-methylene spacer showed single digit
nanomolar inhibitory potency against hAChE. S-K1035 was 1585-,
51- and 3-times more potent hAChE inhibitor than 7-MEOTA, THA
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and 6-Cl-THA, respectively. Among hybrids bearing the 7-
methoxytacrine fragment, the most promising derivative was S-
K1027 (IC50¼ 620 nM), which exhibited a 16.2-fold increased
inhibitory activity against hAChE with respect to the single frag-
ment 7-MEOTA. All hybrids carrying the 6-Cl-THA (except for
hybrid S-K1031) displayed inhibitory potency towards hAChE in the
same order of magnitude as the parent compound 6-Cl-THA. These
findings are congruent with previous report, unveiling that the
hydrogen replacement by chlorine at position 6 of the THA scaffold
leads to an enhancement of the binding affinity towards AChE [69].
Similarly to the observations for 6-Cl-THA derivatives, hybrids

containing THA (S-K1038-K1043) showed inhibitory activities to-
ward hAChE comparable to that of the reference compound THA.
The only exception to this trend was hybrid S-K1044, which
exhibited a 4.2-fold higher inhibitory potency compared to that
revealed by THA.

Concerning the inhibition of hBChE, all 23 hybrids were potent
inhibitors with IC50 values ranging from the micromoles to nano-
moles. All hybrids carrying the 7-methoxytacrine template were
better hBChE inhibitors than 7-MEOTA with inhibitory activities in
the sub-micromolar range. All 6-Cl-THA heterodimers displayed
higher inhibitory potency towards hBChE than the parent

Fig. 2. Design strategy for novel THA-Trp hybrids.

K. Chalupova et al. / European Journal of Medicinal Chemistry 168 (2019) 491e514494



compound 6-Cl-THA. Among hybrids from the THA family, themost
potent derivative was S-K1042 (IC50¼ 3.9 nM), which exhibited a
20.3-fold increased inhibitory activity compared to THA. Consid-
ering all series, the most pronounced inhibitors were the hetero-
dimers bearing a six-methylene linker, namely S-K1035 (bearing a
6-Cl-THA fragment) and S-K1042 (bearing a THA fragment), which
were endowed with nanomolar BChE inhibitory potency (IC50¼ 9.1
and 3.9 nM, respectively).

The selectivity index (SI) was calculated for all compounds
within the study by comparing the IC50 value for hBChE inhibition
with that achieved for hAChE inhibition. Most 7-MEOTA and THA
hybrids were hBChE-selective (SI ˂ 1.0) or non-selective (SIy 1.0)
ChE inhibitors, while 6-Cl-THA hybrids showed a weak preference
for AChE. This is in agreement with the selectivity profile of the
implemented tacrine core. Hence, whereas all the tacrine hybrids
were BChE selective in agreement with the higher affinity for BChE
of THA, higher preference for hAChE was exhibited by hybrids
bearing the 6-Cl-THA fragment. However, if compared with the
selectivity profile of 6-Cl-THA (SI¼ 100.7), all 6-Cl-THA hybrids
showed a much smaller SI with values ranging from 0.97 (non-
selective) to 2.90 (slightly selective for hAChE).

Due to the increasing interest for dual AChE/BChE inhibition
[70], this finding makes these hybrids particularly appealing.
Indeed, it has been observed that levels of BChE in the brain in-
crease with aging, while those of AChE decrease. This points out the
importance of BChE inhibition in moderate to severe stages of AD
[71]. The correctness of this idea has already been proved with the

development of bisnorcymserine, a BChE-selective inhibitor, which
is currently under evaluation in a Phase 1 clinical trial
(ClinicalTrials.gov identifier: NCT01747213).

On the basis of anticholinesterase activity results, the best ChE
inhibitor S-K1035was chosen as a prototype for investigating of the
importance of the stereochemistry in ChE inhibition. For this pur-
pose, the R-isomer (R-K1035) and the racemic mixture (rac-K1035)
were synthesized. In this regard, we have preserved the 6-Cl-THA
scaffold and six-methylene tether and used either D-Trp to yield the
R-isomer R-K1035, or the racemic Trp to afford the optically inac-
tive rac-K1035. The stereochemistry of the Trp fragment does not
seem to have any significant influence on the inhibition of hAChE as
demonstrated by similar inhibitory activities of R-K1035, rac-
K1035 and S-K1035. However, and very surprisingly, a stereo-
selective interaction was highlighted for hBChE, with S-enantiomer
being 15-fold more potent than the R-isomer (9.1 nM vs. 140 nM).

In comparison with the previously reported THA-NQ and THA-
melatonin derivatives, the THA-Trp hybrids reported herein
retained excellent hAChE inhibitory potency and showed increased
activity towards hBChE. This makes them balanced dual AChE/BChE
inhibitors, with potentially greater clinical efficacy and fewer side-
effects.

5. Propidium displacement studies

The presence of a 6-methylene-tether chain in S-K1035 makes
this hybrid in principle able to span the gorge and likely reach the

Scheme 1. General Procedure for the Synthesis of Tacrine-Tryptophan Hybrids S-K1024-K1044, R-K1035 and rac-K1035.
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enzyme's PAS. Hence, to confirm this hypothesis and get deeper
understanding of the mechanism of inhibition and to investigate
the ability of S-K1035 to interact with PAS, displacement studies
using propidium were carried out [72,73]. Propidium, chemically
3,8-diamino-5-{3-[diethyl(methyl)ammonio]propyl}-6-
phenylphenanthridinium diiodide, selectively associates with the
PAS of AChE exhibiting an eight-fold enhancement of fluorescence
[72,74]. Back-titration experiments with an increasing concentra-
tion of S-K1035 showed a concentration-dependent decrease in the
fluorescence intensity associated with the propidiumeAChE com-
plex. Following the method of Taylor and Lappi [73] a dissociation
constant of 4.82 mM (Fig. 3 and SI) was calculated. This value shows
that the interaction of S-K1035 with PAS is about 6.9-fold weaker
than that of propidium [74].

6. X-ray crystallography of TcAChE e S-K1035 complex

In order to gain insights into the molecular determinants
responsible for the high AChE inhibitory activity of S-K1035, the
crystal structure of the inhibitor-bound TcAChE (Fig. 4) was deter-
mined by X-ray crystallography at a 2.50 Å resolution (summary of
Crystallographic Data of the TcAChE� S-K1035 complex in Sup-
porting Information, Table S2).

The position and orientation of S-K1035with respect to the key
residues in the TcAChE active-site gorge confirmed the critical role
of the 6-Cl-THA fragment, which binds at the CAS.

The conformation of Phe330 in the TcAChE� S-K1035 complex

(c1¼145.4�, c2¼ 63.1�) was found to be significantly different than
those observed in the apo TcAChE structure [75] e PDB ID 1EA5
(c1¼�126.6�, c2¼�48.9�), in the TcAChE� tacrine-benzofuran
hybrid complex [76] e PDB ID 4W63 (c1¼92.6�, c2¼110.3�), and
in either of the two alternative conformations observed in the
TcAChE�NF595 [(N-(1,2,3,4-tetrahydroacridin-9-yl)-8-[(1,2,3,4-
tetrahydroacridin-9-yl)thio]octan-1-amine)] [77]� PDB ID 2CEK
complex (c1¼76.1�, c2¼ 83.1�; c1¼96.9�, c2¼ 80.4�).

Table 1
In vitro anticholinesterase activity, inhibition of Ab42 self-aggregation and prediction of BBB crossing for THA-Trp derivatives and reference compounds.

Cmpd n R1 R2 R3 hAChE IC50± SEM (nM)a hBChE IC50± SEM (nM)a SI for hAChEb Inhibition Ab42 self-aggregation %± SDc BBB assaye

S-K1024 2 H OCH3 H 5700± 370 480± 15 0.08 54.7± 0.7 CNS-
S-K1025 3 H OCH3 H 1300± 50 1800± 70 1.40 51.6± 1.5 CNS-
S-K1026 4 H OCH3 H 12000± 770 520± 22 0.04 47.0± 7.0 CNS-
S-K1027 5 H OCH3 H 620± 21 190± 6.7 0.3 51.9± 1.4 CNS-
S-K1028 6 H OCH3 H 940± 61 55± 1.2 0.06 58.0± 5.7 CNS±
S-K1029 7 H OCH3 H 980± 47 78± 2.7 0.08 57.9± 2.3 CNS±
S-K1030 8 H OCH3 H 1300± 80 130± 4 0.10 54.5± 6.2 CNSþ
S-K1031 2 Cl H H 160± 8 340± 17 2.09 18.7± 7.0 CNS±
S-K1032 3 Cl H H 70± 4 140± 6.2 1.99 19.9± 2.1 CNS±
S-K1033 4 Cl H H 62± 2.2 120± 3.9 1.95 28.9± 1.4 CNS±
S-K1034 5 Cl H H 76± 1.8 74± 1 0.97 50.6± 6.6 CNS±
S-K1035 6 Cl H H 6.3± 0.2 9.1± 0.3 1.43 58.6± 5.1 CNSþ
R-K1035 6 Cl H H 6.9± 0.3 140± 5 19.7 60.7± 2.5 CNSþ
rac-K1035 6 Cl H H 7.4± 0.4 13± 0.6 1.77 57.2± 1.5 CNSþ
S-K1036 7 Cl H H 19± 0.5 52± 1.1 2.76 59.0± 3.8 CNSþ
S-K1037 8 Cl H H 50± 1.3 140± 2.8 2.89 59.4± 6.2 CNSþ
S-K1038 2 H H H 730± 32 56± 2.1 0.08 44.0± 5.3 CNS-
S-K1039 3 H H H 580± 33 40± 1.0 0.07 46.4± 6.2 CNS-
S-K1040 4 H H H 1300± 93 123± 2.4 0.10 59.1± 2.6 CNSþ
S-K1041 5 H H H 320± 16 23± 0.7 0.07 54.3± 5.5 CNS-
S-K1042 6 H H H 120± 3.8 3.9± 0.1 0.03 55.5± 5.2 CNS-
S-K1043 7 H H H 120± 3.5 25± 1.0 0.22 60.9± 4.4 CNS-
S-K1044 8 H H H 76± 1.1 64± 1.7 0.84 63.6± 2.1 CNS±

1 H OCH3 H 10000± 97 18000± 80 1.76 <5 CNSþ
2 Cl H H 20± 1.0 1800± 97 89 <5 CNSþ
3 H H H 320± 13 80± 1.0 0.25 <5 CNSþ
5 (tacrine- naphthoquinone) [51] 2 Cl H H 0.72± 0.06 540± 16 752.7 37.5± 4.9d nd
8 (tacrine-melatonine) [46] 6 Cl H Cl 0.008± 0.0004 7.8± 0.4 975 nd nd
9 (tacrine-melatonine) [47] 5 Cl H H 0.730± 0.03 180± 5 241 nd CNSþ
D,L-NQ-TRP e e e e nd nd nd 25.4± 3.2 nd
6 e e e e nd nd nd 28.5± 3.6 nd

a Results are expressed as the mean of at least three experiments.
b Selectivity for hAChE is determined as a ratio of hBChE IC50/hAChE IC50.
c % Inhibition of Ab42 self-aggregation at [I]¼ 50 mM. The [Ab42]/[I] ratio was equal to 1/1. Values are themean from two to four independent experiments each performed in

duplicate± SD.
d Inhibition of Ab42 self-aggregation at [I]¼ 10 mM.
e Prediction of BBB penetration by the PAMPA-BBB assay. “nd” stands for not determined, CNS stands for central nervous.

Fig. 3. Determination of KD value at the PAS for the most active derivative S-K1035 by
displacement studies. KD value is calculated from the antilog of the Y-intercept value. P
stands for propidium iodide and I stands for the tested inhibitor; Fe is the initial
fluorescence intensity when enzyme sites are saturated with P, FP is the fluorescence
intensity when propidium is completely displaced from the enzyme, and F denotes the
fluorescence intensity after adding a determined amount of the displacing agent
during the titration experiment.
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In the TcAChE� S-K1035 complex, the swinging gate residue
Phe330 closely matches the conformations observed in the TcAChE
e tacrine [78] e PDB ID 1ACJ (c1¼157.1�, c2¼ 61.8�),
TcAChE� bis(5)-tacrine [79] e PDB ID 2CMF (c1¼160.6�,
c2¼ 67.1�) and TcAChE e 4 [79], e PDB ID 2CKM (c1¼143.9�,
c2¼ 66.1�) and TcAChE e 5 [51], e PDB ID 4TVK (c1¼141.5�,
c2¼ 62.5�) complexes, respectively.

The 6-chloroquinoline substructure of S-K1035 is embedded in
a pocket lined with several aromatic residues (Trp233, Phe288,
Phe330, Phe331, and Trp84). The central aromatic ring of the 6-Cl-
THA is facing Trp84 while the lateral aromatic ring is facing Phe330.

The endocyclic nitrogen is hydrogen bonded to the main-chain
carbonyl oxygen of the catalytic residue His440 (2.89 Å). It can be
inferred, from this distance and from the pKa¼ 9.8 of tacrine [80],
that the 6-chloroquinoline moiety of S-K1035 is protonated.

The contribution of the electron withdrawing effect by the
chlorine atom to the AChE inhibitory activity of S-K1035 (hAChE
IC50¼ 6.3 nM) with respect to the un-substituted ligand S-K1042
(hAChE IC50¼120 nM) may stem from non-specific close spatial
contacts with neighboring amino acid residues. Indeed, the chlo-
rine atom of S-K1035 is nested in a hydrophobic pocket delimited
by Phe330, Trp432, Met436, Ile439, and Tyr442.

The chlorine atom exhibits the strongest interaction with

Trp432 (min. and max. distances of 3.4 Å and 4.3 Å, respectively).
Hence, it is plausible that short-range dispersion forces are
responsible for the optimal fit of the 6-chloroquinoline fragment in
the binding pocket. In principle, the observed increase in affinity
conferred by the chlorine atom may be due either to direct in-
teractions with neighboring amino acids, or the modulation of the
p�p stacking interaction of the tetrahydroacridine rings of S-
K1035.

Conversely, the presence of the electron donating methoxy
group at position 7 of the quinoline fragment in S-K1028, very
significantly reduce the inhibitory activity toward AChE
(IC50¼ 940 nM) with respect to the un-substituted ligand S-K1042
(IC50¼120 nM). The observed significant drop of the AChE inhibi-
tory activity can likely be attributed to a steric hindrance effect
occurring between the methoxy group of S-K1042 and (1) and the
hydroxyl group of Tyr334. This segment includes TcAChE Asp72, an
important residue in the catalytic pathway that is positioned near a
constriction, at the boundary between the peripheral and anionic
binding sites, and that is primarily engaged in hydrogen bonding
with Tyr334 [81].

Interestingly, in the TcAChE�S-K1035 complex, the NH2 group
of S-K1035 is not involved in hydrogen bonding with otherwise
structurally conserved water molecules belonging to the active site
water network. The orientation of the L-Trpmoiety is stabilized by a
weak hydrogen bonding interaction of 4.4 Å between the indole NH
of the L-tryptophan moiety and the CO of Asn280. The likely pro-
tonated NH2 moiety of the L-tryptophan fragment (pKa¼ 9.4) is, in
turn, engaged in a cation-p interaction with Trp279 (distances
ranging between 3.2 Å and 4.3 Å) and in a weak hydrogen bonding
interaction (4.1 Å) with the OH of Tyr70.

In addition, the positions of the backbone atoms of Trp279 do
not significantly differ from their native positions (PDB ID 1EA5),
the Ca atom being departed by 0.2 Å.

Likewise, in the structure of the TcAChE�S-K1035 complex the
side chain of Trp279 adopts a close orientation (c1¼�64.5�,
c2¼ 87.8�) with respect to that observed in the native TcAChE
structure (PDB ID 1EA5) (c1¼�62.3�, c2¼ 96.7�). Conversely, a
dramatic re-orientation of the Trp279 side chain was observed in
the crystal structures of TcAChE�tacrine (PDB ID 1 ACJ)
(c1¼�53.6�, c2¼ 31.2�), TcAChE�NF595 (PDB ID 2CEK)
(c1¼�118.2�, c2¼�131.9�), TcAChE�bis(5)-tacrine (PDB ID 2CFM)
(c1¼�76.3�, c2¼ 95.2�), TcAChE�4 (PDB ID 2CKM) (c1¼�121.4�,
c2¼�132.8�), TcAChE�tacrine-benzofuran hybrid (PDB ID 4W63)
(c1¼51.3�, c2¼�82.0�), and TcAChE�5 (PDB ID 4TVK)
(c1¼�71.4�, c2¼100.7�), respectively.

7. X-ray crystallography of hBChE e S-K1035 and hBChE e R-
K1035 complexes

Positions of both S- and R-K1035 are almost similar in human
BChE, mainly stabilized by hydrophobic interactions (Fig. 5 and
Fig. S4). The chlorotacrine moiety of S- and R-K1035 interacts
through p-p interactions with Trp82, their centroids being
respectively at 3.7 Å and 3.8 Å distances. This interaction is similar
to that observed in the structure of human BChE in complex with
THA (PDB entry 4BDS). Their endocyclic nitrogen of THA scaffold is
hydrogen bonded to the backbone carbonyl oxygen of His438,
respectively at 2.8 Å and 2.9 Å distances, for S- and R-K1035. The
chlorine atom is accommodated in a pocket formed by residues
Ala328, Trp430, Met434, Met437 and Tyr440. Surprisingly and
contrarily to TcAChE, the tryptophanmoiety of both S- and R-K1035
folds back toward the chlorotacrine moiety in human BChE. This
behavior can be explained by the larger active site gorge of BChE
compared to AChE (500 vs 300 Å3) and the lack of aromatic residues
able to stabilize the indole moiety at the gorge entrance. For

Fig. 4. Close-up view of the active site of TcAChE in complex with S-K1035. The final
2Fo - Fc sA-weighted electron density map, carved around S-K1035, is contoured at
1.0s. The S-K1035 inhibitor is rendered as a stick model with carbon, oxygen, and
nitrogen atoms colored yellow-orange, red, and blue, respectively. Selected key protein
residues (with carbon atoms colored in green) in the vicinity of S-K1035 are rendered
in stick format and labeled appropriately. The figure was created using PyMOL (http://
www.pymol.org). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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example, Trp279 in TcAChE which interacts with the indole moiety
(see above) is replaced by the aliphatic residue Ala277 in human
BChE. The primary amine of S-K1035 forms a hydrogen-bond with
the backbone carbonyl oxygen of Ser287 (2.9 Å), while for the R-
enantiomer it forms a similar hydrogen-bond with the backbone
carbonyl oxygen of Pro285 (2.4 Å). Additionally, the amide nitrogen
of S-K1035 forms a hydrogen bond with the backbone carbonyl
oxygen of Pro285 (2.7 Å). More interestingly, the orientation of the
indole rings of the tryptophan moiety is the most significant dif-
ference between S- and R-K1035 hBChE structures. In the R-
conformation, the indole group does not make any specific inter-
action apart from hydrophobic ones with the surrounding residues.
On the contrary, in the S- conformation, in addition to similar hy-
drophobic interactions, the nitrogen atom of the indole group is
engaged in a hydrogen bondwith awatermolecule of the structural
water network (3.4 Å), the latter being bridged to Og of Thr120
(2.5 Å) and a second water molecule (3.0 Å). These differences and
additional interactions specific to the S- enantiomer plausibly ac-
count for the lower IC50 measured compared to the R-enantiomer.

8. Inhibition of Ab aggregation

Despite the ongoing debate about the role of Ab in the onset and
progression of AD, new lines of evidence support the concept that
accumulation of Ab and its oligomerization may act as a triggering
factor in AD. Therefore, there is a high interest in understanding
and inhibiting this process. Amyloid is a nucleation-dependent
phenomenon which, is triggered by peptide conformational
change [82]. Aromatic residues, including tryptophan, seem to play
a role in the self-aggregation process by favoring the stabilization of
amyloid structures through the formation of p-stacking in-
teractions [83e86]. Based on this observation, inhibitors bearing
aromatic residues capable to target these aromatic recognition
residues might reduce amyloid aggregation and act as disease
modifying agents. In 2009, the D-tryptophan-a-aminoisobutyric
acid dipeptide was shown to be able to interact with low-
molecular-weight soluble Ab oligomers and inhibit their toxicity
[87]. Furthermore, D. Segal and E. Gazit research groups have
recently shown that 6 was able to strongly reduce both amyloid
oligomerization and amyloid fibril formation [56].

Based on these findings, in order to define the structural ele-
ments important for amyloid inhibition, all tacrine-tryptophan
hybrids were assayed (at an inhibitor/Ab ratio of 1/1) for their
ability to inhibit the spontaneous aggregation of the most amyloi-
dogenic isoform of Ab, namely Ab42, by using a ThT-based fluo-
rescence assay, which allows the monitoring of amyloid fibril
formation [88,89]. Since amyloid aggregation is a very delicate
process during which several different oligomeric isoforms are in
equilibrium and the in vitro inhibitory activity may be strongly
influenced by the assay conditions, 6 and its racemate 1,4-
naphthoquinon-2-yl-DL-tryptophan (D,L-NQ-Trp) were synthe-
sized and assayed for comparative reasons as reference compounds
under the same assay conditions. To the best of our knowledge, the
effect of chirality of Trp-containing heterodimers on amyloid
recognition has never been studied before.

An analysis of the results listed in Table 1 reveals that all hybrids
were able to significantly inhibit Ab42-self-aggregation and that
most of them, excluding S-K1031, S-K1032 and S-K1033, were
endowed with inhibitory potencies in a narrow range, i.e. from
44.0% (S-K1038) to 63.6% (S-K1044). The presence of higher mo-
lecular complexity given by the presence of the Trp moiety and the
spacer chain seems to be important for the inhibitory activity, since
THA and its analogues 7-MEOTA and 6-Cl-THA were not able to
significantly inhibit amyloid aggregation.

The length of the spacer chain plays a different role for the three
series of hybrids. Indeed, the similar inhibition percentage provided
by all of the 7-MEOTA and THA hybrids points to the conclusion
that the length of the spacer is not relevant for the inhibitory ac-
tivity towards Ab42 self-aggregation. Conversely, it seems to influ-
ence the inhibitory activity in the case of the 6-Cl-THA derivatives,
since an increase in potency was observed when the length be-
tween the 6-Cl-THA and Trp fragments was increased from two to
six methylene units (from 18.7 to 58.6%). The inhibitory potency
remained almost unchanged for a further increase of the spacer
length from six (S-K1035) to eightmethylene units (S-K1037). Thus,
for the 6-Cl-THA-Trp hybrids six/eight methylenes represent the
optimal spacer length. This behavior may suggest a possible
different mode of interaction for the 6-Cl-THA hybrids compared to
the other two series of hybrids and may be beneficial to further
investigation. Comparing the inhibitory potencies of hybrids from
the three series bearing a space chain with six/eight methylenes,
only slight differences can be observed. In the case that the chain
length is optimal, the maximum inhibitory activity can be achieved
independently from the type of the THA fragment. It might also be
further reasoned that themethoxy substituent in position 7 and the

Fig. 5. Comparative binding of the different enantiomers of K1035 in human BChE.
Cartoon representations of human BChE in complex with S-K1035 (top, PDB entry
6I0B) or R-K1035 (bottom, PDB entry 6I0C). Key residues are represented as sticks with
carbon atoms in grey. Ligands are represented as stick models with carbon atoms
represented in orange for S-K1035 or beige for R-K1035. Nitrogen, oxygen and chlorine
atoms are represented in blue, red and green, respectively. The pocket accommodating
the chlorine atom is represented as a grey surface. Water molecules are shown as red
spheres. The specific interactions such as hydrogen bonds or p-p interactions are
represented as yellow dashed lines. The dark grey meshes represent omit polder maps
of each K1035 ligand contoured at 5 sigmas. The figure was created using PyMOL
(http://www.pymol.org). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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chlorine in position 6 do not significantly influence the inhibitory
activity towards amyloid self-aggregation. Finally, the stereocenter
of the Trp fragment does not play any critical role (compare inhi-
bition by S-K1035, R-K1035 and rac-K1035).

Weaker inhibition was observed for 6 and its racemate assayed
under the same experimental conditions with inhibition percent-
ages (25.4% and 28.5%, respectively) considerably lower than those
expected on the basis of the published data (IC50¼ 50 nM) [56].
This difference might be ascribed to the different peptide used for
the assay (Ab42 in our study and Ab40 in the study of Scherzer-Attali
et al. [56]). Alternatively, since quenching phenomena were
excluded and concentration dependence was confirmed, inhibition
by 6 might be strongly affected by the type of oligomeric species
and kinetics of their formation, which are different under different
assay conditions. In the assay conditions used in this work, the
newly synthesized tryptophan-tacrine hybrids performed signifi-
cantly better than 6 and its racemate.

Besides self-aggregation, Ab aggregation can be also triggered
by molecular chaperones. AChE is listed among the „Ab patholog-
ical chaperones“ due to its ability to promote the conformational
changes in amyloid monomers and to trigger Ab oligomerization
[13,90]. Furthermore, in vitro study showed that AChE was able to
form stable complexes with Ab that were more toxic than Ab ag-
gregates alone [91]. Due to this non-classical role, AChE has gained
much attention in the last decades. The chaperone activity of AChE
towards Ab is thought to be mediated by the PAS, through elec-
trostatic interactions with the cationic area of Ab [92].

Therefore, as S-K1035 is able to interact with the AChE PAS
(shown by X-ray studies on the S-K1035-AChE complex), we
assayed the inhibitory activity of S-K1035, in comparison with that
of R-K1035 and rac-K1035, using a previously developed and
validated protocol to verify whether the ability of S-K1035 to
interact with PAS translates into an inhibition of the molecular
chaperone activity of AChE towards Ab [90] Because of high costs of
the assay, only the most promising derivative and its enantiomers
were evaluated. The results were compared with those of the
known AChEIs THA, donepezil, galantamine, rivastigmine, which
were previously tested using the same experimental conditions
[90,93]. The achieved data are listed in Table 2. THAwas re-assayed
as a negative control. It is well known that THA, galantamine, and
rivastigmine are not able to significantly inhibit AChE-induced Ab
aggregation, while donepezil acts as a quiteweak inhibitor [90] Due
to structural similarity and known activity towards AChE-induced
amyloid aggregation, 4 was selected as a positive reference com-
pound. Inhibition percentage concurs with previous data [94].

The inhibitory activity of novel compounds at the screening
concentration was weaker than that of 4 but significantly higher
than reference drugs and 6. Theweaker activity, compared to 4, is in
agreement with results from the crystal structure analysis [79]. The
more and the less energetically favored p�p “sandwich” and “T
shaped” stacking configurations between either the outer THA
moiety of 4 or the indole ring of S-K1035 and the Trp279 indole ring
have been observed in the TcAChE- 4 (PDB ID 2CKM) and TcAChE- S-
K1035 complexes, respectively. The average distances and the
tilting angles between the planes of the above-mentioned rings are
of 4.0 Å and 1.0� in the TcAChE- 4 complex and of 4.9 Å and �49.2�

in the TcAChE- S-K1035 complex. These represent key molecular
determinants that nicely support the observed lower percentage of
in vitro inhibition of hAChE-induced Ab40 aggregation of 48± 6.3%
by S-K1035 vs. 66.7± 4.3% by 4 (Table 2).

Interestingly, the stereochemistry seems to play a role, although
to a very limited extent. Indeed, the compounds bearing the L-Trp
unit, i.e. S-K1035 and 6, are slightly more active than those bearing
the D-Trp (48.3% vs. 36.7% for the S- and R-enantiomer of the 6-Cl-
THA derivative, respectively).

This inhibitory activity toward AChE-induced amyloid aggre-
gation, together with the direct action on amyloid self-aggregation,
may have a synergic role in the reduction of the neurotoxic effects
of amyloid aggregates in the brain of AD patients.

9. In vitro blood-brain barrier permeation assay

Penetration across the blood-brain barrier (BBB) is an essential
property for compounds targeting the central nervous system
(CNS). The brain permeability via passive diffusion of the novel
THA-Trp hybrids has been predicted through a parallel artificial
membrane permeation assay of the BBB (PAMPA-BBB) described by
Di et al. [95,96]. The analysis allowed us to obtain preliminary data
prior to the administration of the compounds to animals. The
permeability is expressed as Pe (Pe� 10�6 cm s�1) with the
following limits: Pe > 4.0 for compounds with high prediction of
BBB permeation (CNS þ), Pe< 2.0 for compounds with low BBB
permeation (CNS -), and 4.0> Pe> 2.0 for compounds with uncer-
tain BBB permeation (CNS ±). Based on the results (Table 1), seven
tested THA-Trp hybrids exhibited the potential to cross the BBB via
passive diffusion. Two basic patterns for BBB permeation can be
found. In detail, i) BBB permeability is inferred by tacrine scaffolds
with more to less permeable hybrids as follows 6-Cl-THA > 7-
MEOTA> THA; ii) chain elongation leads to increased BBB perme-
ability with the exception of the THA subset. It is generally accepted
that LogP as well as logD are important factors for the prediction of
passive diffusion. However, it has been reported that donor/
acceptor systems better predict the permeability than LogP and
logD values as other factors, such as ionization state, hydrogen
bonding, and molecular size influence the permeability. This might
explain why analogues with longer alkyl chain, i.e. with higher
lipophilicity represented by higher logD value showed lower
penetration potential than their analogues having shorter alkyl
chain in THA subset [97].

10. In vitro cell viability

Safety of novel tacrine-tryptophan derivatives and their parent
compounds (THA, 7-MEOTA, 6-Cl-THA, L-Trp) was assessed on the
Chinese hamster ovary (CHO-K1) and human liver carcinoma
(HepG2) cell lines using the standard 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) cell viability assay [98].
HepG2 cell line were purposely selected to investigate the pre-
liminary hepatotoxicity profile. Indeed, it is well-known that hep-
atotoxicity is a critical issue that needs to be addressed when
dealing with THA derivatives. In this regard, while all derivatives
were assayed for cytotoxicity on CHO-K1 cells, the hybrids tested on

Table 2
In vitro inhibition of Ab40 aggregation induced by hAChE.

Cmpd Inhibition hAChE-induced Ab40 aggregation (%± SEM)a

S-K1035 48.3± 6.3
R-K1035 36.7± 4.7
rac-K1035 45.3± 4.0
D,L-NQ-Trp 34.2± 3.4
6 29.4± 0.6
THA 8.1± 2.1
4 66.7± 4.3
Donepezil 22b

Galantamine 17.9± 0.1c

Rivastigmine <5c

a % inhibition of hAChE-induced Ab40 aggregation at [I]¼ 100 mM. The Ab40/hAChE
ratio was equal to 100/1. Values are themean of two experiments each performed in
duplicate± SEM.

b Data from Ref. [90].
c Data from Ref. [93].
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HepG2 cells were selected on the basis of the anticholinesterase
inhibitory activities. Eight hybrids, i.e. S-K1028, S-K1029, S-K1035,
S-K1036, S-K1042, S-K1044, R-K1035, rac-K1035 (two hybrids
from each family), were inspected and the results are summarized
in Table 3. Using CHO-K1 cell line, THA ranked as the compound
with the lowest cytotoxic effect. Only one compound from the
novel series, S-K1043 also showed similar cytotoxicity in the same
order of magnitude as THA towards the CHO-K1 cell line. However,
these data reflect only the direct effect on isolated cell lines omit-
ting the drug metabolism. Accordingly, it has been shown that the
metabolism of 3 plays a crucial role on its hepatotoxicity [99]. In a
similar way, 7-MEOTA can be considered as a relatively non-
hepatotoxic tacrine derivative because of a different metabolic
pathway, which further ensures its straight elimination from the
organism [26].

Concerning each subset of tacrine-Trp hybrids, some conclu-
sions can be drawn based on the obtained data. The order of toxicity
is as follows: THA derivatives < 7-MEOTA analogues < 6-Cl-THA
derivatives. 6-Cl-THA hybrids are presumably the most toxic
because of the highest lipophilicity and thus easiest cell permeation
disturbing cell viability. Furthermore, increasing the number of
methylene units in the linker chain exacerbates the cytotoxicity.
This feature also correlates well with compound lipophilicity [65].
Reference compounds 7-MEOTA, and 6-Cl-THA were found the
least toxic on HepG2 cells, while all novel hybrids were more
hepatotoxic than Trp, THA, 7-MEOTA and 6-Cl-THA with the Trp
precursor being the least toxic. Interestingly, R-K1035 and rac-
K1035 showed IC50 values comparable to that of S-K1035 that
allowed us to conclude that chirality is not the key factor for
hepatotoxicity.

11. In vitro effects of compounds on the activity on neuronal
nitric oxide synthase

NMDA receptors are associated with particular NOS isoforms
through a postsynaptic density protein. The excessive stimulation

of the receptors activates synthesis of nitric oxide (NO) especially
via nNOS isoform - NO pathway is involved in the neuropathology
of many neurodegenerative diseases, including AD [100]. In addi-
tion to NMDA receptor antagonists, such as memantine, the
reduction of excessive NO generation by inhibiting the activity of
nNOS could be the viable therapeutic approach for AD [101].
Particular attention in this field has been turned to dimeric com-
pound 4 (Fig. 1) acting synergistically via the blockade of NMDA
receptors and inhibition of nNOS. Besides 4, other well-known
nNOS inhibitors with potential implication in AD treatment, such
as NG-monomethyl-L-arginine (L-NMMA) and 7-nitroindazole (7-
NI) (Fig. 6) showed inhibition potency in the same order of
magnitude with IC50 values in the micromolar concentration [102].
In the in vitro experiment, we evaluated all THA-Trp hybrids S-
K1024-K1044, R-K1035 and rac-K1035 showing moderate inhibi-
tion ability against nNOS with IC50 values in the range of 18e45 mM
(Table 4). Note that all of the reference compound, i.e. THA, 6-Cl-
THA, 7-MEOTA and 13 were ineffective proposing that nNOS inhi-
bition potency is an unique feature delivered by a combination of
different tacrine scaffolds with L-Trp. Our data indicates that the
length of aliphatic linkers or chirality (comparison of effects of S-
K1035, R-K1035 and rac-K1035) do not play a significant role in the
nNOS inhibition. To conclude, all of the new heterodimers resulted
to be only slightly less effective inhibitors of nNOS in comparison
with bis(7)tacrine, L-NMMA.

12. In vivo toxicity and behavioral studies

In order to predict the in vivo toxic effect of S-K1035, the
assessment of acute toxicity upon intraperitoneal (i.p.) adminis-
tration (fixed dose procedure) was performed in adult Wistar rats.
The maximum tolerated dose (MTD) of S-K1035was determined to
be 70mg kg�1. At this dose, only mild to moderate signs of intoxi-
cation occurred, including partial piloerection, persistent oculo-
nasal discharge, intermittent abnormal breathing pattern,
intermittent tremors and prostration, diminishing spontaneously

Table 3
Cell viability evaluation of tacrine-tryptophan hybrids and reference compounds.

Cmpd CHO-K1 cytotoxicity IC50 (mM)± SEMa HepG2 cytotoxicity IC50 (mM)± SEMa

S-K1024 131± 3 nd
S-K1025 95± 11 nd
S-K1026 73± 18 nd
S-K1027 46± 3 nd
S-K1028 23± 3 16± 0.5
S-K1029 14± 1 5.6± 0.5
S-K1030 43± 12 nd
S-K1031 26± 6 nd
S-K1032 29± 5 nd
S-K1033 16± 1 nd
S-K1034 21± 3 nd
S-K1035 21± 2 4.9± 0.4
S-K1036 24± 5 6.0± 0.5
S-K1037 65± 10 nd
S-K1038 200± 20 nd
S-K1039 116± 4 nd
S-K1040 34± 3 nd
S-K1041 83± 1 nd
S-K1042 90± 4 26± 1.1
S-K1043 248± 6 nd
S-K1044 47± 3 9.3± 1.2
R-K1035 15± 2 4.2± 0.6
rac-K1035 21± 3 5.1± 0.3
1 63± 4 120± 3
2 71± 2 71± 1.1
3 248± 11 190± 7.5
13 nd 17000± 900

a Values are the mean± SEM of three independent measurements. “nd” stands for not determined.
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within approximately 2 h. No weight loss was observed in rats
administered with the dose corresponding to MTD within 24 and
48 h. For comparative purposes but using intramuscular (i.m.)
administration, THA revealed a toxicity expressed at the MTD of
34mg kg�1 [103].

Knowing the tolerated dose, the therapeutic efficacy of tested
drugs was assessed in the animal models of the disease. Namely,
the effect of S-K1035 in scopolamine-induced model of cognitive
deficit in adult Wistar rats was investigated. Scopolamine, a
competitive muscarinic ACh receptor antagonist, causes deficits in
multiple cognitive domains and it is considered as an appropriate
model for assessing the efficacy of various procognitive compounds
[104]. Different AChEIs including THA [105], donepezil [104] and
phenserine [106], were found to have therapeutic effect in modi-
fications of scopolamine model in rats.

The effect of S-K1035 on cognition was tested in the Morris
water maze (MWM; long-termmemory version), which represents
one of the most common tests of spatial cognition in laboratory
rodents. The MWM task designed by Jackson and Soliman was
modified and used [105]. The rats underwent 3 days of intact
training and on the 4th day before MWM, drugs were applied. The
effect of drugs was assessed by comparing the performance of the
group on MWM day 3 (group baseline, without drugs) with the
performance of the same group on day 4 (with drugs). S-K1035was
applied intracerebroventricularly (i.c.v.; at two concentra-
tions:10 nM and 100 nM), scopolamine (SCOP) was applied intra-
peritoneally (i.p.; 5mg kg�1), saline (SAL) was applied i.c.v and i.p.
There were five treatment groups: (1) SAL i.c.v. þ SAL i.p.; (2) SAL
i.c.v. þ SCOP i.p.; (3) S-K1035 100 nM i.c.v. þ SAL i.p.; (4) S-K1035
10 nM i.c.v.þ SCOP i.p.; (5) S-K1035100 nM i.c.v.þ SCOP i.p. (Fig. 7).

In our experiment, S-K1035 was applied i.c.v. and its effect was
observed in modified MWM. The MWMdesign containing only one
application of the tested drug and scopolamine was chosen,
because it is suitable for the i.c.v. application (in comparison with
repeated i.c.v. applications, which can represent an increased risk of

the head implant damage by repeated manipulations). This MWM
design involving the application of scopolamine after intact
training in MWM requires a relatively high dose of scopolamine
(5mg kg�1, used in our study and in the work of Jackson and Soli-
man [105]).

It should be also mentioned that the lower concentration of S-
K1035 administered (10 nM) mimics the administration of S-K1035
at a concentration close to its IC50 values towards cholinesterase
enzyme, i.e. 6.3 nM for hAChE. The higher dose of S-K1035
administered (100 nM) is more than ten-times higher. The need of
this high dose is related to the rather high dose of scopolamine used
in the experimental set up (as mentioned above). Indeed, it is worth
mentioning that in the study of Jackson and Soliman who studied
the effect of THA upon scopolamine-induced cognitive impairment
in a similar modification of MWM (application of 5mg kg�1 of
scopolamine preceded by intact training in MWM), also a high dose
of THA (8mg kg�1) was used to overcome the effect of this dose of
scopolamine.

The results showed that there was no significant difference
between groups on day 3 (baseline, before the treatment) in any of
the four studied parameters (distance moved, escape latency,
average distance from platform, time in target sector). In saline-
treated animals (SAL i.c.v. þ SAL i.p.), no significant difference be-
tween day 3 and day 4 performance in any of parameters measured
was found, showing that the manipulations during the injections
alone had no effect on rat performance.

Administration of scopolamine (SAL i.c.v. þ SCOP i.p.) caused a
significant increase of distance moved (p ¼ 0.0043), escape latency
(p ¼ 0.0194), average distance from platform (p ¼ 0.0152), and a
considerable decrease in time spent in the target sector
(p ¼ 0.0411). These findings indicate cognitive deficit and therefore
confirm the validity of the modification of the model used.

In control group of S-K1035 (higher dose) treated animals (S-
K1035 100 nM i.c.v. þ SAL i.p.) only, no significant change in any of
parameters measured was found. The i.c.v. application of S-K1035
alone thus did not have any detrimental effect on rat performance.
In addition, in the S-K1035 treated animals, we did not observe any
evident cholinergic effects like salivation or tremors.

In the group treated with the lower dose of S-K1035 and with
scopolamine (S-K1035 10 nM i.c.v. þ SCOP i.p.), there was a sig-
nificant increase between the distance moved on day 3 and day 4
(p ¼ 0.0411), showing that the lower dose of S-K1035 was not
sufficient to alleviate the increase of distance moved caused by
scopolamine. On the other hand, concerning escape latency,
average distance from platform, time in target sector, there were no
differences between day 3 and day 4, indicating S-K1035 was able
to ameliorate these parameters even at a lower dose. Therefore, the
therapeutic effect of the lower dose of S-K1035 was only partial.
Most importantly, in the S-K1035 (higher dose) and scopolamine-
treated rats (S-K1035 100 nM i.c.v. þ SCOP i.p.), we did not find any
significant difference between day 3 and day 4 performance in any
parameter studied, demonstrating the beneficial effect of S-K1035
in the scopolamine-induced cognitive deficit rat model.

In summary, we proved a dose-dependent beneficial effect of S-

Table 4
Effect of the compounds on the nNOS activity.

Cmpd nNOS IC50 (mM)± SEM)a

S-K1024 19± 1
S-K1025 30± 7
S-K1026 27± 3
S-K1027 26± 9
S-K1028 27± 7
S-K1029 26± 9
S-K1030 45± 10
S-K1031 39± 10
S-K1032 31± 12
S-K1033 26± 8
S-K1034 27± 10
S-K1035 26± 11
S-K1036 27± 4
S-K1037 43± 11
S-K1038 33± 4
S-K1039 32± 10
S-K1040 18± 1
S-K1041 26± 12
S-K1042 33± 2
S-K1043 32± 8
S-K1044 37± 8
R-K1035 26± 4
rac-K1035 33± 9
4b 2.9± 0.21
L-NMMAb 4.1± 0.17
7-NIb 0.7± 0.19

a Values are the mean± SEM of three independent
measurements.

b Data from Ref. [102].

Fig. 6. Structures of NOS inhibitors NG-monomethyl-L-arginine (L-NMMA) and 7-
nitroindazole (7-NI).
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K1035 in scopolamine-induced cognitive deficit rat model. This
favorable result is consistent with the AChE inhibiting action of S-
K1035, as some other AChEIs were found to be effective in modi-
fications of the scopolamine model in MWM in rats. THA was
effective in a similar modification of MWM, in which it completely
alleviated escape latency impairment caused by scopolamine.
Similar effect on cognitive improvement was observed for THA,
however, direct comparison of their action is impossible since THA
was administered i.p [105]. Additionally, we are also displaying
other beneficial properties of S-K1035, that are not conveyed to the
action of THA, like inhibition of Ab-self/AChE-induced aggregation
and inhibition of nNOS as shown in vitro. From a long-term view
point of view of AD therapy, S-K1035may deliver much appreciable
effect not only to reduce the symptoms of AD but also to mitigate
pathological signs of the disease.

The performance of the group on MWM day 3 (group baseline,
without drugs) was compared with the performance of the same
group on day 4 (with drugs). In scopolamine treated rats (SAL
i.c.v. þ SCOP i.p.) the distance moved (Fig. 7 A) was increased
(p¼ 0.0043). In rats treated with scopolamine and 10 nM S-K1035
(S-K1035 10 nM i.c.v. þ SCOP i.p.), the distance was also increased
(p ¼ 0.0411), whereas there was no significant change in the dis-
tance moved for rats treated with scopolamine and 100 nM S-
K1035 (S-K1035 100 nM i.c.v.þSCOP i.p.). This indicate the thera-
peutic effect of the higher dose of S-K1035 in this parameter.
Scopolamine (SAL i.c.v.þ SCOP i.p.) caused a significant impairment
of rat performance in parameters of escape latency (Fig. 7 B,

p¼ 0.0194), average distance from the platform (Fig. 7 C,
p¼ 0.0152) and time in the target sector (Fig. 7 D, p¼ 0.0411). Both
the lower (S-K1035 10 nM i.c.v. þ SCOP i.p.) and higher (S-K1035
100 nM i.c.v.þ SCOP i.p.) doses of S-K1035were able to alleviate the
effect of scopolamine in all considered parameters (significant
differences between day 3 and day 4 were not found). Saline (SAL
i.c.v.þSAL i.p.) or the higher dose of S-K1035 alone (S-K1035
100 nM i.c.v.þSAL i.p.) did not have any detrimental effect on any
parameter of the rat performance in MWM. All values represent
mean ± SEM, *p < 0.05, **p < 0.01.

13. Conclusions

This study describes the design, synthesis, in vitro and in vivo
evaluation of new tacrine-tryptophan heterodimers. The synthesis
of both R-K1035 and rac-K1035 has allowed to assess differences in
potency with respect to the multiple tested biological activities. S-
K1035 was found to demonstrate the highest levels of hAChE and
hBChE inhibition if compared to reference standards THA, 7-
MEOTA and 6-Cl-THA. Moreover, the crystal structure confirmed
the ability of S-K1035 to target both the CAS and PAS of AChE. All
the new hybrids also significantly inhibited Ab42 self-aggregation
and the hAChE-induced Ab40 aggregation. Most of them were
predicted to cross BBB via passive diffusion and exhibitedmoderate
inhibitory activity against nNOS. S-K1035 as distinctive hAChE/
hBChE inhibitor was selected in order to determinate its toxic
profile. S-K1035 showed higher HepG2 and CHO-K1 cytotoxicity

Fig. 7. Effects of S-K1035 in the scopolamine-induced model of cognitive deficit in Morris water maze comparing group performance on days 3 and 4. A - distance moved to reach
the platform, B e escape latency, C e average distance from the platform, and D e time in the target sector.
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than tacrine-based analogues, however, these data displayed only
the direct effect on isolated cell lines omitting the drug metabolism
and behavior under in vivo conditions. Assessment of the acute
toxicity of S-K1035was performed on laboratory rats. In agreement
with a more complex fate of a drug in a whole body compared to
isolated cells, the safety behavior of S-K1035, compared toTHA, was
reversed. Indeed, theMTD of S-K1035was found to be 70mg kg�1, a
value which is two times higher than that found for THA, meaning
S-K1035 can be considered safer than THA when administered to
rats. Based on these results, the therapeutic effect of S-K1035 in a
scopolamine-induced cognitive deficit rat model was investigated
using Morris water maze that confirmed pro-cognitive potential.

All of these results suggested that the newly developed tacrine-
tryptophan derivatives represent a novel promising MTDLs that
deserve further investigation for their potential use against AD.

14. Experimental section

14.1. Chemistry. General methods

All reagents were reagent grade quality and obtained from
Sigma-Aldrich (Prague, Czech Republic). Solvents for synthesis of
tacrine-tryptophan hybrids were obtained from Penta Chemicals
Co. (Czech Republic). All experiments were carried out under ni-
trogen atmosphere. Thin layer chromatography (TLC) was per-
formed on aluminium sheets precoated with silica gel 60 F254
(Merck, Prague, Czech Republic) and then visualized by UV 254.
Column chromatography was performed at normal pressure on
silica gel 100 (particle size of 0.063e0.200mm, 70e230 mesh
ASTM, Fluka, Prague, Czech Republic). Mass spectra were recorded
using a combination of high performance liquid chromatography
and mass spectrometry. The analytical system Dionex Ultimate
3000 LC-MS was connected with a Orbitrap Q Exactive Plus hybrid
spectrometer (Thermo Fisher Scientific, Bremen, Germany). 1H
NMR and 13C NMR spectrawere recordedwith a VarianMercury VX
BB 300 (operating at 300MHz for 1H and 75MHz for 13C) or on a
Varian S500 spectrometer (operating at 500MHz for 1H and
126MHz for 13C; Varian Comp., Palo Alto, CA). Chemical shifts are
reported in parts per million (ppm, d) relative to tetramethylsilane
(TMS). The assignment of chemical shifts is based on standard NMR
experiments (1H, 13C, 1H-1H COSY, 1H-13C HSQC, HMBC, DEPT). All of
the final compounds showed �95% purity by analytical UHPLC
(uncalibrated compound purity was determined at the wavelength
of 254 nm as a percent ratio between the peak area of the com-
pound and the total area of all peaks in the chromatogram; see
Supporting information). Electronic circular dichroism (ECD), a
chiroptical method, was used to determine the absolute configu-
ration of the newly prepared hybrids. Our assumption that the
hybrids adopt the same configuration corresponding with L-tryp-
tophan has been confirmed. For more information, see Supporting
information. Melting points were measured on a microheating
stage PHMK 05 (VEB Kombinant Nagema, Radebeul, Germany) and
are presented as uncorrected.

Pan assay interference compounds (PAINS) analysis. We have
analyzed S-K1024-K1044, R-K1035 and rac-K1035 for known
classes of assay interference compounds [107]. These compounds
were not recognized as PAINS according to the Free ADME-Tox
Filtering Tool (FAF-Drugs4) program (http://fafdrugs4.mti.univ-
paris-diderot.fr/) or as aggregators according to the software
“Aggregator Advisor” (http://advisor.bkslab.org/).

14.1.1. General Procedure for Synthesis of N-[(tert-butoxy)
carbonyl]-L-tryptophan (16)

The reaction mixture of L-tryptophan (13, 4.89mmol), triethyl-
amine (9.79mmol) and di-tert-butyl dicarbonate (Boc2O,

6.36mmol) was stirred in methanol (10mL) under the nitrogen at
room temperature for 24 h. After the evaporation of methanol
under the pressure, the final product was isolated in 87% yield.

14.1.2. General Procedure for Synthesis of N-[(tert-butoxy)
carbonyl]-D-tryptophan (17)

The reaction mixture of D-tryptophan (14, 4.89mmol), trie-
thylamine (9.79mmol) and di-tert-butyl dicarbonate (Boc2O,
6.36mmol) was stirred in methanol (10mL) under the nitrogen at
room temperature for 24 h. After the evaporation of methanol
under the pressure, the final product was isolated in 86% yield.

14.1.3. General Procedure for Synthesis of N-[(tert-butoxy)
carbonyl]-DL-tryptophan (18)

The reaction mixture of DL-tryptophan (15, 4.89mmol), trie-
thylamine (9.79mmol) and di-tert-butyl dicarbonate (Boc2O,
6.36mmol) was stirred in methanol (10mL) under the nitrogen at
room temperature for 24 h. After the evaporation of methanol
under the pressure, the final product was isolated in 88% yield.

14.1.4. General Procedure for Synthesis of N-(7-methoxy-1,2,3,4-
tetrahydroacridin-9-yl)alkane-1,u-diamines (19e25)

N-(6-chloro-1,2,3,4-tetrahydroacridin-9-yl)alkane-1,u-di-
amines (26e32) and N-(1,2,3,4-tetrahydroacridin-9-yl)alkane-1,u-
diamines (33e39).

The reaction mixture of phenol (18mmol) and appropriate 9-
chlorotacrine (10e12, 2.01mmol) was heated at 90 �C to form a
liquid. To this mixture was added appropriate diamine (12mmol)
and refluxed at 130 �C for 4 h. Then, the mixture was cooled to the
room temperature and 20% aqueous solution of sodium hydroxide
was added. The solution was extracted with dichloromethane. The
organic layer was washed with brine and water and dried with
sodium sulphate. The appropriate intermediate was purified by
column chromatography using mobile phase ethylacetate/meth-
anol/triethylamine (8:1:0.2). Yield: 70e90%.

14.1.5. General Procedure for Synthesis of tacrine-tryptophan
hybrids (S-K1024-K1044)

N-[(tert-Butoxy)carbonyl]-L-tryptophan (16, 0.89 g, 2.95mmol)
was dissolved in dimethylformamide (10mL) and stirred with
triethylamine (1.22mL, 8.85mmol) at room temperature under
nitrogen. Benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate (BOP, 1.30 g, 2.95mmol) was added to the
reaction mixture after 30min. Then, appropriate N-(1,2,3,4-
tetrahydroacridin-9-yl)alkane-1,u-diamine (19e39, 0.8 g,
2.95mmol) was added to the mixture 1 h later. This mixture was
stirred at room temperature for 24 h. The solution was extracted
with ethylacetate/water (1:1) (3� 100mL:100mL) and organic
layer was dried over Na2SO4 and then evaporated under the pres-
sure. The crude product was purified by column chromatography
using mobile phase chloroform/methanol (50:1). Finally, an inter-
mediate tert-butyl 1-(2-(N-(1,2,3,4-tetrahydroacridin-9-ylamino)
ethylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (40e62) was
dissolved in methanol (20mL). 4 M HCl (20mL) was added to the
mixture. This reaction mixture was stirred at room temperature for
24 h. Then, all the solvents were evaporated under the pressure to
obtain required dihydrochloride.

14.1.5.1. Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-
ylamino)ethylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (40).
Yield 44%. 1H NMR (500MHz, DMSO‑d6) d 10.77 (m, 1H), 8.08 (t,
J¼ 5.7 Hz,1H), 7.64 (d, J¼ 9.1 Hz,1H), 7.53 (d, J¼ 7.9 Hz,1H), 7.40 (d,
J¼ 2.7 Hz, 1H), 7.29 (d, J¼ 8.0 Hz, 1H), 7.22 (dd, J¼ 9.1, 2.7 Hz, 1H),
7.09 (d, J¼ 2.4 Hz, 1H), 6.98 (m, 2H), 6.73 (d, J¼ 8.1 Hz, 1H), 4.13 (m,
1H), 3.88 (s, 3H), 3.29 (m, 2H), 2.98 (m, 1H), 2.87 (m, 3H), 2.71 (m,
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2H), 2.49 (m, 2H), 1.98 (m, 2H), 1.80 (m, 2H), 1.28 (s, 9H). 13C NMR
(126MHz, DMSO‑d6) d 172.82, 170.52, 155.75, 155.34, 155.17, 149.94,
136.20, 129.10, 127.49, 123.75, 120.97, 120.88, 120.55, 118.60, 118.29,
116.73, 111.40,110.33,101.83, 78.16, 59.94, 55.62, 55.41, 47.50, 32.89,
29.17, 28.29, 27.95, 25.23, 22.88, 22.49, 20.94. HRMS [M þ H]þ:
558.3078 (calculated for [C32H40N5O4]þ: 558.3075).

14.1.5.2. Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-
ylamino)propylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (41).
Yield 15%; mp 83.3e87.6 �C. 1H NMR (500MHz, Methanol-d4) d 7.66
(d, J¼ 9.2 Hz, 1H), 7.53 (d, J¼ 7.9 Hz, 1H), 7.47 (m, 1H), 7.30 (m, 1H),
7.26 (d, J¼ 8.1 Hz, 1H), 7.07 (s, 1H), 6.98 (m, 2H), 4.27 (m, 1H), 3.90
(s, 3H), 3.42 (m, 2H), 3.30 (m, 3H), 3.19 (m, 3H), 2.95 (m, 2H), 2.73
(m, 2H), 1.89 (m, 2H), 1.67 (m, 2H), 1.34 (s, 9H). 13C NMR (126MHz,
Methanol-d4) d 176.36, 175.37, 158.12, 157.55, 154.47, 154.05, 137.97,
128.76, 126.34, 124.55, 123.41, 122.38, 121.08, 119.73, 119.37, 112.23,
111.38, 110.96, 103.27, 80.64, 61.53, 57.33, 56.35, 45.44, 37.36, 31.75,
29.20, 28.61, 26.22, 23.76, 22.11, 22.07, 20.86. HRMS [M þ H]þ:
572.3225 (calculated for [C33H42N5O4]þ: 572.3232).

14.1.5.3. Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-
ylamino)butylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (42).
Yield 79%. 1H NMR (500MHz, Methanol-d4) d 7.66 (d, J¼ 9.2 Hz,
1H), 7.53 (d, J¼ 7.7 Hz,1H), 7.34 (d, J¼ 2.7 Hz,1H), 7.27 (d, J¼ 8.1 Hz,
1H), 7.23 (dd, J¼ 9.2, 2.7 Hz, 1H), 7.05 (s, 1H), 7.02 (m, 1H), 6.96 (m,
1H), 4.25 (t, J¼ 7.1 Hz, 1H), 3.88 (s, 3H), 3.38 (m, 2H), 3.13 (m, 2H),
3.00 (m, 2H), 2.92 (t, J¼ 6.1 Hz, 2H), 2.70 (t, J¼ 6.0 Hz, 2H), 1.93 (s,
9H), 1.87 (m, 4H), 1.45 (m, 2H), 1.18 (m, 2H). 13C NMR (126MHz,
Methanol-d4) d 176.34,174.69,172.96,157.68, 156.20,152.70,142.54,
137.97, 128.69, 124.55, 123.26, 121.30, 119.57, 117.66, 112.19, 110.98,
102.99, 80.59, 61.51, 57.18, 56.13, 48.48, 39.97, 33.40, 29.37, 28.62,
27.63, 26.17, 24.00, 23.53, 22.06, 20.85. HRMS [M þ H]þ: 586.3380
(calculated for [C34H44N5O4]þ: 586.3388).

14.1.5.4. Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-
ylamino)pentylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (43).
Yield 28%; 72.7e75.4 �C. 1H NMR (500MHz, DMSO‑d6) d 10.77 (m,
1H), 7.83 (t, J¼ 5.7 Hz, 1H), 7.63 (d, J¼ 9.1 Hz, 1H), 7.55 (d, J¼ 7.9 Hz,
1H), 7.40 (d, J¼ 2.7 Hz, 1H), 7.30 (d, J¼ 8.1 Hz, 1H), 7.18 (dd, J¼ 9.1,
2.7 Hz, 1H), 6.99 (m, 2H), 6.66 (d, J¼ 8.4 Hz, 2H), 4.12 (m, 1H), 3.85
(s, 3H), 3.00 (m, 2H), 2.86 (t, J¼ 6.4 Hz, 3H), 2.71 (t, J¼ 6.2 Hz, 2H),
2.50 (m, 3H), 1.80 (m, 2H), 1.75 (m, 4H), 1.49 (m, 2H), 1.40 (m, 2H),
1.28 (s, 9H). 13C NMR (126MHz, DMSO‑d6) d 171.68, 170.53, 155.74,
155.60, 149.61, 142.76, 136.21, 129.93, 127.54, 123.75, 121.39, 120.96,
120.10, 118.67, 118.28, 117.22, 111.40, 110.44, 101.72, 78.10, 59.95,
55.58, 55.36, 47.44, 38.35, 33.37, 28.31, 28.14, 26.76, 25.46, 23.00,
22.71, 22.69, 22.28, 20.95. HRMS [MþH]þ: 600.3546 (calculated for
[C35H46N5O4]þ: 600.3545).

14.1.5.5. Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-
ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (44).
Yield 74%. 1H NMR (500MHz, DMSO‑d6) d 10.79 (m, 1H), 7.78 (t,
J¼ 5.7 Hz, 1H), 7.63 (d, J¼ 9.1 Hz,1H), 7.55 (d, J¼ 7.9 Hz,1H), 7.41 (d,
J¼ 2.8 Hz, 1H), 7.30 (d, J¼ 8.0 Hz, 1H), 7.18 (dd, J¼ 9.1, 2.7 Hz, 1H),
7.10 (d, J¼ 2.0 Hz, 1H), 6.98 (m, 2H), 6.69 (d, J¼ 8.3 Hz, 1H), 4.12 (m,
1H), 3.85 (s, 3H), 3.31 (m, 6H), 3.01 (m, 3H), 2.87 (m, 3H), 2.71 (m,
2H), 2.49 (m, 2H), 1.78 (m, 6H), 1.28 (s, 9H). 13C NMR (126MHz,
DMSO‑d6) d 171.87, 155.76, 155.56, 149.61, 142.86, 136.19, 130.02,
127.52, 126.11, 124.37, 123.73, 121.47, 120.94, 118.64, 117.27, 111.38,
110.42, 101.68, 78.05, 59.93, 55.53, 47.70, 38.57, 33.42, 32.46, 30.81,
30.78, 29.18, 28.29, 26.36, 25.50, 25.11, 23.00, 22.75, 20.93. HRMS
[M þ H]þ: 614.3692 (calculated for [C36H48N5O4]þ: 614.3701).

14.1.5.6. Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-
ylamino)heptylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (45).

Yield 86%. 1H NMR (500MHz, DMSO‑d6) d 10.79 (s, 1H), 7.77 (t,
J¼ 5.7 Hz, 1H), 7.63 (dd, J¼ 9.1, 1.6 Hz, 1H), 7.56 (d, J¼ 7.9 Hz, 1H),
7.41 (d, J¼ 2.6 Hz, 1H), 7.30 (d, J¼ 8.0 Hz, 1H), 7.18 (m, 1H), 7.10 (d,
J¼ 2.2 Hz, 1H), 6.99 (m, 2H), 6.68 (d, J¼ 8.3 Hz, 1H), 4.13 (m, 1H),
3.85 (s, 3H), 3.31 (m, 8H), 3.00 (m, 4H), 2.87 (m, 2H), 2.71 (m, 2H),
2.49 (m, 2H), 1.79 (m, 6H), 1.29 (s, 9H). 13C NMR (126MHz,
DMSO‑d6) d 171.83, 170.50, 155.70, 149.69, 142.77, 136.19, 129.94,
127.53, 123.72, 121.40, 121.37, 120.93, 120.06, 118.64, 118.26, 117.19,
111.38, 110.42, 101.73, 78.05, 59.93, 55.53, 55.34, 47.73, 38.62, 33.37,
30.81, 29.07, 28.76, 28.30, 28.10, 26.57, 26.42, 25.46, 22.98, 22.73,
20.94. HRMS [M þ H]þ: 628.3846 (calculated for [C37H50N5O4]þ:
628.3858).

14.1.5.7. Tert-butyl 1-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-
ylamino)octylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (46).
Yield 40%. 1H NMR (500MHz, Methanol-d4) d 7.65 (dd, J¼ 9.2,
1.1 Hz, 1H), 7.60 (d, J¼ 2.5 Hz, 1H), 7.52 (d, J¼ 7.9 Hz, 1H), 7.48 (m,
1H), 7.28 (d, J¼ 8.2 Hz, 1H), 7.04 (s, 1H), 7.01 (d, J¼ 7.7 Hz, 1H), 6.94
(t, J¼ 7.5 Hz, 1H), 4.25 (m, 1H), 3.93 (s, 3H), 3.87 (m, 2H), 3.14 (m,
2H), 2.98 (m, 2H), 2.68 (m, 2H), 1.93 (s, 16H), 1.78 (m, 2H), 1.35 (s,
9H). 13C NMR (126MHz, Methanol-d4) d 176.37, 174.61, 158.47,
157.15, 150.50, 137.94, 134.50, 128.72, 125.38, 124.51, 122.31, 121.70,
119.68, 119.32, 118.51, 112.87, 112.22, 110.94, 104.96, 80.62, 57.16,
56.47, 49.28, 48.74, 40.80, 40.26, 31.80, 30.06, 30.00, 29.39, 29.14,
28.60, 27.55, 27.23, 25.28, 23.04, 22.06, 21.79. HRMS [M þ H]þ:
642.4010 (calculated for [C38H52N5O4]þ: 642.4014).

14.1.5.8. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)ethylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (47).
Yield 91%. 1H NMR (500MHz,Methanol-d4) d 8.13 (d, J¼ 9.2 Hz,1H),
7.66 (d, J¼ 2.2 Hz, 1H), 7.47 (dt, J¼ 7.7, 1.1 Hz, 1H), 7.39 (dd, J¼ 9.2,
2.2 Hz, 1H), 7.15 (d, J¼ 8.0 Hz, 1H), 7.07 (s, 1H), 6.84 (m, 2H), 4.29 (t,
J¼ 6.9 Hz, 1H), 3.68 (m, 2H), 3.45 (m, 2H), 2.88 (m, 2H), 2.46 (s, 2H),
1.93 (s, 9H), 1.35 (s, 6H). 13C NMR (126MHz, Methanol-d4) d 176.36,
172.99, 157.20, 155.73, 143.20, 138.22, 137.76, 128.71, 127.99, 125.99,
124.56, 122.25, 121.79, 119.67, 119.17, 116.84, 114.67, 112.11, 110.60,
80.73, 61.52, 57.09, 40.62, 31.12, 29.02, 28.61, 25.02, 23.19, 22.34,
22.06, 20.85. HRMS [M þ H]þ: 562.2573 (calculated for
[C31H37ClN5O3]þ: 562.2580).

14.1.5.9. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)propylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (48).
Yield 83%. 1H NMR (300MHz, Methanol-d4) d 8.04 (d, J¼ 9.2 Hz,
1H), 7.68 (d, J¼ 2.2 Hz,1H), 7.53 (m,1H), 7.32 (dd, J¼ 9.1, 2.2 Hz,1H),
7.24 (d, J¼ 7.9 Hz, 1H), 7.06 (s, 1H), 6.97 (m, 2H), 4.26 (t, J¼ 7.0 Hz,
1H), 3.37 (m, 1H), 3.16 (m, 2H), 2.92 (m, 2H), 2.66 (m, 2H), 1.92 (s,
9H), 1.88 (m, 3H), 1.34 (m, 6H). 13C NMR (75MHz, Methanol-d4)
d 175.32, 172.96, 157.53, 154.11, 146.30, 137.95, 136.49, 128.74,
126.82, 125.56, 124.82, 124.57, 122.36, 119.73, 119.38, 118.55, 116.23,
112.21, 110.92, 80.62, 61.52, 57.32, 46.01, 37.35, 33.10, 31.49, 29.23,
28.60, 25.78, 23.69, 23.11, 22.06. HRMS [M þ H]þ: 576.2728
(calculated for [C32H39ClN5O3]þ: 576.2736).

14.1.5.10. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)butylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (49).
Yield 91%. 1H NMR (500MHz,Methanol-d4) d 8.13 (d, J¼ 9.2 Hz,1H),
7.66 (d, J¼ 2.2 Hz, 1H), 7.47 (dt, J¼ 7.7, 1.1 Hz, 1H), 7.39 (dd, J¼ 9.2,
2.2 Hz, 1H), 7.15 (d, J¼ 8.0 Hz, 1H), 7.07 (s, 1H), 6.84 (m, 2H), 4.29 (t,
J¼ 6.9 Hz, 1H), 3.68 (m, 2H), 3.45 (m, 2H), 2.88 (m, 2H), 2.46 (s, 2H),
1.93 (s, 9H), 1.35 (s, 6H). 13C NMR (126MHz, Methanol-d4) d 171.98,
170.49, 157.15, 155.28, 151.59, 136.19, 133.52, 127.51, 126.02, 125.13,
123.93, 123.75, 120.94, 118.63, 118.25, 117.86, 115.23, 111.38, 110.41,
78.07, 59.92, 55.37, 47.66, 38.33, 32.61, 28.29, 28.10, 27.87, 24.94,
22.68, 22.51, 22.04, 20.93. HRMS [MþH]þ: 590.2889 (calculated for
[C33H41ClN5O3]þ: 590.2893).
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14.1.5.11. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)pentylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (50).
Yield 46%. 1H NMR (500MHz, DMSO‑d6) d 10.76 (d, J¼ 2.3 Hz, 1H),
8.20 (d, J¼ 9.1 Hz, 1H), 7.79 (t, J¼ 5.7 Hz, 1H), 7.71 (dd, J¼ 2.3,
0.9 Hz, 1H), 7.53 (d, J¼ 7.9 Hz, 1H), 7.40 (m, 1H), 7.29 (d, J¼ 8.1 Hz,
1H), 7.09 (d, J¼ 2.3 Hz,1H), 6.97 (m, 2H), 6.67 (d, J¼ 8.2 Hz,1H), 4.11
(m, 1H), 3.50 (m, 2H), 3.01 (m, 3H), 2.87 (m, 3H), 2.65 (m, 2H), 1.78
(m, 4H), 1.75 (m, 2H), 1.58 (m, 2H), 1.34 (m, 2H), 1.28 (s, 9H). 13C
NMR (126MHz, DMSO‑d6) d 171.92, 171.63, 155.28, 152.36, 136.20,
134.19, 127.51, 126.37, 124.18, 124.02, 123.93, 123.75, 120.94, 118.62,
118.26, 117.24, 114.68, 111.39, 110.40, 78.08, 59.93, 55.38, 47.98,
38.50, 30.13, 28.85, 28.30, 28.09, 24.74, 23.65, 22.68, 22.32, 21.77,
20.93. HRMS [M þ H]þ: 604.3045 (calculated for [C34H43ClN5O3]þ:
604.3049).

14.1.5.12. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (51).
Yield 41%; mp 77.5e81.9 �C. 1H NMR (300MHz, Chloroform-d)
d 8.72 (m,1H), 7.87 (m, 2H), 7.63 (d, J¼ 7.6 Hz, 1H), 7.26 (m,1H), 7.11
(m, 2H), 7.01 (d, J¼ 2.3 Hz, 1H), 4.38 (m, 1H), 3.44 (t, J¼ 7.2 Hz, 2H),
3.07 (m, 6H), 2.65 (m, 3H), 1.89 (m, 5H), 1.55 (m, 2H), 1.41 (s, 9H),
1.21 (m, 4H). 13C NMR (75MHz, Chloroform-d) d 171.57, 158.81,
155.41, 151.11, 147.32, 136.21, 134.30, 127.33, 126.65, 124.73, 124.28,
123.16, 122.07, 119.54, 118.81, 117.97, 115.38, 111.19, 110.50, 80.01,
55.28, 49.23, 39.11, 33.47, 31.41, 29.05, 28.53, 28.25, 26.31, 26.21,
24.42, 22.74, 22.41. HRMS [M þ H]þ: 618.3209 (calculated for
[C35H45ClN5O3]þ: 618.3206).

14.1.5.13. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)heptylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (52).
Yield 74%. 1H NMR (500MHz,Methanol-d4) d 8.08 (d, J¼ 9.1 Hz,1H),
7.69 (d, J¼ 2.2 Hz, 1H), 7.53 (d, J¼ 7.9 Hz, 1H), 7.31 (dd, J¼ 9.2,
2.2 Hz, 1H), 7.27 (d, J¼ 8.1 Hz, 1H), 6.99 (m, 3H), 4.26 (m, 1H), 3.56
(m, 2H), 3.30 (m, 2H), 3.12 (m, 2H), 2.93 (m, 3H), 2.65 (m, 2H), 1.87
(m, 4H),1.62 (m, 2H), 1.35 (s, 9H),1.27 (m, 5H), 1.11 (m, 2H). 13C NMR
(126MHz, Methanol-d4) d 174.57, 158.82, 157.46, 154.03, 147.18,
137.98, 136.22, 128.78, 126.90, 125.31, 125.24, 124.50, 122.33, 119.70,
119.38, 118.71, 116.06, 112.20, 110.97, 80.59, 61.52, 57.13, 40.23,
33.40, 32.02, 29.95, 29.89, 29.44, 28.63, 27.71, 27.53, 25.70, 23.74,
23.23, 22.05, 20.85. HRMS [M þ H]þ: 632.3359 (calculated for
[C36H47ClN5O3]þ: 632.3362).

14.1.5.14. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)octylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (53).
Yield 43%. 1H NMR (500MHz, Methanol-d4) d 8.14 (d, J¼ 9.1 Hz,1H),
7.69 (d, J¼ 2.2 Hz, 1H), 7.53 (d, J¼ 7.9 Hz, 1H), 7.35 (dd, J¼ 9.1,
2.2 Hz, 1H), 7.27 (d, J¼ 8.1 Hz, 1H), 7.00 (m, 3H), 4.26 (m, 1H), 3.63
(m, 2H), 3.13 (m, 2H), 2.93 (m, 2H), 2.66 (m, 2H), 1.93 (m, 10H), 1.89
(m, 4H), 1.67 (m, 2H), 1.35 (s, 9H), 1.10 (m, 2H). 13C NMR (126MHz,
Methanol-d4) d 174.58, 172.98, 157.66, 154.69, 146.01, 137.98, 136.89,
128.78, 127.21, 125.50, 124.50, 124.23, 122.33, 119.70, 119.37, 118.17,
115.64, 112.21, 110.98, 80.58, 61.52, 57.14, 40.28, 32.69, 31.91, 30.14,
30.09, 29.43, 28.63, 28.32, 27.70, 27.55, 25.53, 23.59, 22.98, 22.06,
20.85. HRMS [M þ H]þ: 646.3510 (calculated for [C37H49ClN5O3]þ:
646.3519).

14.1.5.15. Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)eth-
ylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (54). Yield 28%. 1H
NMR (500MHz, Methanol-d4) d 8.04 (d, J¼ 8.6 Hz,1H), 7.73 (m,1H),
7.57 (m, 1H), 7.52 (d, J¼ 7.8 Hz, 1H), 7.37 (m, 1H), 7.24 (d, J¼ 8.1 Hz,
1H), 7.05 (s, 1H), 6.95 (m, 2H), 4.28 (m, 1H), 3.51 (m, 2H), 3.30 (m,
2H), 2.93 (t, J¼ 6.1 Hz, 2H), 2.62 (t, J¼ 6.2 Hz, 2H), 1.87 (m, 4H), 1.34
(s, 9H), 1.17 (m, 2H). 13C NMR (126MHz, Methanol-d4) d 176.35,
175.80, 157.82, 157.52, 153.59, 137.95, 130.41, 128.75, 126.57, 125.07,
124.72, 124.54, 122.37, 120.45, 119.75, 119.33, 116.33, 112.21, 110.83,

80.67, 57.20, 49.51, 41.16, 33.35, 29.20, 28.62, 25.85, 23.87, 23.33,
22.06, 20.85. HRMS [M þ H]þ: 528.2972 (calculated for
[C31H38N5O3]þ: 528.2970).

14.1.5.16. Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)pro-
pylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (55). Yield 23%;
mp 88.3e92.7 �C. 1H NMR (500MHz, Methanol-d4) d 8.05 (d,
J¼ 8.5 Hz, 1H), 7.74 (m, 1H), 7.54 (m, 2H), 7.36 (m, 1H), 7.26 (d,
J¼ 8.1 Hz, 1H), 7.06 (s, 1H), 6.98 (m, 2H), 4.28 (m, 1H), 3.16 (m, 2H),
2.95 (t, J¼ 6.0 Hz, 2H), 2.69 (t, J¼ 5.9 Hz, 2H), 1.92 (m, 4H), 1.88 (m,
2H), 1.60 (m, 2H), 1.34 (s, 9H), 1.18 (m, 2H). 13C NMR (126MHz,
Methanol-d4) d 175.18, 172.95, 158.45, 157.52, 153.39, 147.02, 137.97,
130.11, 128.77, 127.18, 125.02, 124.55, 122.38, 120.96, 119.74, 119.41,
116.74, 112.22, 110.96, 80.62, 61.51, 57.28, 46.10, 37.52, 33.71, 31.62,
28.61, 26.12, 23.97, 23.49, 22.06, 20.85. HRMS [M þ H]þ: 542.3134
(calculated for [C32H40N5O3]þ: 542.3126).

14.1.5.17. Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)
butylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (56). Yield 42%.
1H NMR (500MHz, Methanol-d4) d 8.02 (d, J¼ 8.5 Hz, 1H), 7.74 (dd,
J¼ 8.5, 1.2 Hz, 1H), 7.52 (m, 2H), 7.33 (m,1H), 7.26 (d, J¼ 8.0 Hz, 1H),
7.05 (s, 1H), 6.98 (m, 2H), 4.26 (m, 1H), 3.38 (m, 2H), 3.14 (m, 2H),
2.94 (t, J¼ 6.1 Hz, 2H), 2.67 (t, J¼ 5.8 Hz, 2H), 1.86 (m, 4H), 1.33 (m,
13H), 1.18 (s, 2H). 13C NMR (126MHz, Methanol-d4) d 174.65, 172.94,
159.10, 157.46, 153.03, 147.90, 137.98, 129.70, 128.82, 127.94, 124.73,
124.37, 122.37, 121.27, 119.74, 119.46, 116.80, 112.20, 110.98, 80.58,
61.51, 57.18, 39.95, 34.17, 29.39, 28.63, 28.32, 27.54, 26.10, 24.07,
23.66, 22.06, 20.85. HRMS [M þ H]þ: 556.3275 (calculated for
[C33H42N5O3]þ: 556.3283).

14.1.5.18. Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)pen-
tylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (57). Yield 25%;
mp 73.3e76.8 �C. 1H NMR (300MHz, Methanol-d4) d 8.04 (m, 1H),
7.75 (m, 1H), 7.52 (m, 2H), 7.33 (m, 1H), 7.24 (d, J¼ 7.9 Hz, 1H), 6.97
(m, 3H), 4.25 (m, 1H), 3.39 (m, 2H), 3.11 (m, 2H), 2.94 (m, 4H), 2.69
(m, 2H), 1.95 (m, 2H), 1.87 (m, 6H), 1.50 (m, 2H), 1.34 (s, 9H). 13C
NMR (75MHz, Methanol-d4) d 174.58, 172.92, 159.07, 157.44, 153.17,
147.91, 137.96, 129.71, 128.79, 127.93, 124.70, 124.42, 122.35, 121.30,
119.71, 119.42, 116.78, 112.18, 110.96, 80.55, 61.50, 57.14, 40.14, 34.16,
31.91, 29.83, 29.42, 28.63, 26.09, 25.01, 24.07, 23.68, 22.06, 20.85.
HRMS [M þ H]þ: 570.3434 (calculated for [C34H44N5O3]þ:
570.3439).

14.1.5.19. Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)hex-
ylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (58). Yield 25%. 1H
NMR (500MHz, DMSO‑d6) d 10.77 (s, 1H), 8.13 (d, J¼ 8.6 Hz, 1H),
7.75 (m, 1H), 7.70 (dd, J¼ 8.5, 1.2 Hz, 1H), 7.54 (m, 1H), 7.35 (m, 1H),
7.29 (d, J¼ 8.0 Hz, 1H), 7.09 (d, J¼ 2.3 Hz, 1H), 6.99 (m, 1H), 6.66 (d,
J¼ 5.4 Hz, 6H), 4.11 (m, 1H), 3.43 (m, 2H), 3.00 (m, 2H), 2.89 (t,
J¼ 6.2 Hz, 2H), 2.68 (t, J¼ 6.0 Hz, 2H), 2.49 (m, 2H), 1.79 (m, 4H),
1.75 (m, 6H), 1.53 (m, 2H), 1.28 (s, 9H). 13C NMR (126MHz,
DMSO‑d6) d 171.61, 170.49, 156.68, 155.25, 151.29, 136.19, 128.71,
127.52, 127.09, 123.71, 123.62, 123.50, 120.93, 119.74, 118.62, 118.26,
115.32, 111.37, 110.41, 78.06, 59.92, 55.35, 48.03, 38.56, 32.87, 30.67,
29.10, 28.29, 26.21, 26.16, 25.07, 22.67, 22.32, 20.92. HRMS [M þ
H]þ: 584.3593 (calculated for [C35H46N5O3]þ: 584.3596).

14.1.5.20. Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)hep-
tylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (59). Yield 52%.
1H NMR (500MHz, Methanol-d4) d 8.08 (d, J¼ 8.6 Hz, 1H), 7.75 (m,
1H), 7.54 (m, 2H), 7.35 (m, 1H), 7.28 (d, J¼ 8.0 Hz, 1H), 7.00 (m, 3H),
4.26 (m, 1H), 3.51 (t, J¼ 7.2 Hz, 2H), 3.10 (m, 2H), 2.96 (m, 2H), 2.72
(m, 2H), 1.89 (m, 4H), 1.60 (m, 2H), 1.36 (s, 9H), 1.27 (m, 10H). 13C
NMR (126MHz, Methanol-d4) d 174.55, 172.96, 158.90, 157.48,
153.40, 147.71, 138.01, 129.85, 128.82, 127.74, 124.73, 124.47, 122.36,
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121.20, 119.73, 119.42, 116.66, 112.21, 111.00, 80.59, 61.52, 57.13,
40.27, 34.05, 33.06, 32.22, 30.74, 29.97, 29.46, 28.64, 27.80, 27.59,
26.10, 24.07, 23.66, 20.85. HRMS [M þ H]þ: 598.3749 (calculated for
[C36H48N5O3]þ: 598.3752).

14.1.5.21. Tert-butyl 1-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)
octylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (60). Yield 83%.
1H NMR (500MHz, DMSO‑d6) d 10.78 (s, 1H), 8.33 (d, J¼ 8.7 Hz,1H),
7.78 (m, 2H), 7.53 (m, 2H), 7.43 (d, J¼ 7.1 Hz, 1H), 7.29 (d, J¼ 8.0 Hz,
1H), 7.09 (d, J¼ 2.2 Hz,1H), 6.98 (m,1H), 6.68 (d, J¼ 8.3 Hz,1H), 4.12
(m, 1H), 3.77 (m, 2H), 3.03 (m, 2H), 2.95 (m, 2H), 2.64 (m, 2H), 2.52
(m, 6H),1.82 (m, 6H),1.69 (m, 2H),1.29 (s, 9H),1.17 (m, 4H). 13C NMR
(126MHz, DMSO‑d6) d 171.85, 155.26, 151.50, 139.03, 136.19, 132.37,
127.51, 125.00, 124.25, 123.71, 120.92, 120.31, 118.60, 118.24, 116.18,
111.99, 111.87, 111.38, 110.41, 78.06, 55.36, 47.56, 45.92, 38.63, 36.64,
36.61, 30.05, 29.11, 28.75, 28.72, 28.30, 28.09, 26.29, 26.20, 24.16,
21.73, 20.73. HRMS [M þ H]þ: 612.3901 (calculated for
[C37H50N5O3]þ: 612.3903).

14.1.5.22. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (61).
Yield 15%. 1H NMR (500MHz, Methanol-d4) d 8.31 (d, J¼ 9.3 Hz,
1H), 7.82 (d, J¼ 8.4 Hz, 1H), 7.70 (d, J¼ 8.3 Hz, 1H), 7.66 (d,
J¼ 2.2 Hz, 1H), 7.50 (m, 2H), 7.45 (m, 1H), 7.27 (d, J¼ 8.1 Hz, 1H),
7.05 (s,1H), 6.98 (dt, J¼ 40.3, 7.4 Hz, 2H), 4.26 (t, J¼ 7.0 Hz,1H), 3.86
(t, J¼ 7.3 Hz, 2H), 3.21e3.11 (m, 2H), 3.04 (m, 2H), 2.92 (t, J¼ 6.0 Hz,
2H), 2.61 (t, J¼ 5.8 Hz, 2H), 1.94 (m, 4H), 1.76 (m, 2H), 1.36 (s, 11H),
1.22 (m, 4H). 13C NMR (126MHz, Methanol-d4) d 174.64, 157.62,
151.85, 140.40, 139.99, 137.92, 128.69, 127.90, 126.92, 126.69, 124.50,
122.30, 119.68, 119.31, 119.05, 118.57, 115.32, 113.23, 112.19, 111.49,
110.94, 80.61, 79.43, 57.16, 40.02, 39.99, 31.13, 29.91, 29.39, 29.22,
28.61, 27.12, 24.48, 22.76, 21.67. HRMS [M þ H]þ: 618.3209 (calcu-
lated for [C35H45ClN5O3]þ: 618.3207).

14.1.5.23. Tert-butyl 1-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-
ylamino)hexylcarbamoyl)-2-(1H-indole-3-yl) ethylcarbamate (62).
Yield 60%. 1H NMR (500MHz, Methanol-d4) d 8.30 (d, J¼ 9.3 Hz,
1H), 7.68 (d, J¼ 8.3 Hz,1H), 7.66 (d, J¼ 2.2 Hz,1H), 7.53 (m, 2H), 7.42
(m, 1H), 7.26 (d, J¼ 8.1 Hz, 1H), 7.04 (s, 1H), 6.97 (dt, J¼ 40.8, 7.4 Hz,
2H), 4.26 (t, J¼ 7.0 Hz, 1H), 3.85 (t, J¼ 7.3 Hz, 2H), 3.16 (m, 2H), 3.06
(m, 2H), 2.91 (t, J¼ 6.0 Hz, 2H), 2.60 (t, J¼ 5.8 Hz, 2H), 1.92 (m, 4H),
1.76 (m, 2H), 1.36 (s, 11H), 1.24 (m, 4H). 13C NMR (126MHz,
Methanol-d4) d 174.63, 157.59, 151.83, 140.39, 139.95, 137.90, 128.69,
127.53, 126.69, 124.49, 122.29, 119.67, 119.04, 118.56, 115.30, 113.22,
112.18, 111.58, 110.93, 80.60, 57.16, 49.84, 40.13, 40.00, 31.12, 29.91,
29.38, 29.21, 28.61, 27.12, 24.46, 22.75, 21.66. HRMS [M þ H]þ:
618.3209 (calculated for [C35H45ClN5O3]þ: 618.3205).

14.1.5.24. N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)
ethyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1024). Yield 99%; mp 97.1e99.2 �C. Purity: 98%. 1H NMR
(500MHz, DMSO‑d6) d 11.05 (d, J¼ 2.4 Hz, 1H), 9.29 (t, J¼ 5.6 Hz,
1H), 8.38 (d, J¼ 5.5 Hz, 3H), 7.96 (d, J¼ 9.2 Hz, 1H), 7.82 (d,
J¼ 2.6 Hz, 1H), 7.62 (d, J¼ 7.9 Hz, 1H), 7.49 (dd, J¼ 9.2, 2.4 Hz, 1H),
7.28 (d, J¼ 8.2 Hz, 1H), 7.20 (d, J¼ 2.4 Hz, 1H), 6.94 (m, 2H), 3.93 (s,
3H), 3.37 (m, 2H), 3.11 (m, 2H), 2.99 (m, 2H), 2.71 (m, 2H), 2.49 (m,
2H), 1.77 (m, 5H). 13C NMR (126MHz, DMSO‑d6) d 169.39, 156.85,
154.96, 150.05, 136.33, 132.63, 127.22, 124.91, 124.18, 121.16, 118.63,
118.47, 117.77, 111.51, 111.30, 107.09, 103.74, 56.53, 53.07, 45.97,
34.20, 28.08, 27.17, 25.10, 21.98, 20.41, 18.76. HRMS [M þ H]þ:
458.2549 (calculated for [C27H32N5O2]þ: 458.2551).

14.1.5.25. N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)
propyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1025). Yield 61%; mp 97.2e101.4 �C. Purity: 99.9%. 1H NMR

(500MHz, DMSO‑d6) d 11.08 (d, J¼ 2.5 Hz,1H), 9.06 (m,1H), 8.35 (d,
J¼ 5.2 Hz, 3H), 7.98 (d, J¼ 9.2 Hz, 2H), 7.84 (d, J¼ 2.6 Hz, 1H), 7.66
(d, J¼ 7.9 Hz, 1H), 7.49 (dd, J¼ 9.2, 2.4 Hz, 1H), 7.31 (d, J¼ 8.1 Hz,
1H), 7.23 (d, J¼ 2.4 Hz, 1H), 6.97 (m, 2H), 3.93 (m, 4H), 3.76 (m, 2H),
3.15 (m, 4H), 3.00 (m, 2H), 2.71 (m, 2H), 1.75 (m, 6H). 13C NMR
(126MHz, DMSO‑d6) d 168.87, 157.11, 155.12, 150.21, 136.62, 132.87,
127.53, 125.19, 124.36, 121.42, 121.25, 119.01, 118.74, 117.95, 111.78,
111.50, 107.50, 103.88, 56.76, 43.77, 36.05, 30.40, 28.32, 27.61, 25.33,
23.06, 22.21, 20.70. HRMS [M þ H]þ: 472.2702 (calculated for
[C28H34N5O2]þ: 472.2708).

14.1.5.26. N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)
butyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1026). Yield 96%. Purity: 99%. 1H NMR (500MHz, Methanol-d4)
d 7.75 (dd, J¼ 9.2, 1.7 Hz, 1H), 7.65 (t, J¼ 2.2 Hz, 1H), 7.60 (dt, J¼ 7.3,
1.2 Hz, 1H), 7.49 (dt, J¼ 4.7, 2.0 Hz, 2H), 7.21 (d, J¼ 1.8 Hz, 1H), 7.00
(m, 2H), 4.08 (m, 1H), 3.95 (s, 3H), 3.81 (t, J¼ 7.2 Hz, 2H), 3.20 (m,
2H), 2.99 (m, 2H), 2.73 (m, 2H), 1.92 (m, 6H), 1.61 (m, 2H), 1.40 (m,
2H)$13C NMR (126MHz, Methanol-d4) d 170.01, 158.64, 157.04,
150.75, 138.06, 134.40, 128.41, 125.63, 125.40, 122.67, 121.79, 120.09,
119.34, 118.73, 112.90, 112.46, 108.12, 104.95, 56.78, 55.25, 48.06,
40.01, 29.26, 29.10, 28.81, 27.14, 25.77, 23.18, 21.84. HRMS [Mþ H]þ:
486.2682 (calculated for [C29H36N5O2]þ: 486.2864).

14.1.5.27. N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)
pentyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1027). Yield 73%; mp 155.0e157.7 �C. Purity: 99.9%. 1H NMR
(500MHz, DMSO‑d6) d 11.13 (d, J¼ 2.5 Hz, 1H), 8.75 (t, J¼ 5.6 Hz,
1H), 8.32 (d, J¼ 5.5 Hz, 3H), 7.97 (d, J¼ 9.2 Hz, 1H), 7.84 (d,
J¼ 2.6 Hz, 1H), 7.64 (d, J¼ 7.9 Hz,1H), 7.51 (s, 2H), 7.30 (d, J¼ 2.7 Hz,
3H), 7.20 (d, J¼ 2.4 Hz, 1H), 6.97 (m, 2H), 3.92 (s, 3H), 3.75 (m, 2H),
3.10 (m, 3H), 2.99 (m, 3H), 2.70 (m, 2H), 2.49 (m, 3H), 1.78 (m, 4H),
1.60 (m, 2H), 1.35 (m, 2H). 13C NMR (126MHz, DMSO‑d6) d 169.39,
156.85, 154.96, 150.05, 136.33, 132.63, 127.22, 124.91, 124.18, 121.16,
118.63, 118.47, 117.77, 111.51, 111.30, 107.09, 103.74, 56.53, 56.21,
53.07, 45.97, 40.20, 39.20, 34.20, 28.08, 27.17, 25.10, 21.98, 20.41,
18.76. HRMS [M þ H]þ: 500.3021 (calculated for [C30H38N5O2]þ:
500.3021).

14.1.5.28. N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)
hexyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1028). Yield 99%; mp 132.4e135.6 �C. Purity: 96%. 1H NMR
(500MHz, Methanol-d4) d 7.73 (d, J¼ 9.2 Hz, 1H), 7.64 (d, J¼ 2.4 Hz,
1H), 7.59 (d, J¼ 7.8 Hz, 1H), 7.47 (dd, J¼ 9.1, 2.3 Hz, 1H), 7.32 (d,
J¼ 8.0 Hz, 1H), 7.19 (s, 1H), 7.01 (m, 2H), 4.07 (t, J¼ 7.3 Hz, 1H), 3.95
(s, 3H), 3.87 (t, J¼ 7.2 Hz, 2H), 3.30 (m, 2H), 3.18 (m, 2H), 2.99 (m,
2H), 2.73 (m, 2H), 1.91 (m, 4H), 1.74 (t, J¼ 7.5 Hz, 2H), 1.31 (m, 4H),
1.17 (m, 2H). 13C NMR (126MHz, Methanol-d4) d 169.87, 158.54,
157.06, 150.60, 138.05, 134.41, 128.36, 125.51, 122.67, 121.76, 120.08,
119.23, 118.60, 112.78, 112.48, 108.09, 104.93, 56.68, 55.20, 53.83,
40.44, 31.81, 29.73, 29.23, 28.82, 27.38, 27.31, 25.67, 23.15, 21.85,
21.66. HRMS [M þ H]þ: 514.3176 (calculated for [C31H40N5O2]þ:
514.3177).

14.1.5.29. N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)
heptyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1029). Yield 85%; mp 125.1e128.9 �C. Purity: 96%. 1H NMR
(500MHz, DMSO‑d6) d 11.11 (d, J¼ 2.5 Hz, 1H), 8.61 (s, 1H), 8.30 (d,
J¼ 5.3 Hz, 3H), 7.98 (d, J¼ 9.2 Hz, 1H), 7.81 (d, J¼ 2.5 Hz, 1H), 7.63
(d, J¼ 7.9 Hz, 1H), 7.50 (dd, J¼ 9.2, 2.5 Hz, 1H), 7.33 (d, J¼ 8.1 Hz,
1H), 7.20 (d, J¼ 2.4 Hz, 1H), 6.99 (m, 2H), 3.92 (s, 3H), 3.78 (m, 2H),
3.18 (m, 2H), 3.01 (m, 3H), 2.69 (m, 3H), 1.78 (m, 5H), 1.67 (m, 2H),
1.22 (m, 6H), 1.12 (m, 2H). 13C NMR (126MHz, DMSO‑d6) d 168.24,
156.66, 154.92, 149.78, 136.35, 132.74, 127.31, 124.85, 123.95, 121.14,
120.98, 118.70, 118.46, 117.46, 111.54, 110.97, 107.25, 103.90, 56.31,
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53.05, 46.63, 38.84, 30.50, 28.69, 28.47, 28.01, 27.43, 26.32, 26.17,
24.95, 21.92, 20.47. HRMS [M þ H]þ: 528.3335 (calculated for
[C32H42N5O2]þ: 528.3334).

14.1.5.30. N-(2-(7-methoxy-1,2,3,4-tetrahydroacridin-9-ylamino)
octyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1030). Yield 79%; mp 163.5e166.2 �C. Purity: 97%. 1H NMR
(500MHz, Methanol-d4) d 7.75 (d, J¼ 9.2 Hz, 1H), 7.65 (d, J¼ 2.4 Hz,
1H), 7.60 (d, J¼ 7.9 Hz, 1H), 7.49 (m, 1H), 7.33 (d, J¼ 8.1 Hz, 1H), 7.19
(s, 1H), 7.03 (m, 2H), 4.06 (t, J¼ 7.5 Hz, 1H), 3.95 (s, 3H), 3.89 (t,
J¼ 7.2 Hz, 2H), 3.18 (m, 2H), 3.00 (m, 4H), 2.73 (m, 2H), 1.92 (m, 4H),
1.79 (m, 2H), 1.39 (m, 2H), 1.25 (m, 8H). 13C NMR (126MHz,
Methanol-d4) d 169.85, 158.55, 157.14, 150.61, 138.08, 134.47, 128.37,
125.52, 125.37, 122.71, 121.79, 120.14, 119.21, 118.61, 112.83, 112.51,
108.10, 104.98, 58.31, 56.64, 55.23, 40.62, 31.94, 30.14, 30.11, 29.82,
29.24, 28.84, 27.67, 25.62, 23.15, 21.87, 21.35. HRMS [M þ H]þ:
542.3483 (calculated for [C33H44N5O2]þ: 542.3490).

14.1.5.31. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)ethyl-
2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1031).
Yield 56%; mp 65.1e68.5 �C. Purity: 97%. 1H NMR (300MHz, D2O)
d 7.63 (d, J¼ 9.4 Hz, 1H), 7.35 (d, J¼ 2.1 Hz, 1H), 7.14 (m, 3H), 6.72 (d,
J¼ 7.9 Hz, 1H), 6.26 (m, 1H), 3.51 (m, 2H), 3.29 (m, 2H), 2.67 (dt,
J¼ 7.9, 4.1 Hz, 2H), 2.01 (m, 6H), 1.67 (m, 2H). 13C NMR (75MHz,
D2O) d 171.34, 154.92, 150.15, 138.59, 138.43, 135.68, 127.25, 126.83,
125.54, 121.66, 119.30, 117.90, 117.77, 113.93, 111.98, 111.28, 105.97,
53.73, 39.50, 30.83, 30.20, 28.23, 26.55, 23.06, 21.77. HRMS [M þ
H]þ: 462.2052 (calculated for [C26H29ClN5O]þ: 462.2056).

14.1.5.32. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)pro-
pyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1032). Yield 53%; mp 82.2e85.3 �C. Purity: 98%. 1H NMR
(500MHz, D2O) d 7.56 (d, J¼ 9.3 Hz, 1H), 7.32 (d, J¼ 2.1 Hz, 1H), 7.18
(m, 3H), 6.83 (d, J¼ 8.0 Hz, 1H), 6.62 (m, 2H), 4.13 (m, 1H), 3.17 (m,
2H), 3.11 (m, 2H), 2.74 (m, 2H), 2.22 (m, 4H), 1.81 (m, 4H), 1.41 (m,
2H). 13C NMR (126MHz, D2O) d 169.05, 154.72, 149.89, 137.89,
135.32, 126.42, 124.95, 124.50, 124.46, 121.18, 121.06, 118.62, 117.57,
117.30, 112.87, 111.51, 110.91, 106.10, 53.90, 44.63, 36.37, 30.23,
28.68, 27.66, 26.53, 22.85, 21.02. HRMS [M þ H]þ: 476.2210
(calculated for [C27H31ClN5O]þ: 476.2212).

14.1.5.33. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)butyl-
2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1033).
Yield 83%; mp 88.5e91.7 �C. Purity: 97%. 1H NMR (500MHz,
DMSO‑d6) d 11.09 (d, J¼ 2.3 Hz, 1H), 8.75 (t, J¼ 5.6 Hz, 1H), 8.44 (d,
J¼ 9.3 Hz,1H), 8.30 (d, J¼ 5.5 Hz, 3H), 8.11 (d, J¼ 2.2 Hz,1H), 8.01 (s,
1H), 7.63 (d, J¼ 7.9 Hz, 1H), 7.56 (dd, J¼ 9.3, 2.2 Hz, 1H), 7.30 (m,
1H), 7.21 (d, J¼ 2.3 Hz, 1H), 7.01 (dd, J¼ 8.2, 6.9 Hz, 1H), 6.93 (m,
1H), 3.94 (m, 1H), 3.77 (m, 2H), 3.12 (m, 3H), 3.00 (m, 1H), 2.98 (m,
2H), 2.49 (m, 2H), 1.79 (m, 4H), 1.62 (m, 2H), 1.37 (m, 2H). 13C NMR
(126MHz, DMSO‑d6) d 168.38, 155.55, 151.21, 138.80, 137.09, 136.33,
127.84, 127.26, 125.38, 124.87, 121.13, 118.69, 118.46, 118.03, 114.30,
111.70, 111.50, 107.23, 53.06, 46.89, 38.32, 34.19, 28.07, 27.43, 25.88,
24.21, 22.67, 21.54. HRMS [M þ H]þ: 490.2367 (calculated for
[C28H33ClN5O]þ: 490.2369).

14.1.5.34. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)pen-
tyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1034). Yield 74%; mp 83.4e87.8 �C. Purity: 98%. 1H NMR
(500MHz, DMSO‑d6) d 11.12 (d, J¼ 2.4 Hz, 1H), 8.69 (t, J¼ 5.6 Hz,
1H), 8.45 (d, J¼ 9.3 Hz, 1H), 8.31 (d, J¼ 5.5 Hz, 3H), 8.12 (d,
J¼ 2.2 Hz, 1H), 8.05 (s, 1H), 7.63 (d, J¼ 7.9 Hz, 1H), 7.56 (dd, J¼ 9.2,
2.2 Hz, 1H), 7.44 (m, 1H), 7.30 (m, 2H), 7.20 (d, J¼ 2.4 Hz, 1H), 6.97
(m, 2H), 3.94 (m, 1H), 3.78 (m, 2H), 3.13 (m, 3H), 2.98 (m, 3H), 2.63
(m, 2H), 1.78 (m, 4H), 1.67 (m, 2H), 1.33 (m, 2H), 1.22 (m, 2H). 13C

NMR (126MHz, DMSO‑d6) d 168.31, 155.53, 151.40, 138.86, 137.10,
136.36, 127.89, 127.30, 125.39, 124.87, 121.15, 118.73, 118.49, 118.05,
114.27, 111.67, 111.55, 107.26, 56.21, 53.06, 47.26, 34.21, 29.54, 28.36,
28.07, 27.46, 23.54, 21.54, 20.35. HRMS [M þ H]þ: 504.2524
(calculated for [C29H35ClN5O]þ: 504.2525).

14.1.5.35. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hex-
yl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1035). Yield 75%; mp 141.1e143.5 �C. Purity: 99.9%. 1H NMR
(500MHz, DMSO‑d6) d 11.12 (d, J¼ 2.5 Hz, 1H), 8.65 (t, J¼ 5.6 Hz,
1H), 8.46 (d, J¼ 9.2 Hz, 1H), 8.32 (d, J¼ 5.5 Hz, 3H), 8.15 (d,
J¼ 2.2 Hz, 1H), 7.62 (d, J¼ 7.9 Hz, 1H), 7.55 (dd, J¼ 9.2, 2.2 Hz, 1H),
7.20 (d, J¼ 2.4 Hz, 1H), 6.97 (m, 2H), 3.95 (m, 1H), 3.80 (m, 2H), 3.17
(t, J¼ 6.3 Hz, 2H), 2.99 (m, 4H), 2.63 (m, 2H), 1.79 (m, 4H), 1.66 (m,
2H), 1.22 (m, 6H). 13C NMR (126MHz, DMSO‑d6) d 168.23, 155.49,
151.17, 138.82, 137.04, 136.32, 127.80, 127.29, 125.33, 124.79, 121.09,
118.68, 118.43, 118.02, 114.29, 111.62, 111.50, 107.24, 56.16, 53.03,
47.16, 29.78, 28.63, 28.05, 27.38, 25.97, 25.87, 24.20, 22.66, 21.53,
20.34. HRMS [M þ H]þ: 518.2681 (calculated for [C30H37ClN5O]þ:
518.2682).

14.1.5.36. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hep-
tyl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-
K1036). Yield 84%; mp 121.8e125.9 �C. Purity: 96%. 1H NMR
(500MHz, DMSO‑d6) d 10.82 (d, J¼ 2.3 Hz, 1H), 8.39 (d, J¼ 9.3 Hz,
1H), 8.01 (d, J¼ 2.2 Hz, 1H), 7.89 (s, 1H), 7.82 (t, J¼ 5.7 Hz, 1H), 7.55
(m, 2H), 7.29 (d, J¼ 8.1 Hz, 1H), 7.08 (d, J¼ 2.3 Hz, 1H), 6.97 (m, 2H),
6.68 (d, J¼ 8.2 Hz, 1H), 4.12 (m,1H), 3,81 (m, 2H), 3.67 (m, 2H), 3.00
(m, 4H), 2.60 (m, 2H), 1.79 (m, 4H), 1.70 (m, 2H), 1.28 (s, 8H). 13C
NMR (126MHz, DMSO‑d6) d 171.87, 155.58, 155.25, 151.10, 138.80,
137.18, 136.17, 127.74, 125.34, 123.70, 120.88, 118.58, 118.20, 114.20,
111.66, 111.37, 110.36, 78.04, 55.39, 48.75, 47.43, 29.81, 29.02, 28.44,
26.24, 26.17, 23.97, 22.66, 21.46, 20.34. HRMS [M þ H]þ: 532.2829
(calculated for [C31H39ClN5O]þ: 532.2838).

14.1.5.37. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)octyl-
2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1037).
Yield 76%; mp 151.9e154.3 �C. Purity: 95%. 1H NMR (500MHz,
Methanol-d4) d 8.36 (d, J¼ 9.2 Hz, 1H), 7.82 (d, J¼ 2.2 Hz, 1H), 7.59
(d, J¼ 7.9 Hz, 1H), 7.51 (m, 2H), 7.32 (m, 1H), 7.01 (m, 2H), 4.08 (t,
J¼ 7.3 Hz, 1H), 3.91 (t, J¼ 7.3 Hz, 2H), 3.18 (m, 2H), 2.99 (m, 3H),
2.66 (m, 3H), 1.93 (m, 4H), 1.81 (m, 2H), 1.40 (m, 2H), 1.27 (m, 6H),
1.13 (m, 2H). 13C NMR (126MHz, DMSO‑d6) d 168.28, 155.62, 151.21,
138.89, 137.15, 136.39, 127.84, 127.34, 125.38, 124.89, 121.20, 118.72,
118.51, 118.10, 114.34, 111.71, 111.57, 107.28, 67.19, 53.10, 47.41, 34.36,
31.52, 29.88, 28.76, 28.11, 27.48, 27.06, 24.17, 22.46, 21.57, 20.40.
HRMS [M þ H]þ: 546.2991 (calculated for [C32H41ClN5O]þ:
546.2995).

14.1.5.38. N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)ethyl-2-amino-
3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1038).
Yield 87%; mp 192.4e195.3 �C. Purity: 96%. 1H NMR (300MHz,
DMSO‑d6) d 14.25 (s, 1H), 11.06 (d, J¼ 2.5 Hz, 1H), 9.36 (t, J¼ 5.6 Hz,
1H), 8.44 (d, J¼ 9.2 Hz, 2H), 8.02 (dd, J¼ 8.6, 1.2 Hz, 1H), 7.83 (m,
2H), 7.55 (m, 2H), 7.23 (m, 2H), 6.90 (m, 2H), 4.26 (m, 2H), 3.99 (m,
1H), 3.85 (m, 2H), 3.13 (m, 2H), 2.98 (m, 2H), 2.59 (m, 2H), 1.78 (m,
4H). 13C NMR (75MHz, DMSO‑d6) d 169.65, 155.74, 150.68, 138.05,
136.28, 132.65, 127.22, 125.42, 125.20, 124.92, 121.12, 119.26, 118.60,
118.46, 115.64, 111.48, 111.42, 107.05, 56.19, 53.04, 46.96, 34.17,
28.07, 27.14, 24.09, 21.66. HRMS [M þ H]þ: 428.2442 (calculated for
[C26H30N5O]þ: 428.2445).

14.1.5.39. N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)propyl-2-
amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1039).
Yield 92%; mp 148.8e152.0 �C. Purity: 99.9%. 1H NMR (500MHz,
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Methanol-d4) d 8.28 (d, J¼ 8.7 Hz, 1H), 7.81 (d, J¼ 4.0 Hz, 2H), 7.54
(m, 2H), 7.23 (d, J¼ 8.0 Hz, 1H), 7.10 (s, 1H), 6.94 (m, 2H), 4.28 (m,
1H), 3.18 (m, 2H), 3.02 (m, 2H), 2.68 (m, 2H), 1.94 (m, 8H), 1.80 (m,
2H). 13C NMR (126MHz, Methanol-d4) d 175.48, 157.91, 151.69,
139.64, 137.92,133.98,128.76,126.44, 126.36,124.68, 122.30,120.12,
119.69, 119.40, 117.05, 112.95, 112.26, 110.85, 57.42, 45.69, 37.07,
31.27, 29.36, 28.64, 25.02, 23.01, 21.83. HRMS [M þ H]þ: 442.2597
(calculated for [C27H32N5O]þ: 442.2602).

14.1.5.40. N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)butyl-2-amino-
3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1040).
Yield 53%; mp 76.3e81.0 �C. Purity: 98%. 1H NMR (500MHz,
DMSO‑d6) d 10.78 (d, J¼ 2.4 Hz, 1H), 8.10 (d, J¼ 8.8 Hz, 1H), 7.83 (t,
J¼ 5.7 Hz, 1H), 7.69 (dd, J¼ 8.3, 1.2 Hz, 1H), 7.55 (d, J¼ 7.9 Hz, 1H),
7.50 (ddd, J¼ 8.2, 6.7, 1.2 Hz, 1H), 7.32 (m, 2H), 7.10 (d, J¼ 2.3 Hz,
1H), 6.99 (m, 2H), 6.67 (d, J¼ 8.3 Hz, 1H), 4.12 (m, 1H), 3.02 (m, 2H),
2.88 (m, 2H), 2.70 (m, 2H), 1.79 (m, 4H), 1.50 (m, 2H), 1.38 (m, 2H),
1.29 (m, 4H). 13C NMR (126MHz, DMSO‑d6) d 171.92, 157.91, 155.26,
150.51, 146.89, 136.19, 128.25, 127.52, 123.74, 123.40, 123.23, 120.93,
120.31, 118.65, 118.25, 115.87, 111.37, 110.42, 78.05, 55.34, 47.83,
38.43, 33.57, 28.30, 26.64, 25.22, 22.90, 22.57. HRMS [M þ H]þ:
456.2747 (calculated for [C28H34N5O]þ: 456.2758).

14.1.5.41. N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)pentyl-2-
amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1041).
Yield 83%; mp 118.5e121.1 �C. Purity: 95%. 1H NMR (300MHz, D2O)
d (ppm) 7.73 (d, J¼ 8.6 Hz, 1H), 7.60 (m, 1H), 7.27 (m, 2H), 7.14 (m,
1H), 7.04 (m, 2H), 6.69 (m, 2H), 4.08 (m, 1H), 3.65 (m, 2H), 3.37 (m,
2H), 3.03 (m, 2H), 2.44 (m, 2H), 2.22 (m, 4H), 1.65 (m, 4H), 1.41 (m,
2H), 0.95 (m, 2H). 13C NMR (75MHz, D2O) d 168.82, 154.52, 148.87,
136.93, 135.46, 132.25, 126.23, 124.58, 124.51, 124.38, 121.14, 118.60,
118.18, 117.53, 114.21, 111.05, 110.34, 105.77, 57.28, 53.42, 46.97,
39.06, 30.10, 29.26, 27.11, 26.77, 22.93, 20.92, 19.80. HRMS [M þ
H]þ: 470.2910 (calculated for [C29H36N5O]þ: 470.2915).

14.1.5.42. N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)hexyl-2-
amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1042).
Yield 63%; mp 148.7e150.8 �C. Purity: 97%. 1H NMR (300MHz,
Methanol-d4) d 8.36 (d, J¼ 8.7 Hz, 1H), 7.80 (m, 2H), 7.58 (m, 2H),
7.32 (m, 1H), 7.19 (s, 1H), 7.00 (m, 2H), 4.09 (m, 1H), 3.90 (t,
J¼ 7.3 Hz, 2H), 3.30 (m, 2H), 2.99 (m, 2H), 2.68 (m, 2H), 2.16 (m, 4H),
1.93 (m, 4H), 1.76 (m, 2H), 1.31 (m, 4H). 13C NMR (75MHz, Meth-
anol-d4) d 169.86, 157.77, 151.51, 139.63, 138.02, 133.97, 128.37,
126.48, 126.30, 125.53, 122.64, 120.09, 120.06, 119.27, 116.94, 112.71,
112.47, 108.08, 58.30, 55.18, 40.40, 31.33, 29.69, 27.28, 27.23, 24.97,
22.95, 21.80, 20.82, 20.79. HRMS [MþH]þ: 484.3066 (calculated for
[C30H38N5O]þ: 484.3017).

14.1.5.43. N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)heptyl-2-
amino-3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1043).
Yield 38%; mp 148.7e150.8 �C. Purity: 98%. 1H NMR (500MHz, D2O)
d 7.78 (m, 1H), 7.55 (m, 1H), 7.24 (m, 2H), 7.11 (m, 2H), 6.94 (m, 1H),
6.76 (m, 2H), 3.96 (m, 1H), 3.50 (m, 2H), 2.95 (m, 2H), 2.49 (m, 2H),
2.11 (m, 2H),1.63 (m, 4H),1.55 (m, 2H),1.19 (m, 2H),1.08 (m, 8H). 13C
NMR (126MHz, D2O) d 169.03, 157.77, 155.03, 149.12, 137.35, 135.75,
132.42, 126.25, 124.69, 124.54, 121.57, 118.93, 118.48, 117.55, 114.48,
111.41, 110.68, 105.89, 57.40, 53.55, 47.31, 39.30, 29.45, 27.56, 27.45,
27.04, 25.43, 25.40, 22.79, 21.11, 20.04. HRMS [M þ H]þ: 498.3225
(calculated for [C31H40N5O]þ: 498.3228).

14.1.5.44. N-(2-(1,2,3,4-tetrahydroacridin-9-ylamino)octyl-2-amino-
3-(1H-indole-3-yl)propylamide dihydrochloride (S-K1044).
Yield 83%. Purity: 95%. 1H NMR (500MHz, DMSO‑d6) d 14.20 (s, 1H),
11.09 (s, 1H), 8.43 (d, J¼ 8.6 Hz, 1H), 8.03 (d, J¼ 8.4 Hz, 1H), 7.83 (m,
1H), 7.58 (m, 2H), 7.32 (d, J¼ 8.1 Hz, 1H), 7.21 (s, 1H), 6.99 (m, 2H),

3.94 (m, 1H), 3.83 (m, 2H), 3.17 (m, 2H), 3.02 (m, 2H), 2.66 (m, 2H),
1.81 (m, 4H), 1.70 (m, 2H), 1.20 (m, 10H). 13C NMR (126MHz,
DMSO‑d6) d 168.23, 155.80, 150.76, 138.06, 136.35, 132.69, 127.33,
125.25, 125.17, 124.86, 121.14, 119.30, 118.69, 118.47, 115.73, 111.54,
111.21, 107.26, 53.06, 52.57, 47.30, 36.65, 34.22, 29.99, 28.78, 28.72,
28.67, 28.07, 27.42, 26.36, 24.25, 21.67. HRMS [M þ H]þ: 512.3378
(calculated for [C32H42N5O]þ: 512.3384).

14.1.5.45. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hex-
yl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (R-
K1035). Yield 90%; mp 257.2e260.5 �C. Purity: 95%. 1H NMR
(500MHz, Methanol-d4) d 8.37 (d, J¼ 9.2 Hz, 1H), 7.77 (d, J¼ 2.1 Hz,
1H), 7.59 (d, J¼ 7.9 Hz, 1H), 7.54 (dd, J¼ 9.2, 2.1 Hz, 1H), 7.34 (d,
J¼ 8.1 Hz, 1H), 7.20 (s, 1H), 7.03 (m, 2H), 4.08 (t, J¼ 7.3 Hz, 1H), 3.91
(t, J¼ 7.3 Hz, 2H), 3.32 (m, 2H), 3.21 (m, 2H), 2.98 (t, J¼ 5.9 Hz, 2H),
2.66 (m, 2H), 1.94 (m, 6H), 1.79 (m, 2H), 1.36 (m, 4H). 13C NMR
(126MHz, Methanol-d4) d 169.87, 157.65, 152.00, 140.41, 140.00,
138.08, 128.72, 128.34, 126.75, 125.49, 122.71, 120.11, 119.19, 119.11,
115.36, 113.24, 112.49, 108.09, 58.31, 55.20, 40.43, 31.18, 29.74,
29.30, 28.87, 27.32, 27.25, 24.77, 22.84, 21.73. HRMS [M þ H]þ:
518.2681 (calculated for [C30H37ClN5O]þ: 518.2683).

14.1.5.46. N-(2-(6-chloro-1,2,3,4-tetrahydroacridin-9-ylamino)hex-
yl-2-amino-3-(1H-indole-3-yl)propylamide dihydrochloride (rac-
K1035). Yield 97%; mp 227.3e229.9 �C. Purity: 99%. 1H NMR
(500MHz, Methanol-d4) d 8.36 (d, J¼ 9.2 Hz, 1H), 7.77 (d, J¼ 2.0 Hz,
1H), 7.59 (dt, J¼ 7.9, 0.9 Hz, 1H), 7.54 (dd, J¼ 9.2, 2.1 Hz, 1H), 7.34
(dt, J¼ 8.1, 0.8 Hz, 1H), 7.20 (s, 1H), 7.03 (m, 2H), 4.08 (t, J¼ 7.3 Hz,
1H), 3.90 (t, J¼ 7.3 Hz, 2H), 3.32 (m, 2H), 3.21 (ddd, J¼ 17.1, 14.0,
7.1 Hz, 2H), 2.98 (t, J¼ 6.0 Hz, 2H), 2.67 (t, J¼ 5.9 Hz, 3H), 1.95 (m,
6H), 1.79 (m, 2H), 1.36 (m, 4H). 13C NMR (126MHz, Methanol-d4)
d 169.86, 157.62, 151.98, 140.38, 139.97, 138.07, 128.71, 128.33,
126.73, 125.49, 122.70, 120.10, 119.19, 119.10, 115.35, 113.23, 112.48,
108.08, 58.30, 55.19, 40.43, 31.18, 29.73, 29.30, 28.86, 27.31, 27.24,
24.77, 22.83, 21.72. HRMS [M þ H]þ: 518.2681 (calculated for
[C30H37ClN5O]þ: 518.2685).

15. Inhibition of human AChE and BChE

The AChE and BChE inhibitory activities of the tested com-
pounds were determined using modified Ellman's method [62].
Human recombinant acetylcholinesterase (hAChE; EC 3.1.1.7), hu-
man plasmatic butyrylcholinesterase (hBChE; EC 3.1.1.8), 5,50-
dithiobis(2-nitrobenzoic acid) (Ellman's reagent, DTNB), phosphate
buffer solution (PBS, pH 7.4), acetylthiocholine (ATCh), and butyr-
ylthiocholine (BTCh) were purchased from Sigma-Aldrich (Prague,
Czech Republic). For measuring purposes e polystyrene Nunc 96-
well microplates with flat bottom shape (ThermoFisher Scientific,
USA) were utilized. All of the assays were carried out in 0.1M
KH2PO4/K2HPO4 buffer, pH 7.4. Enzyme solutions were prepared at
an activity 2.0 units.mL�1 in 2mL aliquots. The assay medium
(100 mL) consisted of 40 mL of 0.1M PBS (pH 7.4), 20 mL of 0.01M
DTNB,10 mL of enzyme, and 20 mL of 0.01M substrate (ATCh or BTCh
iodide solution). Assayed solutions with inhibitors (10 mL, 10�3 e

10�9M) were preincubated with hAChE or hBChE for 5min. The
reaction was started by addition of 20 mL of substrate. The enzyme
activity was determined by measuring the increase in absorbance
at 412 nm at 37 �C in 2min intervals using a Multimode microplate
reader Synergy 2 (Vermont, USA). Each concentration was assayed
in triplicate. The obtained data were used to compute the per-
centage of inhibition (I; Equation (1)):
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I ¼
�
1� DAi

DA0

�
� 100 ½%� (1)

DAi indicates absorbance change provided by the cholinesterase
exposed to AChE inhibitors. DA0 indicates absorbance change
caused by the intact cholinesterase (phosphate buffer was used
instead of the AChE inhibitor solution). Inhibition potency of tested
compounds was expressed as the IC50 value (the concentration of
inhibitor, which causes 50% cholinesterase inhibition). All calcula-
tions were performed using Microsoft Excel software (Redmont,
WA, USA) and GraphPad Prism version 5.02 for Windows (Graph-
Pad Software, San Diego, CA) (www.graphpad.com).

15.1. Propidium displacement studies

The affinity of selected inhibitors for the peripheral binding site
of EeAChE (type VI-S, Sigma-Aldrich, Milano, Italy) was tested using
propidium iodide (P) (Sigma-Aldrich, Milano, Italy), a known spe-
cific PAS ligand, following the method proposed by Taylor et al.
[72,73]. The complexation of propidium iodide and AChE [72] de-
termines a shift in the excitation wavelength [72]. A stock solution
(4mM) of S-K1035 was prepared in methanol. EeAChE (2 mM) was
first incubated with 8 mM propidium iodide in 1mM Tris-HCl, pH
8.0. In the back titration experiments of the propidium-AChE
complex by S-K1035, aliquots of the inhibitor (8e56 mM) were
added gradually and fluorescence emission was monitored at
635 nm upon excitation at 535 nm. Blanks containing propidium
alone, inhibitor plus propidium and EeAChE alone were prepared
and fluorescence emission was determined. Experiments were
carried out at room temperature using a Jasco 6200 spectrofluo-
rometer (Cremella, Italy) and a 0.5mL quartz cuvette. Raw data
were processed following the method by Taylor and Lappi [73] to
estimate KD values assuming a dissociation constant value for
propidium for EeAChE equals to 0.7 mM [74].

15.2. Inhibition of AChE-induced Ab40 aggregation [90].

Ab40, supplied as trifluoroacetate salt, was purchased from
Bachem AG (Bubendorf, Switzerland). Ab40 (2mgmL�1) was dis-
solved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and lyophilized
and redissolved in DMSO to achieve a concentration of 2.3mM.
Stock solutions of tested inhibitors were prepared in methanol
(1.5e2mM) and diluted in the assay buffer. Aliquots of 2 mL Ab40
peptide in DMSO were incubated in 0.215M sodium phosphate
buffer (pH 8.0) at a final concentration of 230 mM for 24 h. For co-
incubation experiments aliquots (16 mL) of hAChE (final concen-
tration of 2.30 mM, Ab/AChE molar ratio 100:1) and AChE in the
presence of 2 mL of the tested inhibitor (final inhibitor concentra-
tion of 100 mM) in 0.215M sodium phosphate buffer solution (pH
8.0) were added. Blanks containing Ab40 alone, hAChE alone, and
Ab40 plus tested inhibitors in 0.215M sodium phosphate buffer (pH
8.0) were prepared. The final volume of each vial was 20 mL. Each
assay was run in duplicate. To quantify amyloid fibril formation, the
thioflavin T fluorescence method was then applied [108]. Due to b-
sheet conformation, the fluorescence intensities were monitored
for 300 s at lem¼ 490 nm (lexc¼ 446 nm). We calculate the per-
centage of inhibition of the AChE-induced aggregation due to the
presence of tested compound.

15.3. Inhibition of Ab42 self-aggregation

As reported in a previously published protocol [88], HFIP pre-
treated Ab42 samples (Bachem AG) were first solubilized with a
CH3CN/0.3mM Na2CO3/250mM NaOH (48.4:48.4:3.2) mixture to

obtain a 500 mM solution. Experiments were performed by incu-
bating the peptide in 10mM phosphate buffer (pH¼ 8.0) contain-
ing 10mM NaCl, at 30 �C for 24 h (final Ab concentration 50 mM)
with and without inhibitor (50 mM, Ab/inhibitor¼ 1/1). Blanks
containing the tested inhibitors were also prepared and measured.
To quantify amyloid fibrils formation, the thioflavin T fluorescence
method was used [108]. After incubation, samples were diluted to a
final volume of 2.0mL with 50mM glycine�NaOH buffer (pH 8.5)
containing 1.5 mM thioflavin T. A 300-second-time scan of fluores-
cence intensity was carried out (lexc¼ 446 nm; lem¼ 490 nm, FP-
6200 fluorometer, Jasco Europe), and values at plateau were aver-
aged after subtracting the background fluorescence of 1.5 mM thi-
oflavin T solution. The fluorescence intensities were compared and
the percentual inhibition due to the presence of the inhibitor was
calculated by the following formula: 100� (IFi/IFo� 100) where IFi
and IFo are the fluorescence intensities obtained for Ab42 in the
presence and absence of inhibitor, respectively.

16. Determination of in vitro blood-brain barrier permeation

The parallel artificial membrane permeation assay (PAMPA) was
used based on the reported protocol [95,96]. The filter membrane
of the donor plate was coated with polar brain lipid (PBL, Avanti
Polar Lipids, Ins., USA) in dodecane (4 mL of 20mgmL�1 PBL in
dodecane) and the acceptor well was filled with 300 mL of the PBS
buffer (VA; pH¼ 7.4)). Tested compounds were dissolved first in
DMSO and the resulting solutionwas subsequently mixed with PBS
(pH¼ 7.4) to reach the final concentration of 100 mM in the donor
well. Concentration of DMSO did not exceed 0.5% (V/V) in the donor
solution. A volume of 300 mL of the donor solutionwas added to the
donor wells (VD) and the donor filter plate was carefully put on the
acceptor plate so that coated membrane was “in touch” with both
the donor solution and the acceptor buffer. The test compound
diffused from the donor well through the lipid membrane
(area¼ 0.28 cm2) to the acceptor well. The concentration of the
drug in both the donor and the acceptor wells was assessed after 3,
4, 5 and 6 h of incubation in quadruplicate using the UV plate
reader Synergy HT (Biotek, Vermont, USA) at the maximum ab-
sorption wavelength of each compound. The concentration of the
compounds was calculated from the standard curve and expressed
as permeability (Pe) according equation (2) [97,109]:

logPe ¼ log

(
C ��ln

 
1� ½drug�acceptor

½drug�equilibrium

!)
where C

¼
�

VD � VA

ðVD þ VAÞ � Area� time

�
(2)

where, [drug]acceptor is the concentration of the drug in the acceptor
compartment in the certain time and [drug]equilibrium is the con-
centration of the drug in theoretical equilibrium i.e. after dilution of
the drug between donor and acceptor compartment.

17. In vitro effects of compounds on the activity of nitric
oxide synthase

All evaluated compounds were dissolved in redistilled water.
Compounds S-K1024, S-K1040, S-K1044 were also sonicated. Basic
1mM stock solutions were stored at 8 �C for no longer than one
month. Estimations of the activity of nitric oxide synthase (nNOS)
were performed on purified cortical homogenates from a total of 5
male Wistar rats aged 3e5 months. A mixture of the cortexes was
homogenized (1:10) in homogenisation buffer (1mM EGTA, 1mM
dithiothreitol, 20mM HEPES, 0.32M sucrose, 14.6 mM pepstatin,
21 mM leupeptin, pH¼ 7.4), centrifuged at 1200 g for 10min at 4 �C,
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and the resulting aliquots of supernatants (2mgmL�1 of proteins)
were stored at �20 �C until assayed. Compounds (final concentra-
tions in the incubation mixtures equaled 46 nMe68 mM) and su-
pernatants were added to the reaction buffer (homogenisation
buffer containing also 200 mM ß-nicotinamide adenine dinucleo-
tide phosphate, 50 mM tetrahydrobiopterin and 2.3 mM [14C]argi-
nine (PerkinElmer, USA) and incubated for 30min at 37 �C. All
samples contained also 1 mM CaCl2 and some of them 1mM sper-
midine (Merck, Prague, Czech Republic). The reaction was termi-
nated by adding a stop buffer (30mMHEPES, 3mMEDTA, pH¼ 5.5)
and by rapid cooling. DOWEX 50WX8-200 (Sigma-Aldrich) was
used to separate citrulline from arginine, in accordance with our
previous study [110].

18. In vivo studies

18.1. Animals

Male Wistar rats (10e12 week old) were obtained from Velaz
(Prague, Czech Republic) and housed in groups of 4e6 in an
accredited animal facility. Animals were kept in a controlled
holding environment with a 12 h day-night cycle, access to stan-
dard rodent diet (Cerea Corp., Czech Republic) and water ad libitum.
The time of acclimatization was at least 14 days prior to all exper-
imental procedures. The use of animals was approved by the Ethics
Committee of the Faculty of Military Health Sciences (Hradec Kra-
love, Czech Republic). All procedures involving animals were in
accordance with contemporary legislation.

18.2. Assessment of maximum tolerated dose

The acute toxicity of S-K1035 was evaluated by the assessment
of MTD (mg.kg�1). Male Wistar Rats (body weight 313e370 g) were
randomly assigned to experimental groups consisting of two males
per one applied dose of S-K1035. Several doses were administered
to identify MTD, the starting dose being 50mg kg�1. S-K1035 was
administered via i.p. injection in standardized volume of 1mL kg�1.

Treated rats were extensively observed for signs of toxicity
during first two hours; then periodically for 48 h. Clinical signs,
such as cardiovascular, respiratory and nervous system disability,
weight loss or reduction of food consumption were monitoring
according to Laboratory Animal Science Association (UK) guide-
lines. Severity of symptoms was classified as mild, moderate and
substantial [111]. If category of substantial severity was achieved
within 48 h, animals were immediately euthanized by CO2 and a
lower dose was selected for the further group. Similarly, if there
was a severe adverse effect or death occurring within few minutes
after administration to the first animal in the group, the other an-
imal was not treated and lower dose were selected as well. Another
lower/higher dose followed previous dose after 48 h, depending on
severity of symptoms. All animals surviving 48 h were euthanized
by CO2 and subjected to basic macroscopic necropsy. Necropsy was
also performed in the case of mortality, examining signs of
macroscopic organ toxicity.

19. Behavioral studies

19.1. Animals

Thirty adult male Wistar rats (9e12 weeks old, 370e500 g),
obtained from the Institute of Physiology Czech Academy of Sci-
ences, accredited breeding colony, were used for described exper-
iments. The rats were housed in pairs in transparent plastic cages
(20� 25� 40 cm) in an air-conditioned animal room (temperature:
22± 1 �C, humidity: 50e60%, lights on: 06:00e18:00 h). Water and

standard laboratory food were available ad libitum. After an accli-
matization period in the animal room at the Institute of Physiology,
Czech Academy of Sciences, the rats were habituated to human
manipulations by handling (two days, 10min per day). The
behavioral experiments were conducted in the light phase of the
day. All experiments were conducted in accordance with the
guidelines of the European Union directive 2010/63/EU and
approved by the Animal Care and Use Committee of the Institute of
Physiology Czech Academy of Sciences and by the Central Com-
mittee of the Czech Academy of Sciences. The Institute of Physi-
ology Czech Academy of Sciences possesses the National Institutes
of Health Statement of Compliance with Standards for Humane
Care and Use of Laboratory Animals.

19.2. Surgery

Surgical preparation was performed under 2% isoflurane anes-
thesia (Abbot Laboratories, Chicago, USA). Rats were placed in a
stereotaxic frame (TSE Systems), eyes were covered by medical
petroleum jelly (Vaseline®, Unilever, Rotterdam, Netherland) and
hairs and scalp were removed. Rats were implanted with guide
cannulas in both cerebral ventricles at the coordinates relative to
Bregma: AP¼�0.80mm; ML¼ 1.5mm; DV¼ 3.5mm from skull
surface [112]. The cannulas were fixed to the skull with two
stainless steel screws and dental cement. After surgery animals had
free access to food and water containing analgesics. Seven days
after the surgery rats started the Morris water maze evaluation.

19.3. Drug application

S-K1035 was prepared according to the described chemical
synthesis. The purity of S-K1035 was >99% (HPLC detected). S-
K1035 was dissolved in sterile saline (0.9% NaCl) for a desired
concentration of 10 and 100 nM. The freshly prepared solution was
sonicated (20min), fractioned on low volume aliquots (20 mL) and
frozen at �20 �C.

Scopolamine hydrobromide (referred to as scopolamine or SCOP
in group names, Sigma-Aldrich, 5mg kg�1) was dissolved in sterile
saline one day before the experiment and stored in cold dark
environment. As control, sterile saline (SAL) was used.

The drugs were applied on the MWM day 4. Each rat was
pseudo-randomly assigned into one of five treatment groups
(N¼ 6): (1) SAL i.c.v.þ SAL i.p.; (2) SAL i.c.v.þ SCOP i.p.; (3) S-K1035
100 nM i.c.v. þ SAL i.p.; (4) S-K1035 10 nM i.c.v. þ SCOP i.p.; (5) S-
K1035 100 nM i.c.v. þ SCOP i.p. Each rat received one bilateral
intracerebroventricular (i.c.v., 60 min prior to MWM testing, S-
K1035 or saline) and one intraperitoneal (i.p., 20min prior toMWM
testing, scopolamine or saline) injection.

S-K1035 or NaCl was applied into the cerebral ventricles by an
infusion pump (TSE Systems, Bad Homburg, Germany) with a
constant flow rate 0.5 mLmin�1; and a total volume 1 mL in each
injection. The internal cannula was removed 1min after the end of
the infusion. The volume of i.p. injections was 1mL kg�1.

19.4. Morris water maze (MWM)

The MWM apparatus consisted of a blue plastic circular pool
(180 cm in diameter) with a circular platform (10 cm in diameter,
submerged 1 cm below the water surface, transparent plastic). The
pool was filled with water (23e24 �C, 28 cm deep) colored by a
small amount of a non-toxic grey color. MWM task designed by
Jackons and Soliman was modified and used [105]. The MWM was
conducted during four consecutive days. The rats were trained to
find the hidden platform, the position of whichwas constant (in the
center of the NW quadrant). Every testing day each rat underwent
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four swims from different starting points (N, S, W, E; their order
was selected randomly and it was different each day). Animals were
released into the water facing the wall of the pool. The trial stopped
when the rat found the platform. If the rat did not find the platform
in 60 s, it was gently guided to the platform by the experimenter.
The drugs were applied only on day 4.

Rats were tracked during the experiment with a camera situated
above themaze and connected to a digital tracking system (Tracker,
Biosignal Group, New York, USA). The acquired data were stored for
an off-line analysis using Carousel Maze Manager 0.4.0 (https://
github.com/bahniks/CM_Manager_0_4_0).

19.5. Measured parameters and statistics

Following parameters were analyzed: distance moved (m),
escape latency (s), average distance from the platform (cm), and
time in the target sector (percentage of time spent swimming in the
90� sector with the platform in the center). These parameters were
analyzed for every swim of day 3 and day 4 MWM andmean values
were calculated for these days. The mean performance of a group
on MWM day 3 (group's baseline, without drugs) and the mean
performance of the same group on day 4 (with drugs) were
compared using Mann-Whitney nonparametric test (GraphPad
Prism 5.02). This analysis was done for all MWM parameters
studied. In addition, performances of day 3 of all groups were
compared by ANOVA and Tukey post hoc test (GraphPad Prism
5.02) to find out whether there are any differences in group base-
line. This was done for all MWM parameters studied.

Accession codes

Atomic coordinates and structure factor amplitudes of the
TcAChEe S-K1035 complex have been deposited in the Brookhaven
Protein Data Bank under the PDB ID code 5NUU, hBChE e S-K1035
complex under PDB entry 6I0B and hBChE e R-K1035 complex
under PDB entry 6I0C. Authors will release atomic coordinates and
experimental data upon article publication.

Abbreviations

ACh, acetylcholine; AChE, acetylcholinesterase; AChEIs, acetyl-
cholinesterase inhibitors; ATCh, acetylthiocholine; ALT, alanine
aminotransferase; AD, Alzheimer’s disease; Ab, amyloid-b; APP,
amyloid precursor protein; AST, aspartate aminotransferase; BOP,
benzotriazol-1-yloxytris(dimethylamino)phosphonium hexa-
fluorophosphate; BBB, blood-brain barrier; BCh, butyrylcholine;
BChE, butyrylcholinesterase; BTCh, butyrylthiocholine; Boc2O, di-
tert-butyl dicarbonate; CAS, catalytic anionic site; CNS, central
nervous system; COSY, correlation spectroscopy; CHO-K1, chinese
hamster ovary; DMSO, dimethylsulfoxide; DEPT, distortionless
enhancement by polarization transfer; DTNB, 5,5'-dithiobis(2-
nitrobenzoic acid); ECD, electronic circular dischroism; FDA, Food
and Drug Administration; HMBC, heteronuclear multiple-bond
correlation; HPLC, high-performance liquid chromatography;
HSQC, heteronuclear single-quantum correlation; HFIP, 1,1,1,3,3,3-
hexafluoro-2-propanol; hAChE, human aetylcholinesterase;
hBChE, human butyrylcholinesterase; HepG2, human liver carci-
noma cell line; 5-HT, serotonin; 6-Cl-THA, 6-chlorotacrine; ChE,
cholinesterase; ChEIs, cholinesterase inhibitors; IC, inhibitory
concentration; i.c.v., intracerebroventricular; i.m., intramuscular;
i.p., intraperitoneal; LC-HRMS, liquid-chromatography-high reso-
lution mass spectrometry; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide; MTD, maximum tolerated dose; 7-
MEOTA, 7-methoxytacrine; MTDLs, multi-target directed ligands;
MWM, Morris water maze, L-NMMA, NG-monomethyl-L-arginine;

NQ, naphthoquinone; nNOS, neuronal nitric oxide synthase; NO,
nitric oxide; 7-NI, 7-nitroindozale; NMR, nuclear magnetic reso-
nance; PAMPA, parallel artificial membrane permeation assay;
PAINS, pan assay interference compounds; PAS, peripheral anionic
site; Pe, permeability; SAL, saline; SCOP, scopolamine; SI, selectivity
index; THA, tacrine; ThT, thioflavin T; TLC, thin layer chromatog-
raphy; TcAChE; Torpedo californica acetylcholinesterase; TEA; trie-
thylamine; Trp, tryptophan.
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A B S T R A C T   

N-methyl-D-aspartaterecepro receptor (NMDARs) are a subclass of glutamate receptors, which play an essential 
role in excitatory neurotransmission, but their excessive overactivation by glutamate leads to excitotoxicity. 
NMDARs are hence a valid pharmacological target for the treatment of neurodegenerative disorders; however, 
novel drugs targeting NMDARs are often associated with specific psychotic side effects and abuse potential. 
Motivated by currently available treatment against neurodegenerative diseases involving the inhibitors of 
acetylcholinesterase (AChE) and NMDARs, administered also in combination, we developed a dually-acting 
compound 7-phenoxytacrine (7-PhO-THA) and evaluated its neuropsychopharmacological and drug-like prop
erties for potential therapeutic use. Indeed, we have confirmed the dual potency of 7-PhO-THA, i.e. potent and 
balanced inhibition of both AChE and NMDARs. We discovered that it selectively inhibits the GluN1/GluN2B 
subtype of NMDARs via an ifenprodil-binding site, in addition to its voltage-dependent inhibitory effect at both 
GluN1/GluN2A and GluN1/GluN2B subtypes of NMDARs. Furthermore, whereas NMDA-induced lesion of the 
dorsal hippocampus confirmed potent anti-excitotoxic and neuroprotective efficacy, behavioral observations 
showed also a cholinergic component manifesting mainly in decreased hyperlocomotion. From the point of view 
of behavioral side effects, 7-PhO-THA managed to avoid these, notably those analogous to symptoms of 
schizophrenia. Thus, CNS availability and the overall behavioral profile are promising for subsequent investi
gation of therapeutic use.   

1. Introduction 

N-methyl-D-aspartate receptors (NMDARs) are a subclass of gluta
mate receptors playing an essential role in synaptic plasticity and 
excitatory neurotransmission [1,2]. However, they are often associated 
with their excessive activation, known as “excitotoxicity” and are also 
implicated in many disorders of the central nervous system (CNS), such 

as Alzheimer’s disease (AD), Parkinson’s disease, Huntington’s disease, 
brain ischemia or multiple sclerosis [3]. Thus, NMDARs are a suitable 
target for the treatment of such CNS syndromes via the development of 
novel drugs with known mechanisms of action and known affinity to 
different NMDAR subtypes. 

Most NMDARs are heterotetramers composed of the GluN1 and 
GluN2A-D subunits (GluN1/GluN2 type). They are activated by agonists 
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of the glutamate binding site within the GluN2 subunit, and by co- 
agonists of the glycine-binding site within the GluN1 subunit [2]. 
GluN2A and GluN2B subunits are the most common GluN2 subunits 
expressed in the forebrain of postnatal animals [2,4]. All GluN subunits 
share the same membrane topology, namely an extracellular N-terminus 
comprising the amino terminal domain (ATD) and part of the ligand- 
binding domain, followed by four membrane domains (M1 - M4) with 
an ion channel formed by M2 and M3, and an intracellular C-terminus. 
The extracellular and membrane domain regions of the NMDARs are 
targets of many different inhibitory compounds, including those acting 
by competitive, allosteric and/or open-channel block mechanisms. 

Many different allosteric inhibitors of NMDARs have been previously 
described, including a set of compounds acting via the ifenprodil- 
binding site within the GluN1/GluN2B receptors [5-7]. The major 
motivation in these studies was that it has been shown that the specific 
inhibitors of the GluN1/GluN2B receptors may decrease the negative 
effects of excitotoxicity [8] and ischemia [6]. Furthermore, it has been 
hypothesized that the particularly low expression levels of the GluN1/ 
GluN2B type of NMDARs in the cerebellum may enhance the therapeutic 
action of GluN1/GluN2B-selective compounds while limiting their side 
effects [9]. However, human clinical trials with GluN1/GluN2B- 
selective compounds so far have not yielded satisfactory results, and 
clinical use has been restrained due to observed side effects similar to 
those of phencyclidine, raising concerns of abuse potential [10,11]. 

With respect to the open-channel blockers of NMDARs, it has been 
shown that ketamine shows hallucinogenic properties [12]; memantine 
is used for AD treatment; and dizocilpine (MK-801) is used in a 
pharmacologically-induced model of schizophrenia [13]. Indeed, the 
open-channel blockers differ in the precise mechanism of inhibitory 
action (namely “foot-in-the-door”, “partial-trapping” or “trapping” 
mechanisms). However, it is not clear if the mechanism of inhibitory 
action affects the pharmacological manifestations of the open-channel 
blockers [14,15], but in any case, it seems likely that the open- 
channel blockers which do not interfere with normal synaptic trans
mission provide the best therapeutic profile [16]. 

1,2,3,4-tetrahydro-9-aminoacridine (tacrine; THA) was the first FDA 
approved drug for AD treatment, indirectly stimulating the cholinergic 
system via inhibition of acetylcholinesterase (AChE). However, the un
derlying mechanism is more complex and seems to involve interaction 
with other targets [17]. Our previous study on the effect of THA and its 
derivatives on NMDARs revealed an interesting voltage-dependent 
mechanism of action at the NMDARs, which together with AChE inhi
bition may explain the beneficial effect on symptoms of AD [14]. 
However, THA was later withdrawn from the market due to its hepa
totoxicity and other side effects [18]. Subsequently, to avoid the hepa
totoxic effect of THA, the 7-methoxy derivative of THA (7-MEOTA) was 
developed as a pharmacologically similar compound [19,20]. 7-MEOTA 
passed clinical trial stage I and stage II, with recommendation for stage 
III, [21], however further development was stopped. We have recently 
shown that 7-MEOTA is CNS permeable and a potent “foot-in-the-door” 
blocker of NMDARs, exerting neuroprotective efficacy in vivo with no 
behavioral side effects [15]. However, as a drawback of its dual action (i. 
e. inhibition of AChE and NMDARs), 7-MEOTA is characterized by i) a 
higher selectivity towards GluN2A subunit containing NMDARs; and ii) 
preferential inhibition of NMDARs (IC50 = 3 µM for GluN1/GluN2A type 
[15]) rather than AChE (IC50 = 15 µM [19]). 

One of the major paradigms of modern multi-target directed ligand 
strategy, which aims to develop novel drugs capable of hitting at least 
two different levels of disease pathophysiology, is that the affinity of a 
drug to the targets is balanced [22]. One frequently cited approach is the 
simultaneous blockade of AChE and NMDARs [23-25]. However, so 
called “hybrid compounds”, linking two distinct pharmacophores by a 
carbon chain or by other types of chains, usually do not exhibit drug-like 
properties, displaying deficiencies such as water insolubility, off- 
targeting, and low permeability to the brain. Therefore, reducing the 
size of the molecule while preserving its multi-targeting character seems 

to be the most promising approach. 
Motivated by the beneficial effect of 7-MEOTA, we focused on the 

development of a derivative of THA showing even better pharmaco
logical properties. We have developed 7-phenoxytacrine (7-PhO-THA) 
and examined its inhibitory effect on AChE using Ellman’s assay and on 
various types of recombinant NMDARs by electrophysiology. In addi
tion, we assessed its basic pharmacokinetic parameters, its neuro
protective activity in a model of NMDA-induced lesion of the rat dorsal 
hippocampus, and its effect on the hyperlocomotion induced by the 
administration of MK-801 in rats. Together, our experimental data 
showed that 7-PhO-THA is a promising compound which acts benefi
cially at both glutamatergic and cholinergic systems, with favorable in 
vivo characteristics, and with potential for use in the treatment of 
neurodegenerative diseases and other disorders associated with gluta
matergic excitotoxicity. 

2. Materials and methods 

2.1. Chemical synthesis of 7-PhO-THA 

All chemical reagents used were purchased from Sigma-Aldrich 
(Prague, Czech Republic). Organic solvents for synthesis were ob
tained from Penta Chemicals Co (Prague, Czech Republic). The reactions 
were monitored by thin layer chromatography (TLC) on aluminium 
plates precoated with silica gel 60 F254 (Merck, Prague, Czech Repub
lic) and visualized by UV 254. Melting points were determined using 
microheating stage PHMK 05 (VEB Kombinant Nagema, Radebeul, 
Germany) and are uncorrected. Uncalibrated purity was ascertained by 
ultra-high-performance liquid chromatography (UHPLC) using a reverse 
phase C18 chromatographic column with UV detection at wavelength 
254 nm. The final compound exhibited purity of 99.8%. Nuclear mag
netic resonance (NMR) spectra were recorded on a Varian S500 spec
trometer (operating at 500 MHz for 1H and 126 MHz for 13C; Varian 
Comp. Palo Alto, USA). For 1H δ are given in parts per million (ppm) 
relative to CDCl3 (δ = 7.26), CD3OD (δ = 3.31) or DMSO‑d6 (δ = 2.50), 
and for 13C relative to CDCl3 (δ = 77.00), CD3OD (δ = 49.05) or 
DMSO‑d6 (δ = 39.52). Spin multiplicities are given as s (singlet), bs 
(broad singlet), d (doublet), dd (doublet of doublets), t (triplet), or m 
(multiplet) and coupling constants (J) are reported in Hertz (Hz). High- 
resolution mass spectra (HRMS) were determined by Q Exactive Plus 
hybrid quadrupole-orbitrap spectrometer. 

2.1.1. 7-phenoxy-1,2,3,4,9,10-hexahydroacridin-9-one (1) 
4-Phenoxyaniline (5.00 g; 26.99 mmol), ethyl 2-oxocyclohexane-1- 

carboxylate (5.05 g; 29.69 mmol) and p-toluenesulfonic acid mono
hydrate (0.15 g; cat.) were dissolved in toluene (150 ml) and heated at 
150 ◦C under Dean-Stark trap overnight to collect water. The reaction 
mixture was cooled to room temperature and the solvent evaporated 
under reduced pressure. Diphenyl ether (80 mL) was added and the 
reaction mixture heated for 2 h at 230–240 ◦C using a Dean-Stark 
apparatus. After cooling to room temperature, 100 mL of hexane was 
slowly added, observing the precipitation of intermediate 1. The product 
was collected by filtration and washed with hexane (2 × 100 mL) to give 
the title compound as a yellow solid (6.70 g; 85% yield). The compound 
was immediately used without further purification in the next step. 
Chemical structure and purity were verified by HPLC/HRMS: HRMS [M 
+ H]+: 292.1324 (calculated for [C19H18NO2]+: 292.1293); HPLC purity 
95.4%. 

2.1.2. 9-chloro-7-phenoxy-1,2,3,4-tetrahydroacridine (2) 
Intermediate 1 (6.70 g; 22.99 mmol) was put into a 250 mL round- 

bottom boiling flask and cooled to 0 ◦C. POCl3 (31.73 g; 0.21 mol) 
was added dropwise over 15 min with vigorous stirring. The reaction 
mixture was cooled for another 15 min and then heated at reflux 
(130 ◦C) for 1 h. POCl3 was then removed by distillation under reduced 
pressure. The organic residue was dissolved in dichloromethane (150 

M. Kaniakova et al.                                                                                                                                                                                                                            



Biochemical Pharmacology 186 (2021) 114460

3

ml) and poured into a beaker containing 200 g of drifting ice and 100 ml 
of concentrated ammonia solution (25% aqueous solution). The mixture 
was then stirred for 1 h at room temperature with slow spontaneous ice 
melting, with more drifting ice added as necessary to control the 
exothermic reaction. The organic layer was washed with water (150 mL) 
and brine (150 mL), and dried with anhydrous sodium sulphate. Solvent 
was removed under reduced pressure and the crude mixture purified 
using column chromatography with petroleum ether: ethyl acetate (4:1) 
as mobile phase to obtain compound 2 as a yellowish oil (6.77 g; 95%) 

1H NMR (500 MHz, Chloroform-d) δ 7.95 (d, J = 9.1 Hz, 1H), 7.63 (d, 
J = 2.7 Hz, 1H), 7.40 (dd, J = 9.1, 2.7 Hz, 1H), 7.38 – 7.33 (m, 2H), 7.18 
– 7.12 (m, 1H), 7.10 – 7.05 (m, 2H), 3.14 – 3.03 (m, 2H), 2.99 – 2.89 (m, 
2H), 1.97 – 1.83 (m, 4H); 13C (126 MHz, Chloroform-d) δ 157.88, 
156.62, 155.41, 143.42, 140.21, 130.58, 129.80, 129.11, 126.16, 
123.69, 122.77, 119.07, 109.87, 33.85, 27.42, 22.56, 22.48; HRMS [M 
+ H]+: 311.0894 (calculated for [C19H17ClNO]+: 311.0891); HPLC pu
rity 97.3%. 

2.1.3. 7-phenoxy-1,2,3,4-tetrahydroacridin-9-amine hydrochloride (7- 
PhO-THA) 

Compound 2 (6.75 g; 21.79 mmol) and phenol (18.94 g; 0.20 mol) 
were placed into a two-necked 250 mL round-bottom flask and heated to 
180 ◦C. On reaching 180 ◦C, the reaction mixture was continuously 
bubbled with ammonia gas for 2 h. The progress of the reaction was 
monitored with TLC (hexane: ethyl acetate = 1:1). After the reaction was 
complete, the mixture was cooled to room temperature, diluted with 
dichloromethane (150 mL), and washed with 2 M NaOH solution (2 ×
150 mL), water (100 mL), and brine (100 mL). The organic layer was 
dried with anhydrous sodium sulphate and the solvent removed by 
distillation under reduced pressure. The crude reaction mixture was 
purified using silica gel column chromatography, eluting with hexane: 
ethyl acetate (95:5 → 90:10). 7-PhO-THA was obtained as a yellow 
amorphous solid which was then converted to its salt using a 1 M so
lution of hydrochloric acid in methanol (5.55 g; 78%). 

m.p. 142.5–143.8 ◦C; 1H NMR (500 MHz, DMSO‑d6) δ 8.24 (d, J =
2.2 Hz, 1H), 8.05 (d, J = 9.2 Hz, 1H), 7.64 – 7.54 (m, 1H), 7.41 (tt, J =
7.4, 1.1 Hz, 2H), 7.16 (tt, J = 7.4, 1.1 Hz, 1H), 7.08 – 6.97 (m, 2H), 3.06 
– 2.95 (m, 2H), 2.57 – 2.51 (m, 2H), 1.89 – 1.75 (m, 4H); 13C NMR (126 
MHz, DMSO‑d6) δ 157.02, 154.79, 153.48, 150.91, 134.01, 130.34, 
126.15, 123.79, 121.66, 118.22, 116.11, 112.02, 109.13, 27.81, 22.82, 
21.22, 20.68; HRMS [M + H]+: 291.1484 (calculated for [C19H19N2O]+: 
291.1453); HPLC purity: 99.8% 

2.2. In vitro anti-cholinesterase assay 

The inhibitory activity of 7-PhO-THA and all the reference drugs 
against human recombinant AChE (hAChE, E.C. 3.1.1.7, purchased from 
Sigma-Aldrich, Prague, Czech Republic) and human plasmatic butyr
ylcholinesterase (hBChE, E.C. 3.1.1.8, purchased from Sigma-Aldrich, 
Prague, Czech Republic) were assessed using modified Ellman’s 
method [26]. Results are expressed as IC50 values (the concentration of 
the compound that cause reduction by 50% of cholinesterase (ChE) 
activity). The other compounds used – phosphate buffer solution (PBS, 
pH = 7.4), 5,5′-dithio-bis(2-nitrobenzoic) acid (Ellman’s reagent, 
DTNB), acetylthiocholine (ATCh) and butyrylthiocholine (BTCh) – were 
also commercially available and were purchased from Sigma-Aldrich 
(Prague, Czech Republic). For the assessment, 96-well polystyrene 
microplates (ThermoFisher Scientific, Waltham, MA, USA) were used. 
Solutions of the corresponding enzyme in PBS were prepared up to a 
final activity of 0.002 U/µl. The assay medium consisted of either hAChE 
or hBChE (10 µl), DTNB (20 µl of 0.01 M solution) and PBS (40 µl of 0.10 
M solution). Solutions of the tested compounds (10 µl of different con
centrations) were pre-incubated for 5 min in the assay medium, then 
addition of substrate solution (20 µl of 0.01 M ATCh or BTCh iodide 
solution) started the reaction. The absorbance was measured at 412 nm 
using a Multimode microplate reader Synergy 2 (BioTek Inc., Winooski, 

VT, USA). For calculation of the percentage inhibition of activity (I), the 
following formula was used: 

I =
(

1 −
ΔAi

ΔA0

)

× 100[%]

where ΔAi indicates the absorbance change provided in the presence of 
inhibitor, and ΔA0 indicates the absorbance change when a solution of 
PBS was added instead of a solution of inhibitor (absence of inhibitor). 
Software Microsoft Excel 10 (Microsoft Corporation, Redmont, WA, 
USA) and GraphPad Prism version 5.02 for Windows (GraphPad Soft
ware, San Diego, CA, USA) were used for evaluation of the statistical 
data. 

2.3. Molecular biology 

The cDNA vectors for expression of rat versions of GluN1-1a, GluN2A 
and GluN2B subunits have been described previously [27,28]. GluN1- 
ΔATD, GluN2A-ΔATD and GluN2B-ΔATD constructs with 354 amino 
acids of the ATDs deleted (32 to 386) were either introduced previously 
(GluN1-ΔATD, GluN2B-ΔATD) or were generated (GluN2A-ΔATD) as 
described [29]. The GluN1-Y109C construct was generated by site- 
directed mutagenesis using an established approach and was verified 
by DNA sequencing. 

2.4. Mammalian cell culture and transfection 

Human embryonic kidney 293 (HEK293) cells were kept in Opti- 
MEM I medium containing 5% foetal bovine serum (FBS; v/v) and 
transfected with cDNA constructs carrying the GluN subunits and green 
fluorescent protein using Lipofectamine 2000 (Thermo Fisher Scienti
fic), according to protocol described previously [27,28]. For the exper
iment, the cells were trypsinised, re-suspended in Opti-MEM I 
containing 1% FBS, 20 mM MgCl2, 1 mM D,L-2-amino-5- 
phosphonopentanoic acid, and 3 mM kynurenic acid (to inhibit exces
sive activation of NMDARs during cell culturing) and plated on poly-L- 
lysine-coated glass coverslips. Experiments were performed within 
24–48 h after transfection. 

2.5. Electrophysiology 

Whole-cell patch-clamp recordings using HEK293 cells were per
formed using an Axopatch 200B patch-clamp amplifier (Molecular De
vices, San Jose, California, USA), combined with a microprocessor- 
controlled multi-barrel rapid perfusion system with a time constant for 
solution exchange around the cell of ~20 ms [28]. Glass patch pipettes 
of 3–6 MΩ tip resistance were produced by the model P-97 horizontal 
micropipette puller (Sutter Instrument Co, Novato, California, USA). 
The extracellular solution (ECS) contained (in mM): 160 NaCl, 2.5 KCl, 
10 HEPES, 10 glucose, 0.2 EDTA, and 0.7 CaCl2 (pH adjusted to 7.3 with 
NaOH). The intracellular recording solution contained (in mM): 125 
gluconic acid, 15 CsCl, 5 BAPTA, 10 HEPES, 3 MgCl2, 0.5 CaCl2, and 2 
ATP-Mg salt (pH adjusted to 7.2 with CsOH) (all reagents from Sigma 
Aldrich, Czech Republic). Currents were filtered at 2 kHz with an eight- 
pole low-pass Bessel filter and digitized at 5 kHz with a Digidata 1322A 
using pClamp 9 software (Molecular Devices, San Jose, California, USA). 
A stock solution of 7-PhO-THA (10 mM) was prepared fresh before each 
experiment by dissolving in dimethyl sulfoxide (DMSO). The final con
centration of DMSO was 1% (v/v) in all control and tested ECS. All 
experiments were performed at room temperature. The inhibition curves 
for 7-PhO-THA at the NMDARs were obtained using Equation 1: 

I = 1/(1 + ([7-PhO-THA]/IC50)h) 
where [7-PhO-THA] is the 7-PhO-THA concentration, IC50 is the 

concentration of 7-PhO-THA that produces a 50% inhibition of agonist- 
evoked current, and h is the apparent Hill coefficient. Data were statis
tically analyzed by Student’s t-test (the level of significance was set to p 
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< 0.05) using SigmaStat 3.5 (Systat Software Inc., San Jose, California). 

2.6. Docking study 

The structure of GluN1-GluN2B ATD was obtained from RCSB Pro
tein Data Bank – PDB ID: 5EWM [5]. Receptor structure was prepared by 
the DockPrep function of UCSF Chimera (version 1.4) and converted to 
pdbqt-files by AutodockTools (v. 1.5.6) [30,31]. Flexible residues se
lection was made spherically in the region around the binding cavity of 
EVT-101 [5]. Three-dimensional structures of ligands were built by 
Open Babel (v. 2.3.1), then minimized by Avogadro (v 1.1.0), and 
converted to pdbqt-file format using AutodockTools [32]. The docking 
calculations were made by using Autodock Vina (v. 1.1.2) with 
exhaustiveness of 8 [33]. Calculation was repeated 20 times and the 
best-scored result was selected for manual inspection. The enzyme- 
ligand interaction visualization interactions was prepared using the 
PyMOL Molecular Graphics System, Version 2.0 (Schrödinger, LLC, 
Mannheim, Germany). The 2D diagram was created with Dassault 
Systèmes BIOVIA, Discovery Studio Visualizer, v 17.2.0.16349 (San 
Diego: Dassault Systèmes, 2016). 

2.7. In vivo pharmacokinetic study 

All the animal experiments were performed after approval of the 
local Ethical Committee. 

Solvents and other common chemicals were purchased from Sigma- 
Aldrich (Prague, Czech Republic). Solvents for chromatographic pro
cedures were supplied in LC-MS grade. 6chlorotacrine (6-Cl-THA) was 
synthesized de novo at the same department and used as the internal 
standard. 

48 male Wistar rats (2–3 months, 200–300 g, Velaz Ltd., Czech Re
public) were injected i.p. with 7-PhO-THA at a dose of 24 mg⋅kg− 1. Rats 
(6 animals per group) were sacrificed at different intervals of 10, 20, 40, 
60, 90, 180, 240 min, and 24 h after administration, and several animals 
were used for zero time or blank control. The rats were then bled out and 
plasma and brains were collected from each animal. Plasma was hepa
rinized and centrifuged; brains were perfused with saline and kept at 
− 80 ◦C in a freezer prior to sample preparation and assessment. 

Brains were weighed and PBS in ratio 1:4 was added. The brains were 
subsequently homogenised by T-25 Ultra Turrax disperser (IKA, Staufen, 
Germany), ultrasonicated by UP 50H needle homogeniser (Hielscher, 
Teltow, Germany), and stored at 80 ◦C prior to the next step. 

Either plasma (180 µl) or brain homogenate was spiked with 10 µl of 
internal standard (IS; 6-Cl-THA in methanol), so that the final concen
tration was 100 µg⋅ml− 1, the sample was then alkalized with 100 µl of 
20% (w/w) sodium hydroxide, and 1600 µl of dichloromethane added. 
The samples were then shaken for 2 h and centrifuged. The lower layer 
was transferred to a 2 ml Eppendorf microtube and evaporated in a 
CentriVap concentrator (Labconco Corporation, Kansas City, USA). 
Dried samples were resuspended in 50 µl of 10% (v/v) DMSO. Samples 
for calibration were prepared by spiking 190 µl of plasma or brain ho
mogenate from blank animals with either 10 µl of 7-PhO-THA solution in 
methanol (final concentrations from 0.1 to 500 µg⋅ml− 1) or 10 µl of IS 
(final concentration 0.5 µg⋅ml1); they were then extracted as described 
above. 

Compound levels in plasma and brain homogenate were measured 
by UHPLC with UV detection and mass spectrometry (MS) detection. 
Analysis was performed using a Dionex UltiMate 3000 RS UHPLC 
chromatograph, consisting of a high-pressure RS pump module, RS 
autosampler module, RS column compartment module, and RS variable 
wavelength detector controlled by Chromeleon 6.80 (SR13, build 3967) 
software (Thermo Scientific, Waltham, USA). The mass spectrometer 
used was Q Exactive Plus Orbitrap controlled by Thermo Xcalibur 
(version 3.1.66.10.) software (Thermo Scientific) with heated electro
spray ionization. 

Data were obtained by the reverse phase gradient elution method 

with mobile phase A: 0.1% (v/v) formic acid in ultrapure water, pre
pared by Barnstead Smart2Pure 3 UV/UF apparatus (resistance 18.2 
MΩ.cm at 25 ◦C, Thermo Scientific); and mobile phase B: 0.1% (v/v) 
formic acid in LC-MS grade acetonitrile. The mobile phase flow was set 
to 0.4 ml⋅min− 1 and the gradient protocol was as follows: elution started 
with 10% B isocratic flow for 3 min, followed by the gradient flow of 
10% B to 100% over 7 min; flow was then 100% B isocratic for 2 min; the 
flow then returned to 10% B isocratic flow, equilibrating for 3 min. The 
column used was C18 Phenomenex Kinetex (3.0 × 150 mm; 2.6 µm; 100 
Å; Phenomenex, Japan), heated to 35 ◦C. The injection volume was 5 µl. 
UV spectra were measured at wavelength 254 nm. The chromatograph 
was connected to the MS by heated electrospray ion source with the 
following settings: spray voltage 3.5 kV; capillary temperature: 262 ◦C; 
sheath gas: 40 arbitrary units; auxiliary gas: 12.5 arbitrary units; spare 
gas: 3 arbitrary units; probe heater temperature: 350 ◦C; max spray 
current: 100 µA; S-lens RF Level: 50. MS detection was performed on the 
total ion current in the scan range 200–300 m/z with the following 
settings: resolution 70 000; AGC target 5e6; maximum ion trapping time 
200 ms. Substances were identified according to their high-resolution 
mass to charge ratio, which was 233.0841 for 6-Cl-THA (IS) and 
291.1491 for 7-PhO-THA. The retention time for 6-Cl-THA (IS) was 6.5 
min and for 7-PhO-THA was 7.2 min. The calibration range of standard 
samples was prepared by dissolution of 7-PhO-THA and 6ClTHA in 
methanol. Calibration was linear across its 10 pointrange from 0.1 to 
100 µg⋅ml− 1. Calculations were performed using GraphPad Prism 6.05 
and Microsoft Excel 2010 with PK solver extension [34]. 

2.8. Behavioral experiments 

2.8.1. Animals and drugs 
Adult male Wistar rats (3–4 months, 360–450 g) were used for the 

behavioral experiments. The rats were obtained from Velaz Ltd. and 
accommodated in the animal facility in The National Institute of Mental 
Health. They were housed in pairs in transparent plastic boxes (23 × 38 
× 23 cm) in an air-conditioned animal room (temperature: 22 ± 1 ◦C; 
humidity: 50–60%) with a 12-h light cycle (lights on at 6:00), and with 
free access to food and water. All experiments were performed in the 
light phase of the day after a week-long acclimatization period. Exper
iments were conducted in accordance with the guidelines of European 
Union directive 2010/63/EU and approved by the Animal Care and Use 
Committee which possesses the National Institutes of Health Statement 
of Compliance with Standards for Humane Care and Use of Laboratory 
Animals. 

7-PhO-THA was dissolved in 5% DMSO and redistilled water. Doses 
of 5 mg.kg− 1 and 10 mg.kg− 1 were prepared. As control, the solution of 
5% DMSO and redistilled water was used. MK-801 was dissolved in 
saline and administered at doses of 0.1 mg.kg− 1 and 0.3 mg.kg− 1, and 
saline was used as control. All rats received two i.p. injections – 7-PhO- 
THA (or DMSO) and MK-801 (or saline). The injection volume was 1 ml. 
kg− 1. 

The rats were randomly assigned into one of six experimental groups 
classified according to the treatment: NaCl + DMSO, NaCl + 7-PhO-THA 
(5 mg.kg− 1), NaCl + 7-PhO-THA (10 mg.kg− 1), MK-801 + DMSO, MK- 
801 + 7-PhO-THA (5 mg.kg− 1), MK-801 + 7-PhO-THA (10 mg.kg− 1). 
The dose of MK-801 was 0.3 mg.kg− 1 in the open field test (OF) and 0.1 
mg.kg− 1 in the elevated plus maze test (EPM). The drugs were applied i. 
p., 30 min before the experiments. The experiments were statistically 
analyzed in GraphPad Prism 5.0 by two-way ANOVA with phenotype 
(NaCl/MK-801) and treatment (7-PhO-THA/DMSO) as independent 
factors. Outliers were excluded from the analysis. When appropriate, 
Bonferroni post-hoc correction was applied. In the graphs data are 
shown as mean + S.E.M. and the level of significance was set at p < 0.05. 

2.8.2. Open field (OF) 
A black plastic square (80 × 80 cm) OF apparatus was used. The rat 

was placed in a corner of the OF apparatus and its position was 
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monitored by EthoVision software (Noldus, Netherlands) for 10 min. 
Subsequently, the total path moved was analyzed by EthoVision soft
ware. The number n of animals per group was as follows: n = 8 animals 
in groups NaCl + DMSO, NaCl + 7-PhO-THA (10 mg.kg− 1), MK-801 +
DMSO, MK-801 + 7-PhO-THA (10 mg.kg− 1) and n = 6 animals in groups 
NaCl + 7-PhO-THA (5 mg.kg− 1) and MK-801 + 7-PhO-THA (5 mg.kg− 1). 

2.8.3. Elevated plus maze (EPM) 
A plus-shaped EPM apparatus with two open and two closed (wall 35 

cm high) arms was used (each arm length 40 cm, width 15 cm, elevated 
47 cm above the floor). It was made of black plastic. The rat was placed 
in the center of the apparatus facing a closed arm. Its position was 
monitored by EthoVision software for 10 min. Subsequently, time spent 
in the open arms of the EPM and total path moved were analyzed by 
EthoVision software. The number of animals in each group was n = 8. 

2.9. NMDA-induced lesion in rats 

Experiments were conducted in accordance with the guidelines of 
the European Union directive 2010/63/EU and approved by the Animal 
Care and Use Committee which possesses the National Institutes of 
Health Statement of Compliance with Standards for Humane Care and 
Use of Laboratory Animals. 

Adult male Wistar rats (250–350 g) were used for experiments to 
assess the neuroprotective activity of 7-PhO-THA. The rats were kept in 
a controlled environment as described above in section 2.8.1. NMDA 
was dissolved in sterile 10 mM PBS to a final concentration of 25 mM. 7- 
PhO-THA was diluted in sterile 0.9% physiological saline solution con
taining 3% DMSO to a final concentration of 30 μM. Memantine was 
diluted in sterile 0.9% physiological saline to a final concentration of 30 
μM. The solutions containing NMDA at 25 mM and 7-PhO-THA / 
memantine at 30 μM were mixed thoroughly in a 1:1 ratio. Surgery was 
performed under 2.0–2.5% isoflurane anesthesia (Abbot Laboratories, 
Chicago, USA) with initial anesthesia of 3.5% isoflurane. The animals 
were mounted onto the stereotaxic apparatus (TSE Systems, Bad Hom
burg, Germany), medical petroleum jelly (Vaseline®, Unilever, London, 
United Kingdom) was used to cover the eyes, hair was shaved from the 
area, and the scalp was incised. The hole for the infusion application was 
drilled unilaterally at coordinates − 4.0 mm AP and 2.5 mm ML relative 
to the bregma point according to the rat brain atlas of Paxinos and 
Watson (2004). A Hamilton syringe (No. 7635–01, Hamilton, Nevada, 
USA) was placed into the right dorsal hippocampus (DV = 4.6 mm). A 
pump (model 540,310 plus; TSE Systems, Bad Homburg, Germany) was 
used for mixed solutions infusion at a constant flow rate of 0.25 µl.min− 1 

to a total volume of the mixed solutions of 2 µl. 
The control group of animals received a mixed solution of NMDA (25 

mM) and sterile saline, and the second group received a mixed solution 
of 10 mM PBS and sterile saline. A total n = 27 animals were used for the 
experiment: n = 7 animals in each of the groups PBS + NaCl, NMDA +
NaCl, and NMDA + memantine; and n = 6 animals in the group NMDA 
+ 7-PhO-THA. After the surgery, the animals had free access to food and 
water containing analgesics. 24 h after the application, the rats were 
euthanized by overdose by the anesthetics Narketan (ketamine, 100 mg. 
ml− 1) and Rometar (xylazine, 20 mg.ml− 1), and were transcardially 
perfused with 4% paraformaldehyde (PFA). Then, the brains were post- 
fixed in 4% PFA for 24 h and subsequently cryoprotected in gradually 
increasing concentrations of sucrose solution (10, 20 and 30%). Brain 
slices were done in the coronal plane (50 µm, 1-in-5 series); all sections 
were collected and stored at − 20 ◦C in the cryoprotective buffer solu
tion. The slices were used for the evaluation of damage in the hippo
campus using the Fluoro Jade B (FJB) method [35]. The hippocampal 
damage was scored in the following hippocampal regions: granular cell 
layer of the dentate gyrus lower part (DGl), the granular cell layer of the 
dentate gyrus higher part (DGh), the hilus, CA3, and CA1, as described 
previously [15,36]. Scores ranged from 0 to 4 according to the per
centage of the area damaged: 0: 0–5%; 1: 6–25%; 2: 26–50%; 3: 

51–75%; 4: >75% damaged. 17 – 20 slices were evaluated for each 
hippocampus. 

3. Results 

3.1. Synthesis 

7-PhO-THA was prepared in three-step chemical synthesis according 
to the previously described method [37]. The procedure is outlined in 
Fig. 1. The initial step involved cyclocondensation of 4-phenoxyaniline 
with ethyl 2-oxocyclohexane-1-carboxylate to obtain 7-phenoxy- 
1,2,3,4,9,10-hexahydroacridin-9-one (1). Compound 1 was than chlo
rinated with POCl3 to yield 9-chloro-7-phenoxy-1,2,3,4-tetrahydroacri
dine (2) almost quantitatively (95%). The final step introduced a 
primary amino-group under nucleophilic substitution conditions in 
phenol resulting in 7-PhO-THA base, which after the treatment with 1 M 
solution of hydrochloric acid solution formed the hydrochloride salt in 
good overall yield (63%). 

3.2. In vitro anti-cholinesterase assay 

Modified Ellman’s method was applied to assess the inhibitory po
tency of 7-PhO-THA and its parent compounds. 7-PhO-THA showed 
moderate and non-selective potency towards hAChE and hBChE. 
Although being almost 3-orders of magnitude less potent than donepezil 
[38], the affinity was higher than in the case of 7–MEOTA. Furthermore, 
balanced and moderate activity is beneficial in the case of a suggested 
multi-target directed mechanism of action. The inhibitory potency is 
summarized in Table 1. 

3.3. Mechanism of action of 7-PhO-THA at NMDARs 

Our recent data showed that both THA and 7-MEOTA are “foot-in- 
the-door” open-channel blockers of the NMDARs [15]. Here, we aimed 
to examine the mechanism of inhibition by 7-PhO-THA at GluN1/ 
GluN2A and GluN1/GluN2B receptors (at the responses induced by a 
saturating concentration of 1 mM glutamate and 50 μM glycine). We 
measured the dose–response curves for the inhibitory effect of 7-PhO- 
THA (0.3–100 μM) at membrane potentials of − 60 mV, − 20 mV and 
+40 mV (Fig. 2A-D). These experiments showed that i) 7-PhO-THA 
inhibited GluN1/GluN2A receptors, but not GluN1/GluN2B receptors, 
in a voltage-dependent manner, and ii) 7-PhO-THA exhibited pro
foundly lower IC50 values at the GluN1/GluN2B receptors compared 
with the GluN1/GluN2A receptors (Table 2; p < 0.001 for all tested 
membrane potentials; Student’s t-test). These data indicate that 7-PhO- 
THA inhibits the GluN1/GluN2B receptors by a different mechanism of 
action compared with the GluN1/GluN2A receptors. 

There are many GluN1/GluN2B receptor-specific pharmacological 
compounds which act via an ifenprodil-binding site present within the 
ATDs of the GluN subunits [2,5]. In the next set of experiments, we 
aimed to examine if 7-PhO-THA acts via the ifenprodil-binding site 
within the GluN1/GluN2B receptors. Therefore, we co-expressed 
GluN1/GluN2B receptors lacking the ATDs (GluN1-ΔATD/GluN2B- 
ΔATD receptors) in the HEK293 cells and examined the inhibitory effect 
of 7-PhO-THA using the same approach as above. In this experiment, we 
observed that 7-PhO-THA inhibited the GluN1-ΔATD/GluN2B-ΔATD 
receptors both in a voltage-dependent manner, and with similar IC50 
value to the GluN1/GluN2A receptors (Fig. 2EG; Table 2). Furthermore, 
the GluN1/GluN2A receptors lacking the ATDs (GluN1-ΔATD/GluN2A- 
ΔATD receptors) did not exhibit an altered IC50 value for 7-PhO-THA at 
a membrane potential of − 60 mV when compared with the wild-type 
GluN1/GluN2A receptors (Fig. 2H,I; Table 2; p = 0.867; Student’s t- 
test). All of these findings are compatible with our hypothesis that 7- 
PhO-THA acts via the ifenprodil-binding site within the GluN1/ 
GluN2B receptors. A previous study showed that the GluN1-Y109 res
idue is critical for the inhibitory effect of the specific inhibitors at the 
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GluN1/GluN2B receptors [5]. Therefore, we examined the inhibitory 
effect of 7-PhO-THA at the GluN1-Y109C/GluN2B receptors expressed 
in the HEK293 cells. Indeed, 7-PhO-THA exhibited a similar IC50 value 
for inhibition at the GluN1-Y109C/GluN2B receptors at a membrane 
potential of − 60 mV when compared with the GluN1-ΔATD/GluN2B- 
ΔATD receptors (Fig. 2J,K; Table 2; p = 1.000; Student’s t-test). 
Together, we conclude that 7-PhO-THA potently inhibits the GluN1/ 
GluN2B receptors via an ifenprodil-binding site, in addition to its 
voltage-dependent inhibitory effect at both GluN1/GluN2A and GluN1/ 
GluN2B receptors. Thus, the 7-PhO-THA has a unique mechanism of 
action at the NMDARs when compared with THA and 7-MEOTA. 

3.4. Docking studies 

To investigate the binding pattern of 7-PhO-THA at the NMDAR, we 
performed molecular modeling simulation at the ATDs of GluN1 and 
GluN2B subunits. Initially, we selected a suitable crystallographic tem
plate deposited under PDB entry 5EWM from Protein Data Bank (2.76 Å 
resolution) [39]. This model was previously used for docking of EVT- 
101, a potent and highly selective GluN2B antagonist [40]. Our top- 
scored docking pose for 7-PhO-THA (-11.8 kcal/mol) nested the ligand 
into the cavity more resembling complex of the ifenprodil-GluN2B 
rather than of EVT-101-GluN2B (Fig. 3). Indeed, the 1,2,3,4-tetrahy
droacridine core of 7-PhO-THA is anchored via several distinct hydro
phobic interactions. Among them, the GluN1(Phe113, Ile133) and 
GluN2B(Glu106, Gln110, Phe176) residues enabled van der Waals 
interaction, the GluN1(Phe113) residue displayed a T-shaped π-π 
interaction at 3.8 Å distance, and the GluN1(Leu135) residue estab
lished π-alkyl/alkyl-alkyl attractive intermolecular forces. More impor
tantly, the 7-phenoxy appendage of 7-PhO-THA binds to the same cavity 
as the 4-benzylpiperidine residue of ifenprodil or the 5-[3-(difluor
methyl)-4-fluorphenyl] residue of EVT-101 [39]. Having said that, the 
7-phenoxy moiety of 7-PhO-THA revealed favorable albeit distorted π-π 
interactions to GluN2B(Phe114) (5.3 Å; distance measured from ring-to- 
ring center) and GluN1(Tyr109) (4.9 Å) residues. Other key mediators, 

GluN1(Thr110) and GluN2B(Ile111) residues, orchestrated further hy
drophobic contact. It has been previously shown that ifenprodil, a potent 
and selective GluN1/GluN2B receptor antagonist, occupies a hetero
meric interface of the so-called phenylethanolamine binding site be
tween GluN1 ATD upper lobe and GluN2B lower lobe [41]. The binding 
patterns of EVT-101 and ifenprodil differ slightly from each other. 
Specifically, EVT-101, unlike ifenprodil, makes minimal contact with 
the GluN2B ATD lower lobe [5]. Taking into consideration our results 
obtained herein, we presume that 7-PhO-THA adopts occupancy in the 
binding pocket more closely resembling the ifenprodil arrangement in 
the crystal structure of the GluN1-GluN2B ATD interface. 

3.5. Pharmakokinetics of 7-PhO-THA 

Pharmacokinetic experiments were performed on rats by injecting i. 
p. 24 mg⋅kg− 1 of 7-PhO-THA, which in a separate experiment (data not 
shown) was found to be a tolerated dose, and its concentration levels 
were measured in the plasma and brain tissue by UHPLC-MS at time 
points of 0, 10, 20, 40, 60, 90, 180, 240 min, and 24 h (a group of 6 
animals per each time point). Time profiles of plasma and brain tissue 
levels of 7-PhO-THA are shown in Fig. 4 and basic pharmacokinetic 
parameters are summarized in Table 3. The maximal concentration of 7- 
PhO-THA in both tissues was reached in our experiment in 20th minute 
after administration. Plasma concentrations are about 3 times higher 
than those found in brain tissue. The half-life in both tissues was 
approximately 50 min. After 24 h, detectable concentrations (0.39 
µg⋅ml− 1) were found only in the brain tissue. 

3.6. Behavioral assessment 

In the OF test we investigated the effect of 7-PhO-THA on locomotion 
and whether 7-PhO-THA can alleviate the hyperlocomotion caused by 
MK-801 (0.3 mg⋅kg− 1). Analysis of the path moved in OF showed a 
statistically significant effect of treatment with 7-PhO-THA (F(2, 38) =
7.90, p = 0.0013; two-way ANOVA) and change of phenotype caused by 
application of MK-801 (F(1, 38) = 59.07, p < 0.0001; two-way ANOVA). 
As expected, MK-801 caused hyperlocomotion, which is seen as an 
analogue of positive symptoms of schizophrenia. The path moved by the 
group treated with MK-801 + 7-PhO-THA (10 mg⋅kg− 1) was signifi
cantly shorter than the path moved by the group MK-801 + DMSO (p <
0.001; two-way ANOVA with Bonferroni post-hoc test), suggesting that 
7-PhO-THA at a dose of 10, but not 5 mg⋅kg− 1, alleviated the MK-801- 
induced hyperlocomotion. In NaCl-treated animals, 7-PhO-THA did 
not significantly influence the path moved (Fig. 5). 

Fig. 1. Three-step chemical synthesis of 7-PhO-THA. For detailed conditions see Materials and Methods.  

Table 1 
In vitro anti-cholinesterase activity of 7-PhO-THA, THA and 7-MEOTA.  

Compound hAChE 
IC50 ± S.E.M. (µM) 

hBChE 
IC50 ± S.E.M. (µM) 

7-PhO-THA 2.40 ± 1.8 4.9 ± 3.3 
THA 0.32 ± 0.01 0.22 ± 0.01 
7-MEOTA 15.0 ± 2.4 21.0 ± 3.4  

M. Kaniakova et al.                                                                                                                                                                                                                            



Biochemical Pharmacology 186 (2021) 114460

7

In the EPM test we tested the potential anxiolytic effect of 7-PhO- 
THA and its possible interaction with the effect of MK-801. Analysis of 
the time spent in the open arms of EPM revealed a significant effect of 
MK-801 treatment (F(1, 39) = 6.845, p = 0.0126; two-way ANOVA), 
manifested as increased time spent in the open arms. Conversely, 
administration of 7-PhO-THA (either alone or combined with MK-801 at 
a dose of 0.1 mg.kg1) did not significantly change the time spent in the 
open arms of the EPM (F(2, 39) = 1.30, p = 0.2829; two-way ANOVA), 
despite the fact that we observed an increasing trend towards spending 
more time in the open arms of the EPM when we applied 7-PhO-THA to 
MK-801-treated groups (Fig. 6A). Analysis of the distance moved in the 
EPM revealed a significant effect of MK-801 application (F(1, 42) =
17.26, p = 0.0002; two-way ANOVA) and treatment with 7-PhO-THA (F 
(2, 42) = 8.108, p = 0.0011; two-way ANOVA) on locomotor activity. At 
higher dose, 7-PhO-THA significantly attenuated the hyperlocomotion 

caused by administration of MK-801 (p < 0.05; two-way ANOVA with 
Bonferroni post-hoc test; Fig. 6B). These results are consistent with the 
results from OF and confirm the safety of administration of 7-PhO-THA 
without undesirable psychotomimetic side effects, and when combined 
with MK-801, with a non-significant tendency to anxiolytic 
manifestation. 

3.7. Neuroprotective effect of 7-PhO-THA on NMDA-induced 
hippocampal lesion 

NMDA-induced lesion of the dorsal hippocampus leads to over- 
activation of NMDARs and long-lasting well-described degeneration of 
glutamatergic neurons [42] in all evaluated areas (DGl, DGh, hilus, CA3, 
and CA1), and is therefore widely used for the animal model of excito
toxicity [43]. Our experiments were focused on the potential 

Fig. 2. 7-PhO-THA differently inhibits the GluN1/GluN2A and GluN1/GluN2B types of NMDARs. (A, C, E, H, J) Representative current traces recorded at 
indicated membrane potentials from HEK293 cells transfected with GluN1/GluN2 receptors, to measure dose–response relationship for the effect of 7-PhO-THA. 
Current traces were induced by fast application of 1 mM glutamate and 50 μM glycine (black bar); concentrations of 7-PhO-THA are shown in the micromolar 
range (grey bars). (B, D, F, I, K) Dose-response curves for the effect of 7-PhO-THA were obtained by fitting the experimental data from HEK293 cells transfected with 
the GluN1/GluN2 receptors using Equation 1. The obtained IC50 values and Hill coefficients are summarized in the Tab. 2. (G) Graph shows the relationship of the 
IC50 values determined for the inhibitory effect of 7-PhO-THA at the indicated GluN1/GluN2 receptors at three different membrane potentials (− 60, − 20, +40 mV). 
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neuroprotective effect of 7-PhO-THA in this animal model, and its effect 
was compared to that of memantine. We infused 25 mM NMDA and 30 
µM 7-PhO-THA or memantine into the rat dorsal hippocampus and 
analyzed the severity of damage of FJB-positive cells in the selected 
parts of the hippocampus. In control animals (PBS + NaCl) we observed 
only minimal damage in the location around the injection-affected area. 
Our analysis revealed a significant neuroprotective effect of 7-PhO-THA 
(p < 0.05 vs. NMDA + NaCl; one-way ANOVA; Fig. 7) which reduced the 
total score of NMDA-induced lesion, in contrast to that of memantine. 
Significant neuroprotective effect of 7-PhO-THA was observed in the 
DGl, hilus, and CA3 parts of the afflicted hippocampus (Table 4). On the 
other hand, co-administration of NMDA with clinically used memantine 
did not result in any significant difference in comparison to NMDA- 
treated rats. 

4. Discussion 

Ionotropic glutamate receptors, and especially NMDARs, are key 
players in the excitatory system within the whole CNS. While NMDARs 
are essential for cognitive processes and memory function, these re
ceptors are also implicated in heterogeneous neuropathology of various 
CNS diseases such as AD, Parkinson’s disease, multiple sclerosis etc. 
Over-activation of NMDARs leads to excitotoxic damage of nervous 
tissue. 

Table 2 
Parameters of dose–response relationship of 7-PhO-THA at recombinant 
NMDARs expressed in HEK293 cells.  

Receptor 7-PhO-THA 

¡60 mV ¡20 mV þ40 mV 

IC50 

(µM) 
h n IC50 

(µM) 
h n IC50 

(µM) 
h n 

GluN1/ 
GluN2B 

1.7 ±
0.1 

1.1 
±

0.1 

14 2.0 ±
0.1 

1.1 
±

0.1 

8 2.0 ±
0.1 

1.1 
±

0.1 

10 

GluN1/ 
GluN2A 

7.4 ±
0.5 

1.9 
±

0.1 

6 13.2 
± 0.9 

1.6 
±

0.1 

6 26.3 
± 1.3 

1.7 
±

0.1 

5 

GluN1- 
ΔATD/ 
GluN2B- 
ΔATD 

9.0 ±
0.6 

1.5 
±

0.1 

9 17.3 
± 1.1 

1.3 
±

0.1 

5 27.9 
± 2.7 

1.0 
±

0.0 

5 

GluN1- 
ΔATD/ 
GluN2A- 
ΔATD 

7.5 ±
0.3 

1.5 
±

0.1 

6 – – – – – – 

GluN1- 
Y109C/ 
GluN2B 

9.0 ±
0.4 

1.5 
±

0.1 

9 – – – – – – 

The experimental data were fitted by Equation 1; the resulting values of IC50, Hill 
coefficients (h) and numbers of analyzed cells (n) for indicated membrane po
tentials are shown. Data shown as mean ± S.E.M. 

Fig. 3. Top-scored docking pose of 7-PhO-THA at the GluN1-GluN2B ATD interface (PDB ID: 5EWM). Close-up views are presented as three-dimensional (A) and two- 
dimensional (B) diagrams, respectively. Generally, in (A), 7-PhO-THA is shown as dark blue carbon sticks, important amino acid residues are in grey, and the rest of 
GluN1 and GluN2B ATDs as light-blue ribbon. Dashed lines in (A) and (B) represent crucial attractive interactions. In (B), amino acid residues marked as A cor
responds to GluN1 ATD, and B corresponds to GluN2B ATD. Figure (A) was created with The PyMOL Molecular Graphics System (Version 2.0 Schrödinger, LLC). 
Figure (B) was rendered with Dassault Systèmes BIOVIA, Discovery Studio Visualizer (v 17.2.0.16349, San Diego: Dassault Systèmes, 2016). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. The pharmacokinetics of 7-PhO-THA in the rat brain and plasma. 
In the graph are depicted the changes in concentration of 7-PhO-THA over time 
in rat plasma and brain tissue after i.p. application of 7-PhO-THA (24 mg⋅kg− 1). 
Data shown as mean ± S.D., n = 6 per group. 

Table 3 
Basic kinetic parameters after i.p. administration of 7-PhO-THA (24 mg⋅kg− 1).  

Parametera Units Plasma Brain 

t1/2 min 54.46 51.23 
tmax min 20.00 20.00 
Cmax µg⋅ml− 1 49.60 16.20 
AUC µg⋅ml− 1⋅min 3454.11 981.88 
MRT min 77.36 67.20  

a t1/2 half-life, tmax time of maximal concentration, Cmax maximal concentra
tion, AUC area under curve, MRT mean residence time. 
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Our electrophysiological data showed that 7-PhO-THA potently in
hibits (with IC50 

~ 2 µM) the GluN1/GluN2B receptors in a voltage- 
independent manner and, furthermore, we confirmed the docking- 
study findings which suggested that the inhibitory effect is primarily 
mediated via the ifenprodil-binding site located in the ATD of the 
GluN1/GluN2B receptors. In addition, we revealed that GluN1/GluN2B 
receptors lacking the ATD as well as the wild-type GluN1/GluN2A 

receptors are inhibited by 7-PhO-THA in a voltage-dependent manner 
with slightly reduced potency (IC50 

~ 10 µM at − 60 mV). Thus, 7-PhO- 
THA acts as a unique subunit-dependent inhibitory compound at the 
NMDARs. 

Given the fact that excessive activation of the GluN1/GluN2B re
ceptors is often associated in the literature with excitotoxicity-induced 
neurodegeneration [8,44-46], we examined the effect of 7-PhO-THA 

Fig. 5. Effect of 7-PhO-THA on locomotor activity in OF. Bar graph represents total path in cm walked in OF by rats with two kinds of phenotypes – rats were 
injected either with NaCl or MK-801 (0.3 mg.kg− 1). Both groups were then treated either with DMSO as control (white bars) or 7-PhO-THA at the dose of 5 (grey 
bars) or 10 mg.kg− 1 (black bars); *** p < 0.001. 

Fig. 6. Effect of 7-PhO-THA on anxiety and activity behavior in EPM. Bar graphs represent (A) total time spent in open arms of EPM and (B) total path in cm 
walked in EPM by rats with two kinds of phenotypes – rats were injected either with NaCl or MK-801 (0.1 mg.kg− 1). Both groups were then treated either with DMSO 
as control (white bars) or 7-PhO-THA at the dose of 5 (grey bars) or 10 mg.kg− 1 (black bars); * p < 0.05. 
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in a model of NMDA-induced lesions in the rat hippocampus. We 
observed that 7-PhO-THA was effective in protecting the brain tissue 
around the area of NMDA application, which is in agreement with our 
electrophysiological data (see below). Thus, 7-PhO-THA belongs to a 
group of GluN1/GluN2B receptor selective compounds which are 
considered to be suitable candidates for the treatment of neurodegen
erative conditions including ischemia [7]. However, 7-PhO-THA also 
acts at the GluN1/GluN2A receptors, likely as an open-channel blocker 
because of the observed voltage-dependency of the inhibition. Using the 
same experimental setup as in previously published work on 7-MEOTA 
[15] we anticipate, that also 7-PhO-THA directly competes with other 
open channel blockers like MK-801 at both GluN1/GluN2A and GluN1/ 
GluN2B receptors (see below). In addition, our data confirmed that 7- 
PhO-THA, similarly to its parent THA, acts on the cholinergic system 
as an indirect cholinomimetic via inhibition of both AChE and BChE. 
Notably, the observed in vitro inhibitory potency expressed as IC50 for 
both NMDARs and AChE are within the same range, which is important 
for “multitargeting”, as balanced affinities ensure interaction with all 
presumed targets [22]. Taking together all our in vitro findings, we 
concluded that 7-PhO-THA is a promising compound with a unique 
mechanism of action at both the glutamatergic and cholinergic systems. 

In contrast to previously published studies on the 7-MEOTA [15], 
currently investigated 7-PhO-THA is 6-times more effective inhibitor of 
AChE with balanced activities on the cholinergic and the glutamatergic 
system (IC50(AChE) = 2.4 µM; IC50(BChE) = 4.9 µM; IC50(GluN1/ 
GluN2B) = 1.7 µM). Furthermore, we showed that 7-PhO-THA binds to 
the ifenprodil-binding site, which determines itś selectivity towards 
GluN1/GluN2B. This finding is of high importance as selective GluN1/ 
GluN2B antagonists are considered as promising tool to target the 
neurodegenerative diseases [47]. 

In the next phase, we focused on evidence of the in vivo efficacy of 7- 
PhO-THA. Since the fundamental limitation of all known NMDAR in
hibitors is the risk of behavioral changes and induction of psychotomi
metic behavior, manifested as hyperlocomotion in laboratory rodents, 
we first studied the effect of 7-PhO-THA on the behavior of the intact 
rats. At the same time, we studied the effect of 7-PhO-THA on 
schizophrenia-like behavior induced by the application of MK-801, an 
open channel blocker of NMDARs. Finally, we turned attention to 
evaluation of the effect of 7-PhO-THA in animal models of neuro
degeneration, specifically using a pharmacological model of NMDA- 
induced lesion of the dorsal hippocampus [42]. 

In behavioral experiments we investigated the effect of 7-PhO-THA 

Fig. 7. 7-PhO-THA demonstrates neuroprotective activity in animal model of excitotoxicity. Total damage score of the dorsal hippocampus in case of NMDA- 
induced lesion was determined as described in Methods (n ≥ 6; one-way ANOVA followed by Bonferroni post-hoc test, p < 0.001; *** p < 0.001 vs. PBS + NaCl; # p 
< 0.05 vs. NMDA + NaCl; † p < 0.05 vs. NMDA + memantine). 

Table 4 
Neuroprotective effect of 7-PhO-THA in a model of NMDA-induced lesion of rat dorsal hippocampus.   

Hippocampal regionsa 

Treatment DGl DGh hilus CA3 CA1      

PBS þ NaCl 0.05 ± 0.03 0.05 ± 0.02 0.11 ± 0.03 0.02 ± 0.02 0.03 ± 0.02 
NMDA þ NaCl 3.12 ± 0.15*** 1.93 ± 0.44** 2.89 ± 0.32*** 2.36 ± 0.07*** 1.92 ± 0.50*** 
NMDA þ memantine 3.28 ± 0.11*** 1.91 ± 0.31** 3.20 ± 0.21*** 2.40 ± 0.20*** 1.60 ± 0.40* 
NMDA þ 7-PhO-THA 2.71 ± 0.11***## 1.25 ± 0.34 1.28 ± 0.34*### 1.22 ± 0.42**## 1.00 ± 0.36 
one-way ANOVAb p < 0.0001 p = 0.0008 p < 0.0001 p < 0.0001 p = 0.0062  

a Evaluated hippocampal regions: granular cell layer of the dentate gyrus lower part (DGl), granular cell layer of the dentate gyrus higher part (DGh), hilus, CA1, and 
CA3. Scoring: 0: 0–5% of the area is damaged; score 1: 6–25% of the area is damaged; score 2: 26–50% of the area is damaged; score 3: 51–75% of the area is damaged; 
score 4:>75% of the area is damaged. Data shown as mean ± S.E.M. 

b To evaluate the neuroprotective effect of 7-PhO-THA in different hippocampal regions we performed one-way ANOVA (for each region separately; obtained p 
values are provided in the last row) with Tukey post-hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001 vs. PBS + NaCl; ## p < 0.05, ### p < 0.001 vs. NMDA + NaCl). 1/ 
5 of the hippocampus (17–21 slices) was evaluated for each rat brain; n ≥ 7 animals were used for each condition. Data are shown as mean ± S.E.M. 
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on spontaneous activity and anxiety in OF and EPM, respectively. We 
found that administration of 7-PhO-THA alone did not increase the lo
comotor activity of animals in both types of behavioral tests, suggesting 
a low risk of psychotomimetic side effects. We further employed a 
pharmacological model of schizophrenia, induced by administration of 
MK-801, in order to investigate whether the effect of 7-PhO-THA is 
mediated via the interaction with NMDARs. MK-801 administration led 
to significant behavioral alterations in both OF and EPM, consistently 
with the literature [48]. 

NMDAR antagonists are known for their anxiolytic effect represented 
in lab animals by increased time spent in the open arms in the EPM task 
(Wiley, Cristello et al. 1995). However, our experiments showed that 
administration of 7-PhO-THA alone did not influence the anxiety of the 
animals. Application of 7-PhO-THA to MK-801-treated animals resulted 
in a mild but insignificant anxiolytic effect. It has been shown that 
ifenprodil and MK-801 both showed an anxiolytic profile in EPM. This 
anxiolytic effect of ifenprodil was accompanied by an increase in loco
motion as reflected in an increase of total arm entries. Therefore the 
increased open arm time might be the result of increased locomotion 
[48]. However, co-administration of ifenprodil with MK-801 prevented 
the anxiolytic effect of MK-801 [48], in contrast to our results with 7- 
PhO-THA, which also acts via the ifenprodil binding site. The reasons 
for this difference in effect between ifenprodil and 7-PhO-THA are not 
completely clear; however the other mechanism of action of 7-PhO-THA 
(i.e. AChE inhibition) must be taken into consideration. The effect of 
AChE inhibitors on anxiety is complex. The effect of cholinergic tone on 
anxiety-like behavior may depend on levels of stress, its duration and 
severity and the baseline acetylcholine levels [49,50]. Thus AChEI 
administration may trigger an anxiogenic as well as anxiolytic response 
[51,52]. 

MK-801-induced hyperlocomotion in OF was reduced by 7-PhO-THA 
co-administration. This effect was dose-dependent: administration of 7- 
PhO-THA at a dose of 10 mg.kg− 1, but not 5 mg.kg− 1, was able to 
significantly attenuate the hyperlocomotion induced by MK-801. Results 
of the analysis of locomotor activity in EPM corroborated the results 
from the OF – only the higher dose of 7-PhO-THA decreased MK-801- 
induced hyperlocomotion. However, in OF short intermittent episodes 
of ataxia were occasionally seen in some animals of all three groups 
treated with MK-801. Despite the fact that these ataxia episodes were 
not quantified systematically and subjected to statistical analysis, the 
hyperlocomotion-ameliorating effect of 7-PhO-THA should be inter
preted cautiously, as involvement of motoric alterations induced by the 
MK-801 and 7-PhO-THA co-application in OF cannot be excluded. 

Our behavioral data further indicate that the effect of 7-PhO-THA 
treatment could be mediated also through the cholinergic system. 
Administration of AChE inhibitors may decrease the motor activity in 
rats and mice. While physostigmine, donepezil and THA decreased 
locomotion in the OF task, galantamine had no significant effect on 
locomotion [53,54]. As a consequence of the AChE inhibition, cholin
ergic transmission is increased, resulting in greater activation of the 
autonomic nervous system [55], which could have a negative impact on 
locomotor activity. In addition, cholinergic activity in the striatum 
might be enhanced by treatment with AChE inhibitors affecting extra
pyramidal motor function which leads to bradykinesia [56]. Thus, 
enhancement of central and peripheral cholinergic transmission might 
collectively contribute to the suppression of voluntary motor activity. 

Correspondingly, in animals treated with 7-PhO-THA alone we 
observed a tendency to decreased locomotor activity in OF, although it 
did not achieve statistical significance. Moreover, certain AChE in
hibitors such as physostigmine can reverse the hyperlocomotion and 
some other behavioral alterations induced by MK-801 [54]. Taken 
together with our results from OF, these facts further support the idea 
that 7-PhO-THA, although also being an NMDAR antagonist, exerts its 
behavioral outcome more profoundly through the inhibition of AChE. 
The 7-PhO-THA-induced decrease of the MK-801-induced hyper
locomotion in both OF and EPM tasks might be a result of complex 

interactions with cholinergic and glutamatergic systems. 
Finally, we focused on comparison of the potential neuroprotective 

effect of 7-PhO-THA with clinically used memantine on a permanent 
lesion of the dorsal hippocampus. Our results demonstrated that uni
lateral NMDA-lesion induced extensive damage to nervous tissue in all 
evaluated hippocampal structures which is in agreement with our pre
vious observations [42]. Co-administration of NMDA and 7-PhO-THA 
significantly reduced development of neurodegeneration in afflicted 
dorsal hippocampus. In our experimental arrangement, memantine did 
not exhibit any neuroprotective effect despite its positive effects having 
been demonstrated in other animal models and clinical studies [57-59]. 
This discrepancy could be explained by the different dose of memantine 
and the different animal model or approach used. However, the inef
fectiveness of memantine in our experimental model is consistent with 
the results from our previous work focused on neuroprotective activity 
of 7-MEOTA [15]. 

In general, GluN1/GluN2 selective compounds are a very attractive 
research area with possible clinical application. Special attention is paid 
to selective inhibitors of GluN2B-containing NMDARs due to their 
involvement in excitotoxic cell death [47]. It has been reported that 
GluN2B selective inhibitors (i.e. ifenprodil, eliprodil, and traxoprodil) 
did not cause neurological side effects typical for other NMDAR antag
onists, and their application in animal models has provided impressive 
results. For example, application of eliprodil in the case of a bilateral 
carotid artery occlusion and middle cerebral artery occlusion led to a 
reduction of infarct volume and neurodegeneration [60]. Moreover, 
administration of GluN1/GluN2B-selective eliprodil had a positive effect 
in a model of retinal excitotoxicity, caused by direct injection of NMDA 
into the vitreous, as well as in the model of traumatic brain damage, 
compared to the unselective NMDAR open channel blocker MK-801 
[61,62]. Traxoprodil also demonstrated a neuroprotective effect in an
imal models of ischemia-like middle cerebral artery occlusion and 
traumatic brain injury [63,64]. Moreover, traxoprodil potentiates the 
antidepressant-effect of certain antidepressant drugs [64]. However, 
neither traxoprodil nor eliprodil was able to demonstrate a positive ef
fect in clinical trials despite their good tolerability [64,65]. Thus, 7-PhO- 
THA represents a novel compound with dual effect that has potential to 
be beneficial in the treatment of above-mentioned disorders and neu
rodenegerative diseases. The main advantage of 7-PhO-THA is its lack of 
the undesirable behavioral side effects typical for strong NMDAR in
hibitors acting as competitive antagonists or open channel blockers. 
Finally, it appears that the dual effect of 7-PhO-THA on both gluta
matergic and cholinergic systems is a promising pharmacological tool as 
both biological targets clearly contribute desirable pharmacological ef
fect. It surpasses previously studied 7-MEOTA thanks to its higher effi
cacy in inhibition of cholinesterases, balanced activities on the 
cholinergic and glutamatergic system and selectivity towards GluN1/ 
GluN2B. 

In conclusion we have shown the dual potency of 7-PhO-THA, 
namely potent and balanced inhibition of both AChE and NMDARs. 7- 
PhO-THA selectively inhibits GluN1/GluN2B receptors via an 
ifenprodil-binding site, in addition to its voltage-dependent inhibitory 
effect at both GluN1/GluN2A and GluN1/GluN2B receptors. Whereas 
the NMDA-induced lesion of the dorsal hippocampus confirmed potent 
anti-excitotoxic and neuroprotective efficacy, behavioral observations 
showed a prevailing cholinergic component manifesting mainly in 
decreased hyperlocomotion. On the other hand, 7-PhO-THA managed to 
avoid behavioral side effects that are perceived as analogous to symp
toms of schizophrenia. Finally, CNS availability and the overall behav
ioral profile are promising for subsequent investigation of therapeutic 
effects after systemic administration. 
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a b s t r a c t

Tacrine is a classic drug whose efficacy against neurodegenerative diseases is still shrouded in mystery. It
seems that besides its inhibitory effect on cholinesterases, the clinical benefit is co-determined by
NMDAR-antagonizing activity. Our previous data showed that the direct inhibitory effect of tacrine, as
well as its 7-methoxy derivative (7-MEOTA), is ensured via a “foot-in-the-door” open-channel blockage,
and that interestingly both tacrine and 7-MEOTA are slightly more potent at the GluN1/GluN2A receptors
when compared with the GluN1/GluN2B receptors. Here, we report that in a series of 30 novel tacrine
derivatives, designed for assessment of structure-activity relationship, blocking efficacy differs among
different compounds and receptors using electrophysiology with HEK293 cells expressing the defined
types of NMDARs. Selected compounds (4 and 5) potently inhibited both GluN1/GluN2A and GluN1/
GluN2B receptors; other compounds (7 and 23) more effectively inhibited the GluN1/GluN2B receptors;
or the GluN1/GluN2A receptors (21 and 28). QSAR study revealed statistically significant model for the
data obtained for inhibition of GluN1/Glu2B at �60 mV expressed as IC50 values, and for relative inhi-
bition of GluN1/Glu2A at þ40 mV caused by a concentration of 100 mM. The models can be utilized for a
ligand-based virtual screening to detect potential candidates for inhibition of GluN1/Glu2A and/or
GluN1/Glu2B subtypes. Using in vivo experiments in rats we observed that unlike MK-801, the tested
novel compounds did not induce hyperlocomotion in open field, and also did not impair prepulse in-
hibition of startle response, suggesting minimal induction of psychotomimetic side effects. We conclude
that tacrine derivatives are promising compounds since they are centrally available subtype-specific
inhibitors of the NMDARs without detrimental behavioral side-effects.
© 2021 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The so-called multitarget-directed ligand (MTDL) paradigm has
beenwidely applied in the last decade to find novel drug candidates
against Alzheimer’s disease (AD) [1e4]. However, this approach
seems to be limited by oversimplified design of novel drug candi-
dates combining pharmacophores with incompatible mechanisms
of action, or by reason of irrelevance in the context of disease
progression in time [5]. Another limitation is associated with the
fact that simple linking of the two pharmacophores usually leads to
lower drug-likeness, and hence fused ormerged strategies are more
preferred [5]. Since AD is currently treated by acetylcholinesterase
inhibitors (AChEI) and memantine, an antagonist of N-methyl-D-
aspartate receptors (NMDAR), a combination of such drugs makes
sense, given the fact that impairment of both cholinergic and glu-
tamatergic neurotransmission occurs simultaneously, i.e. in the
latter stage of the disease. Hence, Namzaric, a fixed dose combi-
nation of donepezil and memantine, was approved by the FDA in
2014 [6].

The dual concept applying inhibition of both AChE and NMDAR
based on a linking MTDL approach was first pioneered by Simoni
et al. who linked galantamine and memantine by a six-membered
carbon chain to deliver memagal as a lead structure [7]. It was
followed by an in vivo study of the shorter-tethered analogue
ARN14140, which demonstrated efficacy in preventing cognitive
impairment and in its neuroprotective potential [8]. In other
research, tacrine-based hybrids with memantine were prepared
and evaluated for their in vitro affinity towards NMDAR [9,10], and
later neuroprotective efficacy was confirmed in the NMDA-induced
lesion rat model for the 6-chlorotacrine e memantine hybrid [11].
Notably, the concomitant effect of NMDAR-antagonism and AChE
inhibition was established for huperzine-A, a compound approved
for AD treatment in China. However, despite high expectations, its
dually-acting derivatives [12] together with bis(7)-tacrine [bis(7)-
cognitin] [13] have never reached clinical trials.

We have recently summarized that tacrine itself possesses both
direct and indirect effects on glutamatergic neurons. Indirect
beneficial effect may involve inhibition of Ca2þ-activated potassium
channels, which prevents membrane repolarization and thus leads
to prolonged NMDAR activation and long-term potentiation [14].
Interestingly, the direct effect of tacrine, as well as its 7-methoxy
derivative (7-MEOTA), is implemented by inhibition of NMDAR
via a “foot-in-the-door” open-channel block, with affinity in the
case of 7-MEOTA comparable to that of memantine [15]. We also
found that the IC50 values for tacrine and 7-MEOTA exhibit the
following GluN2 subunit-dependent pattern: GluN1/
GluN2A < GluN1/GluN2B < GluN1/GluN2C ¼ GluN1/GluN2D.
Interestingly, 7-MEOTA significantly surpassed the neuroprotective
effect of both tacrine and memantine in the NMDA-induced lesion
rat model, which supports a potential clinical impact [15].

In summary, we hypothesize that the clinical efficacy of tacrine
is also co-determined by the NMDAR-antagonizing activity. Thus,
compounds structurally related to tacrine can be considered as true
MTDLs, and tacrine’s structural simplicity ensures its drug-likeness,
in contrast to MTDLs created by the linked approach. From this
standpoint, different tacrine substitutions will deliver various ef-
fects on both AChE and NMDAR. In particular, effects on the latter
offer a novel approach, and tuning the efficacy and selectivity to
different subtypes of NMDARs represents an interesting opportu-
nity in the field of NMDAR antagonists. It is of note that specific
inhibitors of GluN1/GluN2B receptors are of interest for their sup-
pression of the negative effects of excitotoxicity [16] and ischemia
[17]. Moreover, it has been anticipated that low expression levels of

GluN1/GluN2B receptors in the cerebellum may prevent their side
effects [18].

The aim of this study was to develop novel tacrine derivatives
with dual effect on cholinesterases and NMDAR, specifically with
preference towards GluN1/GluN2A and/or GluN1/GluN2B re-
ceptors. Specifically, we synthesized a series of 30 tacrine de-
rivatives and investigated their inhibitory potency towards human
recombinant AChE (hAChE) and human plasmatic butyr-
ylcholinesterase (hBChE), and their ability to block GluN1/GluN2A
and GluN1/GluN2B receptors at negative and positive membrane
potentials. These experiments were followed by analyses of quan-
titative structure-activity relationships (QSAR) which to the best of
our knowledge was performed for the first time ever for tacrine-
based compounds. In addition, to follow the potential clinical
application of such dually-acting compounds, we have selected the
six most promising candidates withmore or less balanced activities
and characterized them for their ability to cross the blood-brain
barrier and for their safety in vivo, since a major concern for
NMDAR ligands is their psychotomimetic side effects.

2. Design

Tacrine (Fig. 1) was the driving motif in the design of novel
compounds (1e30). The critical features in the design of the novel
compounds were invested in their basic physicochemical proper-
ties as defined by both bioavailability rules (Lipinski rule of 5) [19]
and central accessibility (blood-brain barrier score; BBB score)
(Table S1) [20]. Physicochemical characteristics are extremely
important in drug development, particularly for CNS disorders.
Indeed, previous attempts to amalgamate both NMDAR and
cholinesterase inhibition properties into one molecule were mostly
associated with poor drug-likeness of the final hybrid. 7-MEOTA-
adamantylamines [9,10], 6-chlorotacrine-memantine [11],
galantamine-memantines [7], benzohomoadamantane-
chlorotacrines [21], and amantadine-carbazoles/
tetrahydrocarbazoles [22,23], all constructed by the linking
approach, are a few such examples of developed families possess-
ing dual action against NMDAR and cholinesterases. The translation
of their promising in vitro properties into in vivo conditions was
hampered by i) imbalance of their affinities to the relevant targets
(NMDAR, hAChE, hBChE); ii) a complicated drug administration
protocol not suitable for long-term use in the animal/human (e.g.
ARN14140 was injected intracerebroventricularly) [8]; and iii)
limited solubility of the drug (e.g. 7-MEOTA-adamantylamine
heterodimers) [10]. While the first issue can be addressed by tuning
the affinities via structural modifications, the latter two are con-
strained by their physicochemical properties. Hence, in our study,
all the compounds fulfill the criteria to become both CNS and orally
available (Table S1). From the chemistry standpoint, we pursued a
fundamental structure-activity relationship (SAR) consequent to
structural modifications in two regions: i) the substitution by
electron-withdrawing and/or electron-donating groups on the ar-
omatic moiety of the basic tacrine scaffold. We have selected
distinct positions of derivatization, most of themwith the intention
to avoid formation of toxic tacrinemetabolite, i.e. 7-hydroxytacrine,
as reported for hepatotoxic tacrine [24]; and ii) the size of the
cycloalkyl moiety attached to the aromatic region, specifically
cyclopentane, cyclohexane and cycloheptane rings. There have
been numerous studies describing the SAR with respect to hAChE
inhibition in tacrine congeners, and a few publications with
quantitative evaluation [25e28]. However, the effect of tacrine
derivatives on the NMDAR has never been systematically studied.
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3. Results and discussion

3.1. Chemistry

A highly efficient one-step procedure was applied for the syn-
thesis of 1e30 (Scheme 1). The crucial aspect in the synthesis was
the commercial availability of starting material, namely 2-
aminobenzonitrile. The Lewis acid (LA) catalysed Friedl€ander type
condensation for tacrine formation is well established in the liter-
ature. The overnight reflux reaction in 1,2-dichloroethane with
excellent yields (72%e95%) has been recently described [29].
Another approach, a solvent-free reaction under standard condi-
tions at 130 �C, leads to the desired product with poor to good
yields (20%e60%) [25].

In our case, we applied microwave (MW) irradiation to speed up
the reaction [30]. Indeed, the full conversion was completed in less
than 10 min. Moreover, the solvent-free reaction exhibited mostly
excellent yields over 80%. We also found that not all LAs were
equally efficient. In some cases, ZnCl2 led to no reaction at all.

Generally, in the case of the reactionwith cyclopentanone, stronger
LAs had to be used. In contrast, AlCl3 always yielded a complete
reaction. All the tacrines were converted into their corresponding
hydrochloride salts. Compoundswere analyzed by a combination of
1H NMR and 13C NMR spectra, and their identity was confirmed by
HRMS. All of them exhibited purity �97%.

3.2. In vitro anti-cholinesterase assay

Modified Ellman’s method was applied to assess the inhibitory
potency of the novel compounds [31]. The inhibitory potencies of
all newly developed compounds are summarized in Table 1. hAChE
inhibition is still regarded as crucial in the symptomatic therapy of
AD, but it has to be pointed out that hAChE levels decrease with the
disease progression, whereas those of hBChE remain stable or
become slightly elevated as a compensatorymechanism for the loss
of neuronal hAChE activity [32]. For these reasons, we have
established the inhibition activity against both hAChE and hBChE.
Except for 19, all the compounds were effective inhibitors of both
hAChE and hBChE in a two-digit nanomolar to two-digit micro-
molar range, with IC50 values ranging respectively from 33 nM (20)
to 22.5 mM (3), and from 62 nM (20) to 89.9 mM (15). With respect to
the size of the saturated rings, compounds bearing five- and six-
membered rings exhibited slightly increased selectivity towards
AChE. Seven-membered congeners showed less profound selec-
tivity; although, hBChE selectivity was rather observed. This ac-
cords with the larger hBChE cavity compared to the narrow hAChE
gorge, such that larger derivatives should be better accommodated
by the hBChE enzyme [33]. 3-Fluoro derivatives (16e18) weremore
potent than 3-chloro derivatives (7e9), and those in turn exceeded

Fig. 1. Design considerations for novel tacrine derivatives K1572eK1601 possessing dual AChE and NMDAR antagonism properties with tacrine and 7-MEOTA as template drugs.

Scheme 1. The reaction of 2-aminobenzonitrile with cyclic ketone leading to the final
tacrine derivatives. ZnCl2 or AlCl3 were used as LAs in the Friedl€ander type conden-
sation. Reagents and conditions: i) LA; MW; 10 min; 150 �C; ii) MeOH; HCl (25% in
H2O), RT.

L. Gorecki, A. Misiachna, J. Damborsky et al. European Journal of Medicinal Chemistry 219 (2021) 113434

3



the activity of 3-bromotacrines (4e6). Addition of another halogen
into the 1-position decreased the affinity compared to single
halogen-substituted analogues, with 1,3-dibromo compounds
(13e15) being the least active in the whole series. 4-Substituted
derivatives revealed inhibition potency increment in the
following order: 4-chloro (20e21) > 3-chloro (7e9) derivatives;
however, the 4-chloro substituted compound 19 with a five-
membered ring exhibited almost no activity for both ChE. A
similar trend in substituent positioning was observed in methyl
derivatives, where 2-substitution (22e24) was superior to 4-
substitution (25e27) and 3-substitution (1e3), the latter being
the least effective towards hAChE. On the other hand, 4-methyl
derivatives (25e27) were more active than 2-methyl (22e24) in
the case of hBChE inhibition. The compounds with a 3-methoxy
group showed only moderate albeit balanced affinity towards
both enzymes. Noteworthy, the study by Recanatini and colleagues
highlighted 6-chlorotacrine as the most hAChE active tacrine de-
rivative from the series with single-digit nanomolar IC50 value
(IC50 ¼ 9.9 ± 0.3 nM). Other aryl substitutions at the aliphatic six-
membered tacrine derivatives ring diminished the activity, except
for some amino-substitutions by heptyl or, more preferably, by
benzyl appendages [25]. Such observations have also been well
documented by us in the family of N-alkyl-substituted 7-
methoxytacrine derivatives, pointing out that the attachment of

aliphatic alkyl chains improve the hAChE potency [34].
Interestingly, several compounds (20, 21, 23, 24, 26, and 27)

were shown to be more effective in hAChE inhibition than the
parent tacrine, although none of the novel compounds surpassed
tacrine’s hBChE inhibition. Notably, 20 was the most potent ChE
inhibitor tested (hAChE IC50 ¼ 0.033 ± 0.001 mM; BChE
IC50 ¼ 0.062 ± 0.003 mM).

3.3. Interaction with NMDAR

Next, we aimed to examine the inhibitory effect of the new
derivatives at the most common types of NMDARs in the adult
human forebrain, GluN1/GluN2A and GluN1/GluN2B [35], as
expressed in HEK293 cells. As we needed to screen a large set of
novel derivatives with these two NMDAR types, we initially
examined each compound using three different concentrations (1,
10, 100 mM) at two membrane potentials (�60 mV, þ40 mV,
Table 1); we did not examine concentrations >100 mM, due to
physiological irrelevance and due to the fact that some compounds
exhibited limited solubility when dissolved in the extracellular
recording solution (ECS). Consistently with our previous data [15],
we observed that at membrane potential �60 mV, 7-MEOTA is
slightly more potent at the GluN1/GluN2A receptors when
compared to the GluN1/GluN2B receptors (IC50 values: ~5 versus

Table 1
Inhibitory effect of tacrine derivatives at AChE, BChE and recombinant NMDAR expressed in HEK293 cells.

compound
n R GluN1/GluN2A GluN1/GluN2B ChE

IC50 ± SEM (mM)
(�60 mV)

RI (þ40 mV) at
100 mM (%)*

IC50 ± SEM (mM)
(�60 mV)*

RI (þ40 mV) at
100 mM (%)

hAChE IC50 ± SEM
(mM)

hBChE IC50 ± SEM
(mM)

SI (hBChE/
hAChE)

K1572 (1) 1 3-CH3 20.46 ± 1.21 30.78 ± 2.03 19.78 ± 2.84 53.74 ± 2.35 10.0 ± 1.0 23.7 ± 2.37 2.37
K1573 (2) 2 3-CH3 12.28 ± 1.56 18.54 ± 2.08 13.18 ± 0.91 78.41 ± 2.99 15.5 ± 1.4 13.7 ± 0.4 0.88
K1574 (3) 3 3-CH3 27.12 ± 1.97 40.09 ± 2.45 16.58 ± 1.30 50.94 ± 2.69 22.5 ± 1.6 10.6 ± 0.4 0.47
K1575* (4) 1 3-Br 6.31 ± 0.27 75.31 ± 1.85 8.24 ± 0.80 93.22 ± 2.38 5.69 ± 0.28 16.9 ± 1.5 3.03
K1576* (5) 2 3-Br 6.93 ± 1.03 79.33 ± 2.65 8.32 ± 0.97 90.95 ± 3.27 4.79 ± 0.02 20.8 ± 1.2 4.34
K1577 (6) 3 3-Br 13.84 ± 1.25 57.72 ± 4.02 11.81 ± 1.37 91.58 ± 4.02 13.8 ± 0.6 15.1 ± 1.1 1.09
K1578* (7) 1 3-Cl 21.01 ± 0.71 56.49 ± 2.26 8.69 ± 0.60 78.73 ± 4.65 1.58 ± 0.05 6.88 ± 0.65 4.35
K1579 (8) 2 3-Cl 14.79 ± 1.22 47.53 ± 2.31 9.82 ± 1.28 86.54 ± 1.88 1.94 ± 0.07 6.72 ± 0.54 3.46
K1580 (9) 3 3-Cl 20.23 ± 1.74 43.05 ± 2.03 12.00 ± 1.00 88.46 ± 2.94 8.60 ± 0.47 10.3 ± 0.7 1.19
K1581 (10) 1 1,3-

diCl
14.63 ± 2.04 33.54 ± 3.58 21.45 ± 1.75 49.11 ± 5.88 13.1 ± 1.0 17.9 ± 0.1 1.36

K1582 (11) 2 1,3-
diCl

23.99 ± 1.92 38.24 ± 4.28 37.09 ± 4.77 42.96 ± 6.56 4.34 ± 0.31 14.8 ± 0.4 3.41

K1583 (12) 3 1,3-
diCl

20.03 ± 2.03 38.53 ± 5.32 37.86 ± 3.71 43.94 ± 3.78 9.04 ± 0.49 23.8 ± 1.0 2.63

K1584 (13) 1 1,3-
diBr

10.24 ± 1.38 55.69 ± 2.27 17.11 ± 1.12 43.34 ± 1.98 15.1 ± 1.0 34% at 100 mM n/a

K1585 (14) 2 1,3-
diBr

15.55 ± 1.62 67.65 ± 5.27 18.70 ± 0.94 40.35 ± 3.24 5.18 ± 0.3 32.0 ± 1.1 6.17

K1586 (15) 3 1,3-
diBr

21.52 ± 0.97 80.65 ± 3.16 26.92 ± 5.03 17.32 ± 3.44 15.1 ± 1.4 89.9 ± 7.2 5.95

K1587 (16) 1 3-F 27.96 ± 2.16 28.69 ± 1.15 30.32 ± 1.88 38.40 ± 0.87 0.662 ± 0.02 1.91 ± 0.1 2.88
K1588 (17) 2 3-F 15.44 ± 1.68 41.93 ± 2.09 21.27 ± 1.35 46.77 ± 0.66 0.978 ± 0.051 0.751 ± 0.032 0.77
K1589 (18) 3 3-F 14.47 ± 0.82 38.47 ± 1.61 19.81 ± 1.22 56.01 ± 1.39 0.624 ± 0.025 0.569 ± 0.022 0.911
K1590 (19) 1 4-Cl 27.02 ± 2.94 24.48 ± 2.91 44.88 ± 5.00 23.83 ± 3.22 6% at 100 mM 6% at 100 mM n/a
K1591 (20) 2 4-Cl 19.61 ± 0.91 34.97 ± 1.40 23.72 ± 1.89 28.96 ± 1.26 0.0334 ± 0.0014 0.062 ± 0.003 1.85
K1592* (21) 3 4-Cl 7.29 ± 0.57 46.73 ± 3.49 22.07 ± 1.11 37.95 ± 5.26 0.223 ± 0.006 0.311 ± 0.016 1.39
K1593 (22) 1 2-CH3 7.68 ± 0.79 53.56 ± 1.36 15.59 ± 1.28 62.98 ± 3.07 0.347 ± 0.013 8.44 ± 0.49 24.3
K1594* (23) 2 2-CH3 17.05 ± 1.59 51.33 ± 1.44 7.83 ± 0.34 72.00 ± 2.89 0.072 ± 0.003 2.90 ± 0.08 40.2
K1595 (24) 3 2-CH3 15.19 ± 1.47 50.05 ± 3.98 9.29 ± 0.54 58.86 ± 5.59 0.104 ± 0.004 1.00 ± 0.03 9.16
K1596 (25) 1 4-CH3 21.92 ± 2.18 22.04 ± 2.84 16.55 ± 2.28 37.43 ± 1.76 0.415 ± 0.028 0.471 ± 0.011 1.13
K1597 (26) 2 4-CH3 18.48 ± 1.72 40.48 ± 2.16 14.21 ± 0.89 43.06 ± 8.61 0.125 ± 0.007 0.495 ± 0.017 3.96
K1598 (27) 3 4-CH3 12.55 ± 1.48 54.29 ± 1.95 17.44 ± 1.43 49.04 ± 6.16 0.255 ± 0.011 0.107 ± 0.006 0.42
K1599* (28) 1 3-

OCH3

4.16 ± 0.37 66.12 ± 1.88 14.56 ± 1.37 52.05 ± 1.55 8.22 ± 0.35 10.6 ± 0.3 1.23

K1600 (¼7-
MEOTA) (29)

2 3-
OCH3

5.05 ± 0.62 77.59 ± 1.52 7.24 ± 0.34 68.84 ± 1.50 10.0 ± 1.0 17.6 ± 0.8 1.76

K1601 (30) 3 3-
OCH3

20.02 ± 1.29 53.58 ± 2.76 7.67 ± 1.22 69.17 ± 3.59 17.6 ± 0.7 4.41 ± 0.34 0.25

tacrine1 e e 9.1 ± 0.5
Table 2

19.7 ± 1.8
Table 2

0.32 ± 0.013 0.08 ± 0.001 0.25
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~7 mM). Interestingly, the novel compounds exhibited IC50 values
ranging from ~4 mM to ~45 mM at both the GluN1/GluN2A receptors
and GluN1/GluN2B receptors, and we observed that in most cases
there is no preference for the GluN1/GluN2A receptors over the
GluN1/GluN2B receptors (Table 1). Notably, the reference drug
memantine showed the IC50 value of 1.34 ± 0.08 and 0.78 ± 0.09 on
GluN1/GluN2A and GluN1/GluN2B respectively [36]. With respect
to our measurements at membrane potential 40 mV, we indeed
observed, consistently with our previous data [15], that tacrine and
its derivatives exhibited reduced inhibitory effect at both NMDAR
types (Table 1). Due to the lower inhibitory activity and the
screening nature of our investigation at this stage (only three
concentrations were tested), we expressed the inhibitory effect of
each compound at this membrane potential as the relative inhibi-
tion (RI (40mV)). Similarly to our conclusion at negativemembrane
potential, RI (40 mV) values exhibited no clear preference for the
GluN1/GluN2A receptors over the GluN1/GluN2B (Table 1). Never-
theless, to investigate the structure-activity relationship of tacrine
derivatives on both types of NMDAR we performed QSAR analysis.
Moreover, based on the results obtained from ChE/NMDA evalua-
tion we selected 6 compounds (4, 5, 7, 21, 23 and 28) with the most
interesting properties for detailed evaluation of NMDAR properties
and for in vivo tests. Specifically, we selected 4 and 5 for their
relatively similar affinity towards all studied targets and 7 for its
approximately 10-fold higher affinity toward ChE over the GluN1/
GluN2B subtype. Furthermore, we chose 21 as a non-selective sub-
micromolar ChE inhibitor, 23 as selective AChE inhibitor with the
preference of GluN1/GluN2B subtype and 28 as a compound with
the preference of GluN1/GluN2A subtype.

The experimental data obtained from the electrophysiological
measurements with three concentrations of each compound (1, 10,
100 mM) were fitted by Equation (2) (see the methods section); the
resulting values of IC50, Hill coefficient (h), and numbers of
analyzed cells (n) recorded at membrane potential of �60 mV were
obtained. IC50 (in mM) values and relative inhibition values (RI
(þ40 mV)) calculated for the measurements at membrane
potential þ40 mV are shown. Data are shown as mean ± SEM
(standard error of the mean). Experimental details (h coefficient
and n) are listed in Table S2. *Compounds selected for detailed
assessment where IC50 ± SEM value was established in addition to
RI at 100 mM (Table 2). 1 The data obtained from Ref. [15].

3.4. Quantitative structure-activity relationships (QSAR)

Next, analyses of Quantitative Structure-Activity Relationships
were carried out to understand how the biological effects depend
on the structural properties of the studied molecules. Concerning
the inhibitory potency towards the GluN1/Glu2A unit, the Partial
Least Squares (PLS) analysis provided a statistically significant
model correlating molecular descriptors and experimentally
determined observables in the relative inhibition of these receptors

evoked by 100 mM of the tested compound at þ40 mV (2A-RI-40).
The model uses four principal components and shows statistically
significant coefficient of determination R2 ¼ 0.89 and cross-
validated coefficient of determination Q2 ¼ 0.79 (Fig. S1). The 45
most significant variables contributing to explanation of experi-
mental values are shown in the Variable Importance to Projections
(VIP) plot (Fig. S2). Validation of the QSAR model for 2A-RI-40 ac-
tivities by cross-validation and permutation testing is illustrated in
SI (Fig. S3). This exhaustive test proved that the QSAR model loses
its predictivity when the input data are randomly permuted.

The most influential molecular descriptors in this QSAR model,
namelyMor15m, GeomPetitj, GoemShapeI, BCUTs-1l, andMATS1p,
belong among 3D or 2D topological indices weighted by certain
distance, electronegativity or intrinsic state. Apart from these
complex molecular descriptors, significant influence on the bio-
logical activity was exhibited also by lipophilicity (SlogP_VSA6),
suggesting that more lipophilic compounds elicit stronger biolog-
ical response, i.e., higher inhibitory potency towards the GluN1/
Glu2A subunit.

Furthermore, PLS analysis provided also a statistically significant
model correlating molecular descriptors and experimentally
determined inhibitory potency on the GluN1/Glu2B unit at�60mV,
expressed as the IC50 values (2B-IC50). The model uses four prin-
cipal components and shows a significant coefficient of determi-
nation R2 ¼ 0.89 and cross-validated coefficient of determination
Q2¼ 0.73 (Fig. S4). The 54most significant variables contributing to
explanation of experimental values are shown in the VIP plot
(Fig. S5). The validation test of the QSAR model proving its high
sensitivity to data mismatch is described in Fig. S6. According to the
VIP values, the most influential molecular descriptors in this QSAR
model are represented by BalabanJ, Xc-5d, MATS4pe, MDEC-33,
and Xpc-5d, which are 2D/3D topological indices weighted by
certain geometrical or electronic parameters. It was discovered in
the plot of loadings for the two most significant principal compo-
nents in the QSAR model that the molecular descriptors form
several features and groups, suggesting intercorrelations among
the descriptors.

However, the proposed QSAR models are applicable at the
above-mentioned statistical level of significance only if all involved
molecular descriptors are taken into consideration. Due to the high
complexity of PLS based models, this QSAR can be utilized espe-
cially in a ligand-based virtual screening to select potential candi-
dates for inhibition of GluN1/Glu2A and/or GluN1/Glu2B rather
than for intuitive design of novel chemical structures with signifi-
cant activity for the receptor. Further details on the selected de-
scriptors may be found online (https://mordred-descriptor.github.
io/documentation/master/descriptors.html).

In summary, both GluN1/GluN2A and GluN1/GluN2B receptors
have a highly homologous amino acid composition in the ion
channel region [35], which likely contains a binding site for the
studied inhibitors [15]. Therefore, the significance of similar

Table 2
Dose-response relationships for inhibition of the selected tacrine derivatives at GluN1/GluN2A and GluN1/GluN2B receptors.

code name
GluN1/GluN2A GluN1/GluN2B

IC50 ±SEM (�60 mV IC50 ±SEM (þ40 mV) IC50 ±SEM (�60 mV IC50 ±SEM (þ40 mV)

29 4.70 ± 0.30 49.31 ± 1.97 7.24 ± 0.34 51.02 ± 2.99
4 6.12 ± 0.12 51.35 ± 1.77 6.98 ± 0.39 23.00 ± 1.27
5 6.58 ± 0.76 45.89 ± 3.23 7.80 ± 0.48 12.75 ± 1.36
7 22.56 ± 0.83 84.16 ± 5.75 9.39 ± 0.47 27.66 ± 1.11
23 21.55 ± 1.38 98.56 ± 5.06 8.03 ± 0.52 41.82 ± 2.74
21 7.66 ± 0.35 111.60 ± 5.32 26.14 ± 0.93 146.40 ± 10.86
28 5.16 ± 0.58 66.80 ± 4.30 16.06 ± 1.15 88.89 ± 4.66
tacrine1 9.1 ± 0.5 84.6 ± 1.6 19.7 ± 1.8 168.8 ± 9.3

L. Gorecki, A. Misiachna, J. Damborsky et al. European Journal of Medicinal Chemistry 219 (2021) 113434

5

https://mordred-descriptor.github.io/documentation/master/descriptors.html
https://mordred-descriptor.github.io/documentation/master/descriptors.html


molecular descriptors was expected when analyzing structure-
activity relationships. Both models employ analogous descriptors
(complex topological indexes) for the explanation of the biological
activity. This is in accordance with the expected binding of studied
molecules to the molecular pore, which will primarily depend on
the size and conformational flexibility of studied inhibitors. The
model constructed for the determined activities 2A-RI-40 addi-
tionally employs also the descriptor of lipophilicity (SlogP_VSA6).
This descriptor’s statistical importance suggests that hydrophobic
interactions are the additional driving force for the binding of
studied compounds to the receptor, besides the size and shape of
the molecules captured by various topological complexes. In
addition, different functional and pharmacological properties of
GluN1/GluN2A and GluN1/GluN2B receptors, such as desensitiza-
tion or open probability, may co-determine different sensitivity
towards inhibitors [38]. Overall, the two models are highly similar
in their composition as well as in their predictive power. Therefore,
the individual models are specifically helpful for predictive
purposes.

3.5. Detailed electrophysiological analysis of selected tacrine
compounds at both GluN1/GluN2A and GluN1/GluN2B receptors

To pursue the pre-clinical aspect of our study, we selected the 6
most promising compounds which notwithstanding interaction
with ChE: potently inhibited both GluN1/GluN2A and GluN1/
GluN2B receptors (4 and 5); more potently inhibited the GluN1/
GluN2B receptors (7 and 23); more potently inhibited the GluN1/
GluN2A receptors (21 and 28) (see Table 1). Firstly, we used the
same electrophysiological experimental approach as above, but
with five different concentrations of tacrine derivatives (1, 3, 10, 30,
100 mM); we then obtained the respective IC50 values for each
compound at two membrane potentials (�60 mV, þ40 mV) at both
NMDAR types (Table 2, Fig. 2) which corresponds well to the data
shown in Table 1.

The electrophysiological data obtained using five concentrations
of each compound (1, 3, 10, 30, 100 mM) from HEK293 cells
expressing the indicated NMDARs were fitted by Equation (1); the
resulting values of IC50 (in mM) recorded at membrane potentials
of �60 mV or þ40 mV are shown as the mean ± SEM (standard
error of the mean). Experimental details (Hill’s coefficient (h) and
number of analyzed cell (n) are listed in Table S3). 1 The data ob-
tained from Ref. [15].

3.6. Blood-brain barrier permeability

In compliance with RRR strategy for using laboratory animals,
the blood-brain barrier permeability (BBB) was evaluated for six
selected candidates first in vitro via the MDCK cell-based assay
[39,40], and subsequently verified in vivo on a small number of
mice. The cell-based assay predicted high BBB permeability, similar
to that obtained for tacrine or donepezil (Table S4). In vivo phar-
macokinetic experiments were performed on mice by injecting i.p.
5 mg kg�1 of the six selected candidates, and their concentration
levels measured in the plasma and brain tissue by HPLC-MS at two
time points, after 15 min and 60 min (a group of 3 animals per each
time point). The plasma and brain distribution of the tested com-
pounds at the two time intervals are shown in Table 3. It is obvious
that all compounds are able to reach the brain, as in the case of the
parent tacrine; however, in contrast they are relatively quickly
excreted [41]. In the 15th minute the brain/plasma ratios were
found to vary from 33% in the case of 21e138% in the case of 28. The
brain/plasma ratio data suggests that 5 and 28 tend to accumulate
in the brain [41,42], whereas compound 21may be subject to some
efflux mechanism. Such result confirms that although all the

compounds are available in the CNS, levels at the 60th min interval
in both plasma and brain suggest quick elimination from the
organism.

3.7. Behavioral assessment of side effects

Besides their beneficial effects, NMDAR antagonists as well as
AChEIs may possess side effects. Specifically, the use of numerous
antagonists of NMDAR is limited by psychotomimetic effects
[43e45], manifested in rodents as a behavioral syndrome including
hyperlocomotion and deficits of sensorimotor gating [46e48]. On
the other hand, behavioral side effects of AChEIs may involve
suppression of locomotor activity [49,50]. Therefore, we assessed
the acute effect of the six selected substances (4, 5, 7, 21, 23 and 28;
1 and 5 mg/kg, administered i.p. 15 min prior to the experiment) on
spontaneous locomotor activity in open field, and prepulse inhi-
bition of acoustic startle response in rats in order to investigate the
risk of the aforementioned side effects. For comparison, the effects
of 7-MEOTA (5mg/kg) and the NMDAR non-competitive antagonist
MK-801 are shown as well.

Analysis of distance moved in open field (1 mg/kg doses)
revealed significant effect of treatment (ANOVA; F (6, 37) ¼ 6.269,
P ¼ 0.0001). Compound 21 decreased locomotor activity
(P< 0.0001 vs. DMSO; Bonferroni post hoc test; Fig. 3A). At a dose of
5mg/kg, a significant effect of treatmentwas observed, too (Brown-
Forsythe ANOVA; F* (8, 13.37) ¼ 38.00, P < 0.0001). Dunnett’s T3
multiple comparisons test showed that the distance moved by the
animals from groups 4, 5, 7, 21, 23 (5 mg/kg for all) was significantly
lower than that of the control DMSO group (P ¼ 0.0194, P ¼ 0.0374,
P ¼ 0.0001, P < 0.0001 and P ¼ 0.0013, respectively), while MK-801
(0.2 mg/kg), as expected, significantly increased the locomotion
(P ¼ 0.0098; Fig. 3B).

Next, we investigated the effect of the tested compounds on
prepulse inhibition of acoustic startle response (% PPI). At a dose of
1 mg/kg, the compounds did not affect PPI (Fig. 3C). ANOVA of PPI
for the compounds at a 5 mg/kg dose showed a significant effect of
treatment (F (8, 48) ¼ 7.377, P < 0.0001), with Bonferroni post hoc
test revealing the expected deleterious effect of MK-801 (0.3mg/kg,
P < 0.0001 vs. DMSO; Fig. 3D). The results thus indicated that unlike
MK-801, all the tested compounds at both doses were free of
hyperlocomotion-inducing effects in open field, and they did not
impair prepulse inhibition of startle response, suggesting low risk
of induction of psychotomimetic side effects. This fact is of great
importance, given that serious psychotomimetic effects represent a
major limitation for the use of many NMDAR antagonists [45].

On the other hand, substances 4, 5, 7, 21 and 23, when admin-
istered at the higher dose, considerably suppressed locomotor ac-
tivity in the open field. As AChEIs may suppress locomotor activity
[49,50], we suggest that the observed effect may be at least partially
exerted via inhibition of hAChE. It seems to be corroborated by the
fact that 28 and 7-MEOTA, the only compounds which at a dose of
5 mg/kg did not decrease the locomotor activity, represent the least
potent AChEIs of all the tested compounds. By contrast, hypo-
locomotion was most prominent in animals treated with 21 (5 mg/
kg), a potent inhibitor of both AChE and BChE. Moreover, compound
21, unlike the other compounds, decreased locomotion even at the
lower tested dose (1 mg/kg). However, the in vivo mechanisms of
action seem to be complex, and simultaneous involvement of other
mechanisms in the hypolocomotion-inducing effect cannot be
excluded, as the extent of suppression of locomotion does not
appear to correspond exactly to the IC50 for hAChE. Compound 23,
the most potent inhibitor of hAChE, did not induce the most
prominent locomotion-decreasing effect. Notably, 21 exerts about
10-fold more potent inhibition of BChE than 23, perhaps explaining
the more pronounced behavioral effect of 21 and suggesting that
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inhibition of BChE or the ratio of hBChE/hAChE inhibition might
also play a role in the suppression of locomotor activity. These
findings seem to be in accordance with these of Pan et al. [51], who
compared the effect of tacrine and bis(7)-tacrine on locomotor
activity, revealing that tacrine, despite its much less potent inhi-
bition of AChE, decreased the locomotion more profoundly.

Interestingly, tacrine and bis(7)-tacrine show different hBChE/
hAChE IC50 ratios (0.41 and 99.38 respectively) [52], possibly
explaining the locomotion-decreasing potential of tacrine and
perhaps mirroring our situation with 21 and 23. Correspondingly
[4], suggest that higher selectivity towards hAChE may be associ-
ated with lower risk of certain side effects [53].

Fig. 2. The selected most potent derivatives of tacrine. Representative responses of tacrine’s derivatives at membrane potentials of �60 mV and þ40 mV from HEK293 cells
transfected with GluN1/GluN2A (A,D,G,J) and GluN1/GluN2B (B,E,H,K) receptors; the identities of the derivatives are shown above each current trace with a concentration scale
(1e100 mM) with co-application of 1 mM glutamate (Glu). Concentration-inhibition curves for 29 (C), 23 (F), 5 (I), 28 (L) were obtained by fitting the experimental data from GluN1/
GluN2A and GluN1/GluN2B receptors at �60 and þ 40 mV with Equation (1).
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In summary, the selected compounds were found to be free of
psychotomimetic effects of NMDAR antagonists. The only observed
side effect, manifested as suppression of locomotor activity and
presented at the higher of the tested doses, may represent an ex-
pected side effect associated with the drugs’ mechanism of action,
and hopefully should not appreciably limit the potential use of the
tested substances. These favorable findings justify future testing of
their therapeutic in vivo effects.

4. Conclusions

In this work we have prepared a series of 30 novel tacrine de-
rivatives designed for assessment of structure-activity relationships
on the NMDARs. We have shown that, apart of the inhibitory ac-
tivity towards cholinesterases, selected compounds (4 and 5)
potently non-selectively inhibit both GluN1/GluN2A and GluN1/
GluN2B receptors; compounds (7 and 23) more potently inhibited
the GluN1/GluN2B receptors; compounds (21 and 28) more

potently inhibited GluN1/GluN2A receptors. The QSAR analysis
revealed significant correlation for data obtained for inhibition of
GluN1/Glu2B at �60mV and for relative inhibition of GluN1/Glu2A
at þ40 mV respectively, which can be used in ligand-based virtual
screening to detect potential NMDAR ligands. The most influential
molecular descriptors were found the 3D or 2D weighted topo-
logical indices namely Mor15 m, GeomPetitj, GoemShapeI, BCUTs-
1l, and MATS1p for the GluN1/Glu2A subunit and BalabanJ, Xc-5d,
MATS4pe, MDEC-33, and Xpc-5d for the GluN1/Glu2B subunit.
Apart from that, lipophilicity showed significant influence on the
biological activity.

From the (pre-)clinical point of view, we observed in rats that
the tested novel compounds did not induce hyperlocomotion,
neither impaired the prepulse inhibition of startle response. Thus
despite of proved CNS availability of this class of compounds
absence of side-effects typical for blockers of NMDA receptors was
observed. Thus, the data have indicated that tacrine derivatives are
promising dual-acting compounds, which in addition to their anti-
ChE effects, act as centrally available subtype-specific inhibitors of
the NMDARs without negative behavioral side effects.

5. Experimental section

5.1. General synthetic methods

Column chromatography was performed using silica gel 100 at
atmospheric pressure (70e230-mesh ASTM, Fluka, Prague, Czech
Republic). Analytical thin-layer chromatography was carried out
using plates coated with silica gel 60 with the fluorescent indicator
F254 (Merck, Prague, Czech Republic). The thin-layer chromatog-
raphy plates were visualized by exposure to ultraviolet light

Table 3
In vivo availability of selected compounds in the plasma and brain (mice, dose 5 mg/
kg), i.p.).

Concentration
(nM) 15thmin

Concentration
(nM) 60thmin

Brain/plasma ratio (%; 15th min)

Compound Plasma Brain Plasma Brain

4 2522 1176 154 116 47
5 1334 1376 170 218 103
7 1657 1003 389 173 61
21 2297 762 185 32 33
23 1304 731 87 251 56
29 1673 2315 207 326 138
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Fig. 3. Behavioral effects of compounds 4, 5, 7, 21, 23 and 28. Graphs show distance moved in open field by rats treated with the tested compounds at doses of 1 mg/kg (A) and
5 mg/kg (B), and prepulse inhibition of acoustic startle response in rats treated with the compounds at doses of 1 mg/kg (C) and 5 mg/kg (D). *P < 0.05, **P < 0.01, ***P < 0.001 and
****P < 0.0001 compared to DMSO.
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(254 nm) or using the detection reagents phosphomolybdic acid
(PMA) and p-anisaldehyde (PERNOD). All the NMR spectra were
recorded on a Varian S500 spectrometer (500 MHz for 1H and
126 MHz for 13C). Chemical shifts are reported in d ppm referenced
to residual solvent signals (for 1H NMR and 13C NMR: chloroform-
d (CDCl3; 7.26 (D) or 77.16 (C) ppm), methanol-d4 (CD3OD; 3.35,
4.78 (D), or 49.3 (C) ppm), or dimethylsulfoxide-d6 (DMSO‑d6; 2.50
(D) or 39.7 (C) ppm). The chemicals were purchased from Sigma-
Aldrich Co., LLC (Prague, Czech Republic) and were used without
additional purification. A CEM Explorer SP 12 S was used for the
MW-assisted reactions. The final compounds were analyzed by
high performance liquid chromatography (HPLC) with mass spec-
trometric detection (MS) using a Dionex Ultimate 3000 RS UHPLC
system coupled with a Q Exactive Plus Orbitrap mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) to obtain high-
resolution mass spectra (HRMS). Gradient LC analysis confirmed
>97% purity.

5.2. Synthesis

5.2.1. General procedure for tacrine derivatives formation
The appropriately-substituted starting 2-amino-benzonitrile

(1.0 eq); lewis acid (LA; 2.0 eq); and cyclopentanone, cyclohexa-
none, or cycloheptanone (2mL) were challenged byMW irradiation
for 10 min at 150 �C. The resulting solid was diluted with 2 M NaOH
(3 mL) and dichloromethane (DCM) 2 mL and stirred for 30 min.
The solutionwas diluted by another 2M NaOH (20 mL) and washed
three times with DCM (3 � 20 mL). The organic layers were
collected, dried with anhydrous Na2SO4, and filtered, and the
filtrate concentrated. The residue was purified by column chro-
matography to give the crude product as a base. The base was
dissolved inMeOH (10mL) and HCl (25% in H2O; 1.5mL) and stirred
overnight. The solution was concentrated and dried to give crude
hydrochloride product.

7-methyl-1H,2H,3H-cyclopenta[b]quinolin-9-amine hydro-
chloride (1): 2-amino-5-methylbenzonitrile (180 mg; 1.36 mmol);
AlCl3 (363 mg; 2.72 mmol). Purified by column chromatography
using mobile phase DCM/MeOH/NH4OH (7:1:0.1) to give the
product as a brownish solid. Yield 83%; mp at 252 �C with
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.04 (s, 1H), 7.64 (d, J ¼ 8.5 Hz,
1H), 7.47e7.39 (m, 1H), 7.06 (bs, 2H), 2.96 (t, J ¼ 7.7 Hz, 2H), 2.81 (t,
J ¼ 7.3 Hz, 2H), 2.44 (s, 3H), 2.08 (p, J ¼ 7.6 Hz, 2H). 13C NMR
(126 MHz, DMSO‑d6) d 163.06, 148.31, 143.37, 132.99, 131.37, 125.08,
121.73, 116.91, 113.89, 33.55, 27.82, 22.30, 21.29. HRMS (HESIþ):
[MþH]þ: calculated for C13H15N2

þ (m/z): 199.1230; found: 199.1229.
HPLC purity >99%.

7-methyl-1,2,3,4-tetrahydroacridin-9-amine hydrochloride
(2): 2-amino-5-methylbenzonitrile (315 mg; 2.38 mmol); ZnCl2
(648 mg; 4.76 mmol). Purified by column chromatography using
mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the product as a
brownish solid. Yield 98%; mp 154 �C.

1H NMR (500MHz, CD3OD) d 7.81 (dd, J¼ 1.9, 1.0 Hz,1H), 7.59 (d,
J ¼ 8.6 Hz, 1H), 7.40 (dd, J ¼ 8.6, 1.8 Hz, 1H), 2.88 (t, J ¼ 6.1 Hz, 2H),
2.58 (t, J ¼ 6.2 Hz, 2H), 2.48 (s, 3H), 1.97e1.83 (m, 4H). 13C NMR
(126 MHz, CD3OD) d 156.99, 151.01, 144.28, 134.76, 132.35, 126.31,
121.47, 117.96, 110.54, 33.31, 24.51, 23.75, 23.63, 21.60. HRMS
(HESIþ): [MþH]þ: calculated for C14H17N2

þ (m/z): 213.1386; found:
213.1383. HPLC purity >99%.

2-methyl-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-amine
hydrochloride (3): 2-amino-5-methylbenzonitrile (180 mg;
1.36 mmol); AlCl3 (363 mg; 2.72 mmol). Purified by column chro-
matography using mobile phase DCM/MeOH/NH4OH (7:1:0.1) to
give the product as a brownish solid. Yield 81%; mp 103 �C.

1H NMR (500 MHz, DMSO‑d6) d 7.99 (d, J ¼ 1.7 Hz, 1H), 7.61 (d,

J¼ 8.5 Hz, 1H), 7.40 (dd, J¼ 8.5, 1.8 Hz, 1H), 6.71 (bs, 2H), 3.04e2.95
(m, 2H), 2.83e2.76 (m, 2H), 2.44 (s, 3H), 1.79 (p, J¼ 6.3 Hz, 2H), 1.63
(p, J ¼ 5.4 Hz, 2H), 1.55 (p, J ¼ 5.6 Hz, 2H). 13C NMR (126 MHz,
DMSO‑d6) d 161.79, 148.32, 142.30, 133.12, 130.90, 126.02, 121.68,
117.36,114.29, 37.74, 31.64, 27.57, 26.56, 25.30, 21.41. HRMS (HESIþ):
[MþH]þ: calculated for C15H19N2

þ (m/z): 227.1543; found: 227.154.
HPLC purity >99%.

7-bromo-1H,2H,3H-cyclopenta[b]quinolin-9-amine hydro-
chloride (4): 2-amino-5-bromobenzonitrile (154mg; 0.782mmol);
ZnCl2 (213 mg; 1.563 mmol). Purified by column chromatography
using mobile phase DCM/MeOH/NH4OH (15:1:0.1) to give the
product as an orange solid. Yield 77%; mp at 247 �C with
decomposition.

1H NMR (500MHz, DMSO‑d6) d 8.39 (d, J¼ 1.9 Hz,1H), 7.65e7.54
(m, 2H), 6.53 (bs, 2H), 2.87 (t, J ¼ 7.7 Hz, 2H), 2.80 (t, J ¼ 7.3 Hz, 2H),
2.14e1.95 (m, 2H). 13C NMR (126 MHz, DMSO‑d6) d 167.45, 147.45,
145.58, 130.77, 130.67, 124.58, 119.17, 115.48, 114.34, 34.71, 27.82,
22.31. HRMS (HESIþ): [MþH]þ: calculated for C12H12BrN2

þ (m/z):
263.0178; found: 263.0176. HPLC purity >99%.

7-bromo-1,2,3,4-tetrahydroacridin-9-amine hydrochloride
(5): 2-amino-5-bromobenzonitrile (156 mg; 0.792 mmol); ZnCl2
(216 mg; 1.58 mmol). Purified by column chromatography using
mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the product as a
light orange solid. Yield 72%; mp at 274 �C with decomposition.

1H NMR (500MHz, DMSO‑d6) d 8.42 (d, J¼ 1.8 Hz,1H), 7.60e7.51
(m, 2H), 6.44 (bs, 2H), 2.80 (t, J¼ 6.0 Hz, 2H), 2.53 (t, J¼ 6.1 Hz, 2H),
1.86e1.74 (m, 4H). 13C NMR (126 MHz, DMSO‑d6) d 158.29, 147.61,
145.18, 130.98, 130.42, 124.43, 118.54, 115.44, 109.96, 33.71, 23.84,
22.67, 22.56. HRMS (HESIþ): [MþH]þ: calculated for C13H14BrN2

þ

(m/z): 277.0335; found: 277.0333. HPLC purity >99%.
2-bromo-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-amine

hydrochloride (6): 2-amino-5-bromobenzonitrile (155 mg;
0.787 mmol); ZnCl2 (214 mg; 1.57 mmol). Purified by column
chromatography using mobile phase DCM/MeOH/NH4OH (9:1:0.1)
to give the product as an orange solid. Yield 88%; mp at 231 �C with
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.44e8.32 (m, 1H), 7.57 (d,
J ¼ 2.0 Hz, 2H), 6.42 (bs, 2H), 2.99e2.89 (m, 2H), 2.81e2.74 (m, 2H),
1.78 (p, J ¼ 5.9 Hz, 2H), 1.61 (p, J ¼ 5.5 Hz, 2H), 1.54 (p, J ¼ 5.6 Hz,
2H). 13C NMR (126 MHz, DMSO‑d6) d 164.92, 146.38, 145.06, 130.82,
130.71, 124.78, 119.45, 116.03, 115.11, 31.73, 27.75, 26.71, 25.48.
HRMS (HESIþ): [MþH]þ: calculated for C14H16BrN2

þ (m/z):
291.0491; found: 291.0488. HPLC purity >99%.

7-chloro-1H,2H,3H-cyclopenta[b]quinolin-9-amine hydro-
chloride (7): 2-amino-5-chlorobenzonitrile (173 mg; 1.134 mmol);
AlCl3 (302 mg; 2.27 mmol). Purified by column chromatography
using mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the
product as a brownish solid. Yield 82%; mp at 266 �C with
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.25 (d, J ¼ 2.4 Hz, 1H), 7.67 (d,
J ¼ 8.9 Hz, 1H), 7.47 (dd, J ¼ 8.9, 2.3 Hz, 1H), 6.52 (bs, 2H), 2.88 (t,
J ¼ 7.7 Hz, 2H), 2.80 (t, J ¼ 7.3 Hz, 2H), 2.10e1.97 (m, 2H). 13C NMR
(126 MHz, DMSO‑d6) d 167.38, 147.27, 145.67, 130.47, 128.19, 127.18,
121.41, 118.55, 114.34, 34.68, 27.81, 22.33 HRMS (HESIþ): [MþH]þ:
calculated for C12H12ClN2

þ (m/z): 219.0684; found: 219.0681. HPLC
purity >99%.

7-chloro-1,2,3,4-tetrahydroacridin-9-amine hydrochloride
(8): 2-amino-5-chlorobenzonitrile (177 mg; 1.16 mmol); AlCl3
(309 mg; 2.32 mmol). Purified by column chromatography using
mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the product as a
brownish solid. Yield 66%; mp at 247 �C with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.28 (d, J ¼ 2.3 Hz, 1H), 7.62 (d,
J ¼ 8.9 Hz, 1H), 7.46 (dd, J ¼ 9.0, 2.3 Hz, 1H), 6.42 (bs, 2H), 2.80 (t,
J ¼ 6.0 Hz, 2H), 2.53 (t, J ¼ 6.1 Hz, 2H), 1.91e1.69 (m, 4H). 13C NMR
(126 MHz, DMSO‑d6) d 158.22, 147.66, 145.07, 130.30, 128.40, 127.11,
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121.22, 117.92, 109.94, 33.73, 23.85, 22.70, 22.58. HRMS (HESIþ):
[MþH]þ: calculated for C13H14ClN2

þ (m/z): 233.0840; found:
233.0837. HPLC purity >99%.

2-chloro-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-amine
hydrochloride (9): 2-amino-5-chlorobenzonitrile (181 mg;
1.186 mmol); AlCl3 (316 mg; 1.372 mmol). Purified by column
chromatography using mobile phase DCM/MeOH/NH4OH (9:1:0.1)
to give the product as a brownish solid. Yield 94%; mp at 253 �C
with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.25 (d, J ¼ 2.4 Hz, 1H), 7.64 (d,
J ¼ 8.9 Hz, 1H), 7.47 (dd, J¼ 8.9, 2.3 Hz, 1H), 6.41 (bs, 2H), 3.01e2.91
(m, 2H), 2.84e2.73 (m, 2H), 1.78 (p, J ¼ 5.8 Hz, 2H), 1.61 (p,
J ¼ 5.5 Hz, 2H), 1.54 (p, J ¼ 5.5 Hz, 2H). 13C NMR (126 MHz,
DMSO‑d6) d 164.83, 146.48, 144.89, 130.54, 128.25, 127.70, 121.62,
118.85, 115.11, 31.74, 27.76, 26.75, 25.50. HRMS (HESIþ): [MþH]þ:
calculated for C14H16ClN2

þ (m/z): 247.0997; found: 247.0995. HPLC
purity >99%.

5,7-dichloro-1H,2H,3H-cyclopenta[b]quinolin-9-amine hy-
drochloride (10): 2-amino-3,5-dichlorobenzonitrile (148 mg;
0.79 mmol); AlCl3 (211 mg; 1.58 mmol). Purified by column chro-
matography using mobile phase petroleum ether/ethyl acetate (PE/
EA) (1:1) to give the product as a brownish solid. Yield 72%; mp at
222 �C with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.27 (d, J ¼ 2.3 Hz, 1H), 7.75 (d,
J ¼ 2.2 Hz, 1H), 6.70 (bs, 2H), 2.93 (t, J ¼ 7.7 Hz, 2H), 2.81 (t,
J ¼ 7.3 Hz, 2H), 2.13e2.02 (m, 2H). 13C NMR (126 MHz, DMSO‑d6)
d 168.07, 146.26, 143.49, 133.27, 128.02, 126.22, 120.99, 119.31,
115.38, 34.97, 27.86, 22.23. HRMS (HESIþ): [MþH]þ: calculated for
C12H11Cl2N2

þ (m/z): 253.0294; found: 253.0291. HPLC purity >99%.
5,7-dichloro-1,2,3,4-tetrahydroacridin-9-amine hydrochlo-

ride (11): 2-amino-3,5-dichlorobenzonitrile (148 mg; 0.79 mmol);
AlCl3 (211 mg; 1.58 mmol). Purified by column chromatography
using mobile phase PE/EA (2:1) to give the product as a brownish
solid. Yield 86%; mp at 193 �C with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.30 (d, J ¼ 2.3 Hz, 1H), 7.74 (d,
J ¼ 2.2 Hz, 1H), 6.60 (bs, 2H), 2.87e2.82 (m, 2H), 2.53 (t, J ¼ 6.0 Hz,
2H), 1.85e1.76 (m, 4H). 13C NMR (126 MHz, DMSO‑d6) d 158.97,
148.31, 141.25, 133.08, 128.12, 126.06, 120.83, 118.54, 111.02, 33.97,
23.89, 22.58, 22.38. HRMS (HESIþ): [MþH]þ: calculated for
C13H13Cl2N2

þ (m/z): 267.0450; found: 267.0449. HPLC purity >96%.
2,4-dichloro-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-

amine hydrochloride (12): 2-amino-3,5-dichlorobenzonitrile
(145 mg; 0.775 mmol); AlCl3 (207 mg; 1.55 mmol). Purified by
column chromatography usingmobile phase PE/EA (2:1) to give the
product as a brownish solid. Yield 96%; mp at 244 �C with
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.27 (d, J ¼ 2.2 Hz, 1H), 7.75 (d,
J ¼ 2.2 Hz, 1H), 6.58 (bs, 2H), 3.05e2.96 (m, 2H), 2.84e2.75 (m, 2H),
1.85e1.74 (m, 2H), 1.66e1.58 (m, 2H), 1.58e1.51 (m, 2H). 13C NMR
(126 MHz, DMSO‑d6) d 165.46, 147.13, 141.05, 133.35, 128.02, 126.71,
121.20, 119.52, 116.09, 39.48, 31.67, 27.52, 26.60, 25.49. HRMS
(HESIþ): [MþH]þ: calculated for C14H15Cl2N2

þ (m/z): 281.0608;
found: 281.0604. HPLC purity >99%.

5,7-dibromo-1H,2H,3H-cyclopenta[b]quinolin-9-amine hy-
drochloride (13): 2-amino-3,5-dibromobenzonitrile (167 mg;
0.605 mmol); AlCl3 (161 mg; 1.21 mmol). Purified by column
chromatography using mobile phase PE/EA (1:1) to give a product
as a light orange solid. Yield 82%; mp at 153 �C with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.45 (d, J ¼ 2.1 Hz, 1H), 8.01 (d,
J ¼ 2.1 Hz, 1H), 6.71 (bs, 2H), 2.93 (t, J ¼ 7.7 Hz, 2H), 2.82 (t,
J ¼ 7.3 Hz, 2H), 2.06 (p, J ¼ 7.6 Hz, 2H). 13C NMR (126 MHz,
DMSO‑d6) d 168.38, 146.15, 144.42, 133.59, 125.12, 124.77, 119.79,
115.37, 114.56, 35.03, 27.87, 22.24. HRMS (HESIþ): [MþH]þ: calcu-
lated for C12H11Br2N2

þ (m/z): 342.9263; found: 342.9259. HPLC
purity >99%.

5,7-dibromo-1,2,3,4-tetrahydroacridin-9-amine hydrochlo-
ride (14): 2-amino-3,5-dibromobenzonitrile (170mg; 0.616mmol);
AlCl3 (164 mg; 1.232 mmol). Purified by column chromatography
usingmobile phase PE/EA (1:1) to give the product as a light orange
solid. Yield 55%; mp at 203 �C with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.48 (d, J ¼ 2.1 Hz, 2H), 7.99 (d,
J ¼ 2.0 Hz, 1H), 6.61 (bs, 3H), 2.86e2.80 (m, 2H), 2.55e2.51 (m, 2H),
1.84e1.78 (m, 4H). 13C NMR (126 MHz, DMSO‑d6) d 159.27, 148.21,
142.14, 133.66, 125.05, 124.66, 118.99, 114.39, 111.00, 34.01, 23.88,
22.57, 22.38. HRMS (HESIþ): [MþH]þ: calculated for C13H13Br2N2

þ

(m/z): 356.942; found: 356.9414. HPLC purity >97%.
2,4-dibromo-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-

amine hydrochloride (15): 2-amino-3,5-dibromobenzonitrile
(167 mg; 0.605 mmol); AlCl3 (161 mg; 1.21 mmol). Purified by
column chromatography usingmobile phase PE/EA (3:1) to give the
product as a light orange solid. Yield 65%; mp at 142 �C
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.45 (d, J ¼ 2.1 Hz, 1H), 8.00 (d,
J ¼ 1.9 Hz, 1H), 6.60 (bs, 2H), 3.04e2.96 (m, 2H), 2.82e2.76 (m, 2H),
1.83e1.76 (m, 2H), 1.66e1.59 (m, 2H), 1.59e1.51 (m, 2H). 13C NMR
(126 MHz, DMSO‑d6) d 165.73, 147.06, 141.93, 133.58, 125.26, 125.01,
119.95, 116.06, 115.08, 31.67, 27.53, 26.58, 25.50. HRMS (HESIþ):
[MþH]þ: calculated for C14H15Br2N2

þ (m/z): 370.9576; found:
370.9570. HPLC purity >99%.

7-fluoro-1H,2H,3H-cyclopenta[b]quinolin-9-amine hydro-
chloride (16): 2-amino-5-fluorobenzonitrile (122 mg;
0.896 mmol); AlCl3 (239 mg; 1.79 mmol). Purified by column
chromatography using mobile phase DCM/MeOH/NH4OH (9:1:0.1)
to give the product as a white solid. Yield 83%; mp at 185 �C with
decomposition.

1H NMR (500MHz, DMSO‑d6) d 7.97e7.88 (m,1H), 7.76e7.66 (m,
1H), 7.45e7.31 (m, 1H), 6.40 (bs, 2H), 2.88 (t, J ¼ 7.7 Hz, 2H), 2.80 (t,
J ¼ 7.3 Hz, 2H), 2.05 (p, J ¼ 7.5 Hz, 2H). 13C NMR (126 MHz,
DMSO‑d6) d 166.46, 166.44, 159.10, 157.20, 145.86, 145.84, 130.84,
130.77, 118.05, 117.98, 117.35, 117.15, 113.97, 106.14, 105.96, 34.57,
27.78, 22.43. HRMS (HESIþ): [MþH]þ: calculated for C12H12FN2

þ (m/
z): 203.0979; found: 203.0976. HPLC purity >99%.

7-fluoro-1,2,3,4-tetrahydroacridin-9-amine hydrochloride
(17): 2-amino-5-fluorobenzonitrile (177 mg; 1.30 mmol); AlCl3
(347 mg; 2.60 mmol). Purified by column chromatography using
mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the product as a
white solid. Yield 77%; mp at 268 �C with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.08e8.00 (m, 1H), 7.76e7.69
(m,1H), 7.49e7.41 (m,1H), 6.75 (bs, 2H), 2.83 (t, J¼ 5.9 Hz, 2H), 2.53
(t, J ¼ 6.1 Hz, 2H), 1.85e1.75 (m, 4H). 13C NMR (126 MHz, DMSO‑d6)
d 159.24, 157.33, 155.97, 149.41, 141.72, 128.92, 118.77, 118.57, 117.06,
109.49, 106.30, 106.12, 32.42, 23.64, 22.32. HRMS (HESIþ): [MþH]þ:
calculated for C13H14FN2

þ (m/z): 217.1136; found: 217.1135. HPLC
purity >97%.

2-fluoro-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-amine
hydrochloride (18): 2-amino-5-fluorobenzonitrile (177 mg;
1.30 mmol); AlCl3 (347 mg; 2.60 mmol). Purified by column chro-
matography using mobile phase DCM/MeOH/NH4OH (9:1:0.1) to
give the product as a white solid. Yield 98%; mp at 269 �C with
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 7.96e7.89 (m,1H), 7.71e7.64 (m,
1H), 7.41e7.33 (m, 1H), 6.30 (bs, 2H), 3.01e2.91 (m, 2H), 2.84e2.74
(m, 2H), 1.86e1.74 (m, 2H), 1.65e1.50 (m, 4H). 13C NMR (126 MHz,
DMSO‑d6) d 160.45, 158.51, 158.05, 153.95, 153.92, 133.87, 122.53,
122.46, 122.15, 121.95, 116.82, 116.74, 114.75, 108.60, 108.40, 32.79,
31.04, 26.23, 25.47, 24.59. HRMS (HESIþ): [MþH]þ: calculated for
C14H16FN2

þ (m/z): 231.1292; found: 231.1287. HPLC purity >99%.
8-chloro-1H,2H,3H-cyclopenta[b]quinolin-9-amine hydro-

chloride (19): 2-amino-6-chlorobenzonitrile (140 mg; 0.92 mmol);
AlCl3 (245 mg; 1.84 mmol). Purified by column chromatography
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using mobile phase DCM/MeOH/NH4OH (15:1:0.1) to give the
product as a brownish solid. Yield 63%; mp at 253 �C with
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 7.65 (dd, J ¼ 8.4, 1.4 Hz, 1H), 7.41
(dd, J ¼ 8.4, 7.5 Hz, 1H), 7.33 (dd, J ¼ 7.5, 1.4 Hz, 1H), 6.51 (bs, 2H),
2.90 (t, J ¼ 7.8 Hz, 2H), 2.82e2.76 (m, 2H), 2.12e2.02 (m, 2H). 13C
NMR (126 MHz, DMSO‑d6) d 166.75, 151.22, 146.28, 128.96, 128.27,
127.73, 125.83, 116.29, 114.60, 34.59, 28.15, 22.04. HRMS (HESIþ):
[MþH]þ: calculated for C12H12ClN2

þ (m/z): 219.0684; found:
219.0682. HPLC purity >98%.

8-chloro-1,2,3,4-tetrahydroacridin-9-amine hydrochloride
(20): 2-amino-6-chlorobenzonitrile (135 mg; 0.885 mmol); AlCl3
(236 mg; 1.77 mmol). Purified by column chromatography using
mobile phase DCM/MeOH/NH4OH (15:1:0.1) to give the product as
a brownish solid. Yield 48%; mp at 252 �C with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 7.61 (dd, J ¼ 8.4, 1.4 Hz, 1H),
7.44e7.38 (m,1H), 7.33 (dd, J¼ 7.5, 1.4 Hz, 1H), 6.53 (bs, 2H), 2.80 (t,
J ¼ 6.2 Hz, 2H), 2.49e2.46 (m, 2H), 1.87e1.75 (m, 4H). 13C NMR
(126MHz, DMSO‑d6) d 157.87, 148.60, 148.22, 128.68, 127.82, 127.52,
125.90, 113.89, 111.29, 33.47, 23.98, 22.51, 22.41. HRMS (HESIþ):
[MþH]þ: calculated for C13H14ClN2

þ (m/z): 233.0840; found:
233.0838. HPLC purity >99%.

1-chloro-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-amine
hydrochloride (21): 2-amino-6-chlorobenzonitrile (135 mg;
0.885 mmol); AlCl3 (236 mg; 1.77 mmol). Purified by column
chromatography using mobile phase DCM/MeOH/NH4OH
(15:1:0.1) to give the product as a brownish solid. Yield 89%; mp at
244 �C with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 7.62 (s, 1H), 7.44e7.38 (m, 1H),
7.35 (dd, J ¼ 7.5, 1.5 Hz, 1H), 6.59 (bs, 2H), 2.99e2.92 (m, 2H),
2.81e2.72 (m, 2H), 1.79 (t, J ¼ 5.7 Hz, 2H), 1.65e1.52 (m, 4H). 13C
NMR (126 MHz, DMSO‑d6) d 164.40, 148.64, 147.14, 129.09, 127.78,
127.76, 126.57, 116.44, 114.79, 39.01, 31.57, 27.37, 26.61, 25.35. HRMS
(HESIþ): [MþH]þ: calculated for C14H16ClN2

þ (m/z): 247.0997;
found: 247.0994. HPLC purity >98%.

6-methyl-1H,2H,3H-cyclopenta[b]quinolin-9-amine hydro-
chloride (22): 2-amino-4-methylbenzonitrile (148mg; 1.12mmol);
AlCl3 (299 mg; 2.24 mmol). Purified by column chromatography
using mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the
product as a brownish solid. Yield 83%; mp at 273 �C with
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 8.02 (d, J ¼ 8.5 Hz, 1H), 7.45 (t,
J ¼ 1.4 Hz, 1H), 7.14 (dd, J ¼ 8.5, 1.8 Hz, 1H), 6.49 (bs, 2H), 2.87 (t,
J ¼ 7.7 Hz, 2H), 2.78 (t, J ¼ 7.4 Hz, 2H), 2.41 (s, 3H), 2.10e1.99 (m,
2H). 13C NMR (126 MHz, DMSO‑d6) d 166.02, 148.26, 146.68, 137.59,
126.95, 124.87, 122.10, 115.56, 112.98, 34.53, 27.73, 22.40, 21.33.
HRMS (HESIþ): [MþH]þ: calculated for C13H15N2

þ (m/z): 199.123;
found: 199.1228. HPLC purity >99%.

6-methyl-1,2,3,4-tetrahydroacridin-9-amine hydrochloride
(23): 2-amino-4-methylbenzonitrile (142 mg; 1.07 mmol); AlCl3
(287 mg; 2.15 mmol). Purified by column chromatography using
mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the product as a
brownish solid. Yield 77%; mp at 225 �C with decomposition.

1H NMR (500MHz, DMSO‑d6) d 8.04 (d, J¼ 8.6 Hz,1H), 7.43e7.38
(m,1H), 7.12 (dd, J¼ 8.5, 1.8 Hz, 1H), 6.36 (bs, 2H), 2.80 (t, J¼ 6.0 Hz,
2H), 2.52 (t, J ¼ 6.1 Hz, 2H), 2.40 (s, 3H), 1.85e1.74 (m, 4H). 13C NMR
(126MHz, DMSO‑d6) d 157.03,148.53,146.22,137.63,126.58,124.89,
121.97, 115.09, 108.51, 33.41, 23.69, 22.75, 22.68, 21.37. HRMS
(HESIþ): [MþH]þ: calculated for C14H17N2

þ (m/z): 213.1386; found:
213.1384. HPLC purity >98%.

3-methyl-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-amine
hydrochloride (24): 2-amino-4-methylbenzonitrile (142 mg;
1.07 mmol); AlCl3 (287 mg; 2.15 mmol). Purified by column chro-
matography using mobile phase DCM/MeOH/NH4OH (5:1:0.1) to
give the product as a brownish solid. Yield 99%; mp at 274 �C with

decomposition.
1H NMR (500 MHz, DMSO‑d6) d 8.08 (d, J ¼ 8.5 Hz, 1H),

7.52e7.44 (m, 1H), 7.20 (dd, J ¼ 8.5, 1.8 Hz, 1H), 6.75 (bs, 2H),
3.02e2.95 (m, 2H), 2.83e2.74 (m, 2H), 2.42 (s, 3H), 1.79 (p,
J ¼ 5.9 Hz, 2H), 1.62 (p, J ¼ 5.5 Hz, 2H), 1.55 (p, J ¼ 5.7 Hz, 2H). 13C
NMR (126 MHz, DMSO‑d6) d 162.56, 148.75, 144.21, 138.65, 125.84,
125.29,122.57, 115.46, 113.79, 37.84, 31.67, 27.57, 26.55, 25.22, 21.32.
HRMS (HESIþ): [MþH]þ: calculated for C15H19N2

þ (m/z): 227.1543;
found: 227.154. HPLC purity >99%.

8-methyl-1H,2H,3H-cyclopenta[b]quinolin-9-amine hydro-
chloride (25): 2-amino-6-methylbenzonitrile (158 mg;
1.196 mmol); AlCl3 (319 mg; 2.39 mmol). Purified by column
chromatography using mobile phase DCM/MeOH/NH4OH (5:1:0.1)
to give the product as a yellowish solid. Yield 58%; mp at 275 �C
with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 7.51 (dd, J ¼ 8.4, 1.4 Hz, 1H), 7.31
(dd, J ¼ 8.4, 7.0 Hz, 1H), 7.02 (d, J ¼ 7.0 Hz, 1H), 5.88 (bs, 2H),
2.92e2.85 (m, 5H), 2.79 (t, J¼ 7.3 Hz, 2H), 2.05 (p, J¼ 7.6 Hz, 2H). 13C
NMR (126 MHz, DMSO‑d6) d 165.19, 150.22, 148.36, 134.19, 127.49,
126.91, 126.24, 117.92, 115.72, 34.36, 28.03, 24.24, 22.20. HRMS
(HESIþ): [MþH]þ: calculated for C13H15N2

þ (m/z): 199.123; found:
199.1227. HPLC purity >99%.

8-methyl-1,2,3,4-tetrahydroacridin-9-amine hydrochloride
(26): 2-amino-6-methylbenzonitrile (160 mg; 1.21 mmol); AlCl3
(323 mg; 2.42 mmol). Purified by column chromatography using
mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the product as a
yellowish solid. Yield 77%; mp at 240 �C with decomposition.

1H NMR (500 MHz, CD3OD) d 7.57e7.53 (m, 1H), 7.50e7.45 (m,
1H), 7.20e7.16 (m, 1H), 2.94 (s, 3H), 2.90 (t, J ¼ 6.2 Hz, 2H), 2.55 (t,
J ¼ 6.3 Hz, 2H), 1.99e1.87 (m, 4H). 13C NMR (126 MHz, CD3OD)
d 155.34,155.06,145.15,135.86,131.20,128.97,122.86,117.54,111.72,
31.63, 24.31, 24.27, 23.40, 22.91. HRMS (HESIþ): [MþH]þ: calculated
for C14H17N2

þ (m/z): 213.1386; found: 213.1384. HPLC purity >95%.
1-methyl-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-amine

hydrochloride (27): 2-amino-6-methylbenzonitrile (160 mg;
1.121 mmol); AlCl3 (323 mg; 2.42 mmol). Purified by column
chromatography using mobile phase DCM/MeOH/NH4OH (7:1:0.1)
to give the product as a yellowish solid. Yield 59%; mp at 235 �C
with decomposition.

1H NMR (500 MHz, DMSO‑d6) d 7.50 (dd, J¼ 8.3, 1.4 Hz, 1H), 7.34
(dd, J ¼ 8.4, 7.0 Hz, 1H), 7.07 (dt, J ¼ 7.0, 1.2 Hz, 1H), 6.04 (bs, 2H),
3.00e2.93 (m, 2H), 2.89 (s, 3H), 2.81e2.74 (m, 2H), 1.83e1.76 (m,
2H), 1.63 (p, J ¼ 5.7, 5.3 Hz, 2H), 1.56 (p, J ¼ 5.7 Hz, 2H). 13C NMR
(126 MHz, DMSO‑d6) d 162.27, 149.90, 146.76, 134.00, 127.93, 127.16,
125.97, 118.22, 115.87, 38.19, 31.60, 27.54, 26.62, 25.21, 24.26. HRMS
(HESIþ): [MþH]þ: calculated for C15H19N2

þ (m/z): 227.1543; found:
227.1539. HPLC purity >99%.

7-methoxy-1H,2H,3H-cyclopenta[b]quinolin-9-amine hy-
drochloride (28): 2-amino-5-methoxybenzonitrile (177 mg;
1.19 mmol); AlCl3 (319 mg; 2.39 mmol). Purified by column chro-
matography using mobile phase DCM/MeOH/NH4OH (9:1:0.1) to
give the product as a white solid. Yield 60%; mp at 264 �C with
decomposition.

1H NMR (500 MHz, DMSO‑d6) d 7.59 (d, J ¼ 9.1 Hz, 1H), 7.49 (d,
J ¼ 2.8 Hz, 1H), 7.14 (dd, J ¼ 9.1, 2.7 Hz, 1H), 6.30 (bs, 2H), 3.85 (s,
3H), 2.86 (t, J ¼ 7.7 Hz, 2H), 2.80 (t, J ¼ 7.3 Hz, 2H), 2.10e1.99 (m,
2H). 13C NMR (126 MHz, DMSO‑d6) d 164.15, 155.28, 145.52, 144.07,
129.58, 119.44, 118.05, 113.64, 101.55, 55.67, 34.35, 27.79, 22.50.
HRMS (HESIþ): [MþH]þ: calculated for C13H15ON2

þ (m/z): 215.1179;
found: 215.1176. HPLC purity >99%.

7-methoxy-1,2,3,4-tetrahydroacridin-9-amine hydrochloride
(29): 2-amino-5-methoxybenzonitrile (181 mg; 1.24 mmol); AlCl3
(330 mg; 2.48 mmol). Purified by column chromatography using
mobile phase DCM/MeOH/NH4OH (9:1:0.1) to give the product as a
yellowish solid. Yield 52%; mp 163 �C.
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1H NMR (500 MHz, DMSO‑d6) d 7.60e7.53 (m, 2H), 7.20 (dd,
J¼ 9.1, 2.7 Hz, 1H), 6.56 (bs, 2H), 3.86 (s, 3H), 2.81 (t, J¼ 6.0 Hz, 2H),
2.54 (t, J ¼ 6.2 Hz, 2H), 1.85e1.76 (m, 4H). 13C NMR (126 MHz,
DMSO‑d6) d 155.54, 154.03, 148.65, 140.37, 127.96, 120.80, 117.21,
109.12, 101.28, 55.80, 32.42, 23.71, 22.50. HRMS (HESIþ): [MþH]þ:
calculated for C14H17ON2

þ (m/z): 229.1335; found: 229.1331. HPLC
purity >97%.

2-methoxy-6H,7H,8H,9H,10H-cyclohepta[b]quinolin-11-
amine hydrochloride (30): 2-amino-5-methoxybenzonitrile
(181 mg; 1.24 mmol); AlCl3 (330 mg; 2.48 mmol). Purified by col-
umn chromatography using mobile phase DCM/MeOH/NH4OH
(7:1:0.1) to give the product as a yellowish solid. Yield 82%; mp
237 �C.

1H NMR (500 MHz, DMSO‑d6) d 7.64 (d, J ¼ 9.1 Hz, 1H), 7.56 (d,
J ¼ 2.7 Hz, 1H), 7.23 (dd, J ¼ 9.1, 2.6 Hz, 1H), 6.75 (bs, 2H), 3.87 (s,
3H), 3.02e2.94 (m, 2H), 2.85e2.77 (m, 2H), 1.80 (p, J ¼ 5.9 Hz, 2H),
1.63 (p, J ¼ 5.4 Hz, 2H), 1.57 (p, J ¼ 5.5 Hz, 2H). 13C NMR (126 MHz,
DMSO‑d6) d 160.14, 156.15, 156.15, 148.24, 139.03, 127.41, 120.78,
117.96, 114.38, 102.09, 55.91, 37.46, 31.62, 27.51, 26.56, 25.35. HRMS
(HESIþ): [MþH]þ: calculated for C14H17ON2

þ (m/z): 243.1492; found:
243.1488. HPLC purity >99%.

5.3. In vitro anti-cholinesterase assay

The inhibitory activity of 7-PhO-THA and all the standards
against human recombinant AChE (hAChE, E.C. 3.1.1.7, purchased
from Sigma-Aldrich, Prague, Czech Republic) and human plasmatic
butyrylcholinesterase (hBChE, E.C. 3.1.1.8, purchased from Sigma-
Aldrich, Prague, Czech Republic) were determined using the
modified Ellman’s method [31], according to previously published
protocol [54]. The results are expressed as IC50 values (the con-
centration of the compound that is required to reduce 50% of
cholinesterase (ChE) activity). For calculation of the percentage
inhibition of activity (I) the following equation 1 was used:

I¼
�
1� DAi

DA0

�
� 100 ½%� (1)

where DAi indicates the absorbance change provided by adequate
enzyme exposed to its corresponding inhibitor, and DA0 indicates
the absorbance changewhen a solution of PBSwas added instead of
a solution of inhibitor. Software Microsoft Excel 10 (Microsoft
Corporation, Redmont, WA, USA) and GraphPad Prism version 5.02
for Windows (GraphPad Software, San Diego, CA, USA) were used
for evaluation of the statistical data.

5.4. The cell culture and transfection with DNA vectors

The DNA vectors encoding the human versions of GluN1-1a
(GluN1), GluN2A and GluN2B subunits as well as green fluores-
cent protein (GFP) have been described recently [55]. Human em-
bryonic kidney 293 (HEK293) cells were cultured in Opti-MEM I
media containing 5% fetal bovine serum (FBS; v/v; Thermo Fisher
Scientific). The HEK293 cells were transfected in Opti-MEM I media
containing a mixture of 0.6 mL of MATra-A Reagent (IBA) and 600 ng
of DNA vectors carrying the GluN1, GluN2 and GFP (diluted in equal
ratio), and were then placed on a magnet plate for 30 min [56].
After that, the HEK293 cells were trypsinised and grown in Opti-
MEM I containing 1% FBS, 20 mM MgCl2 and 3 mM kynurenic
acid (to reduce excitotoxicity) on 35 mm glass coverslips. Electro-
physiological recordings were performed at room temperature
within 24e48 h after transfection.

5.5. Electrophysiology

Whole-cell patch-clamp recordings were performed using
Axopatch 200B amplifiers (Molecular Devices), combined with
WAS02 application systems [15,57]. The extracellular recording
solution (ECS) had the following composition (in mM): 160 NaCl,
2.5 KCl, 10 HEPES, 10 glucose, 0.2 EDTA, and 0.7 CaCl2 (pH adjusted
to 7.3 with NaOH). In all experiments, the ECS contained the satu-
rating concentration of co-agonist glycine (50 mM) and the NMDARs
were activated by the saturating concentration of agonist gluta-
mate (1 mM; Merck). The stock solutions of 7-MEOTA and its de-
rivatives (10 mM) were prepared freshly before each experiment in
dimethyl sulfoxide (DMSO; Merck) [15]. Glass pipettes with
5e7 MU tip resistance made using a P-1000 horizontal puller
(Sutter Instrument Co.) were filled with the intracellular recording
solution containing (in mM): 125 gluconic acid, 15 CsCl, 5 EGTA, 10
HEPES, 3 MgCl2, 0.5 CaCl2, and 2 ATP-Mg salt (pH adjusted to 7.2
with CsOH). The currents were filtered at 2 kHz with an eight-pole
low-pass Bessel filter and digitized at 5 kHz with Digidata 1322A
digitizers and pClamp 10 software (Molecular Devices). All re-
cordings were performed at the indicated holding potentials (�60
or þ40 mV). The dose-response inhibitory curves for 7-MEOTA and
its derivatives were obtained using Equation (2).

I ¼ 1/(1 þ ([compound]/IC50)h) (2)

where IC50 is the concentration of tested compound that produces a
50% inhibition of agonist-evoked current, [compound] is the con-
centration of tested compounds, and h is the apparent Hill
coefficient.

5.6. Quantitative structure activity relationship (QSAR)

Partial least squares projection to latent structures (PLS) analysis
[58] was carried out for exploration of the relationships between
the molecular and structural descriptors (X) and experimentally
determined inhibitory activity towards NMDARs consisting of the
GluN2A or GluN2B subunit respectively (y). Molecular and struc-
ture descriptors were calculated using the software tool MORDRED
(Osaka University, Japan, https://mordred.phs.osaka-u.ac.jp/) [37].
PLS uses the correlation structure among the original variables and
the variables are weighted together by the PLS weights to a small
number of new latent variables. Auto-scaled and centered data
were used in the PLS analysis. The importance of every descriptor in
the model was accessed using the variable importance in the pro-
jection (VIP) parameter [59] and scores plots and loadings plots
[60]. Validation was employed to assess the quality and validity of
developed PLS models [61]. The validation was secured by a cross-
validation routine and permutation testing. During the cross-
validation procedure [59], parts of the y data are kept out of
model development and predicted by the model, and compared
with the actual values, providing cross-validated Q2. This gives a
more realistic value for the predictive power than the squared
multiple regression coefficient R2. In this study 1/7 of the com-
pounds were deleted at each cross-validation round. In the per-
mutation testing, the model is recalculated 999-times using a
randomly re-ordered dependent variable. The statistical package
SIMCA-P version 12 (Umetrics, Umea, Sweden) was used for sta-
tistical analyses.

5.7. Blood-brain barrier permeability prediction

The MDCK assay evaluates the ability of compounds to diffuse
from the donor compartment through the MDCK’s cell membrane
into the acceptor compartment. The MDCK cells were seeded on a
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polycarbonate membrane (area 1.12 cm2) with 3 mm pores of the
12-well plates with 12 mm inserts. The tested compounds were
dissolved in DMSO and then diluted with OptiMEM to reach the
final concentrations (in the range 100 mM); the concentration of
DMSO did not exceed 0.5% (v/v). 750 mL of the donor solution was
added to the donor compartment (insert) and the same volume of
OptiMEM was added into the acceptor. The concentration of the
drug in both compartments was measured in triplicate by UV-VIS
spectrophotometry after 1, 2, 4 and 6 h of incubation. The
apparent permeability coefficient (Papp) was calculated from the
concentrations ratio using equation (3). The tightness of the MDCK
monolayer is assessed by the permeability of FITC (fluorescein
isothiocyanate) at 0.4 mg/mL.

Papp¼dC
dt

*
Vr

ðA*C0Þ (3)

where, A is area of the well/cell monolayer.

dC/dt is amount in the receiver compartment in given time
Vr is volume of the receiver compartment
C0 is the initial concentration of tested compounds

5.8. In vivo pharmacokinetic study

5.8.1. Animals
Adult male ICR mice (23e25 g) purchased from the Velaz

breeding colony were used. The mice were housed in transparent
plastic boxes in an air-conditioned animal room of Faculty of Mil-
itary Health Sciences, Hradec Kralove, Czech Republic. The mice
were kept under a 12:12 h light/dark cycle, with free access to food
and water. All experiments were performed after a week-long
acclimatization period. The experiments were conducted in accor-
dancewith the guidelines of the European Union directive 2010/63/
EU and Act No246/1992 Coll. The handling of the experimental
animals was done under the supervision of the Ethics Committee of
the Faculty of Military Health Sciences, Czech Republic.

40 male mice (20e30 g, Velaz Ltd., Czech Republic) were
injected i.p. with the tested compounds at a concentration of
5 mg kg�1 in 5% DMSO/saline mixture. Blood samples were
collected under deep terminal anesthesia directly by cardiac
puncture into heparinized 1.5 mL tubes at 15 and 60 min (3 animals
per time interval). Four animals were used for zero time or blank
control. The animals were perfused transcardially with saline so-
lution (0.9% NaCl) for 5min (1mL/min) [62], and after thewash-out
the skull was opened, and the brain carefully removed; brains were
stored at �80 �C until analysis.

The brains were weighed PBS was added in the weight ratio 1:4.
The brains were subsequently homogenised by T-25 Ultra Turrax
disperser (IKA, Staufen, Germany), ultrasonicated by UP 50H needle
homogeniser (Hielscher, Teltow, Germany), and stored at �80 �C
prior to extraction.

5.8.2. Sample extraction
190 mL of brain homogenate or 95 mL of plasma was spiked with

10 ml (homogenate) or 5 mL (plasma) of internal standard (IS; 7-
PhO-THA in methanol), so that the final concentration was 1 mM,
the sample alkalized with 100 mL of 1 M sodium hydroxide, and
1000 ml of ethyl acetatewas added. The samples were then vortexed
(1200 RPM, Wizard Advanced IR Vortex Mixer, Velp Scientifica,
Usmate, Italy) and centrifuged (12000 RPM, 5 min, Universal 320 R
centrifuge, Hettich, Tuttlingen, Germany). 700 mL of supernatant
was transferred to a microtube and evaporated to dryness in a
CentriVap concentrator (Labconco Corporation, Kansas City, USA).

Calibration samples were prepared by spiking 90 ml of blank plasma
or 180 mL of blank brain homogenate with 5 mL (plasma) or 10 mL
(homogenate) of the studied compounds dissolved in methanol
(final concentrations range from 0.5 nM to 50 mM) and 5 or 10 mL of
IS (7-PhO-THA in methanol, final concentration 1 mM), and then
vortexing and extracting as above. Analysis samples were recon-
stituted in 100 mL of acetonitrile/water mixture 50/50 (v/v).

5.8.3. Liquid chromatography mass spectrometry
Solvents and other common chemicals were purchased from

VWR (Stribrna Skalice, Czech Republic). Solvents for chromato-
graphic procedures were supplied in LC-MS grade. 7-
phenoxytacrine (7-PhO-THA) was synthesized de novo and used
as the internal standard.

5.8.4. HPLC-MS instrumentation
The system used in this study was Dionex Ultimate 3000 UHPLC

RS consisting of RS Pump, RS Column Compartment, RS Autosam-
pler and Diode Array Detector controlled by Chromeleon (version
7.2.9. build 11323) software (Thermo Fisher Scientific, Germering,
Germany) with Q Exactive Plus Orbitrap mass spectrometer with
Thermo Xcalibur (version 3.1.66.10.) software (Thermo Fisher Sci-
entific, Bremen, Germany). Detection was performed by mass
spectrometry in positive mode. Settings of the heated electrospray
source were: spray voltage 3.5 kV; capillary temperature 220 �C;
sheath gas 55 arbitrary units; auxiliary gas 15 arbitrary units; spare
gas 3 arbitrary units; probe heater temperature 220 �C; max spray
current 100 mA; S-lens RF Level 50.

5.8.5. High-resolution mass spectrometry and purity
HRMS and sample purities were obtained by high performance

liquid chromatography (HPLC) with the UV and mass spectrometry
gradient method. A C18 column (Waters Atlantis dC18;
2.1 � 100mm; 3 mm, Waters, Wexford, Ireland) was used in this
study. Mobile phase A was ultrapure water of ASTM I type (resis-
tance 18.2 MU cm at 25 �C) prepared by Barnstead Smart2Pure 3
UV/UF apparatus (Thermo Fisher Scientific, Bremen, Germany) with
0.1% (v/v) formic acid; mobile phase B was acetonitrile with 0.1% (v/
v) of formic acid. The flow was constant at 0.4 ml/min. The method
started with 1 min of isocratic flow of 5% B, the concentration of B
was then increased to 100% in 15 min and remained constant at
100% B for 1 min. The composition then reverted to 5% B and
equilibrated for 5.5 min. The column was tempered to 27 �C.
Samples were dissolved in methanol at a concentration of 1 mg/ml
and sample injection was 1 mL. Purity was determined from UV
spectra measured at wavelength 254 nm. HRMS was determined in
total ion current spectra from the mass spectrometer in positive
mode.

5.8.6. Pharmacokinetic study - HPLC-MS analysis
Compound levels in plasma and brain homogenate were

measured by the above-mentioned UHPLC system with mass
spectrometric detection. The results were obtained by gradient
elutionwith reverse phase on a C18 column (Luna Omega Polar C18,
2.1 � 50 mm, 1.6 mm, Phenomenex, Torrance, California, USA) with
SecurityGuard ULTRA Cartridge (C18, 2.1 mm, Phenomenex, Tor-
rance, California, USA). The mobile phase was as above: water and
acetonitrile with formic acid. Initially 5% B flowed for 0.2 min, and
the composition then increased to 100% B in 3 min. After 0.5 min
steady flow of 100% B the composition reverted to 5% B and
equilibrated for 1.8 min. The total run time of the method was
5.5 min. Flow of the mobile phase was set to 0.5 ml/min and the
column was tempered to 40 �C. The injection volume was 5 mL.
Samples were analyzed by the previously-mentioned Orbitrap
mass spectrometer in parallel reaction monitoring (PRM) positive
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mode. Settings for each compound and internal standard are in
Table 4. The calibration curves had 6 points, and for brain ho-
mogenates ranged from 5 nM to 1 mM and for plasma samples from
50 nM to 10 mM, and were linear in the measured range.

5.9. Behavioral experiments

5.9.1. Animals
Adult male Wistar rats (280e400 g, 2e3 months) purchased

from the Velaz breeding colony were used. The rats were housed in
pairs in transparent plastic boxes (50 � 25 � 25 cm) in an air-
conditioned animal room of National Institute of Mental Health,
Prague, Czech Republic. The rats were kept under a 12:12 h light/
dark cycle, with free access to food andwater. All experiments were
performed in the light phase of the day after a week-long accli-
matization period. The experiments were conducted in accordance
with the guidelines of European Union directive 2010/63/EU and
Act No. 246/1992 Coll. on the protection of animals against cruelty,
and were approved by the Animal Care and Use Committee of the
National Institute of Mental Health (reference number MZDR
51755/2018-4/OVZ).

5.9.2. Drugs
The rats were pseudo-randomly assigned to 16 experimental

groups according to treatment: DMSO (control for the 1 mg/kg
groups), 4 (1 mg/kg), 5 (1 mg/kg), 7 (1 mg/kg), 21 (1 mg/kg), 23
(1 mg/kg), 28 (1 mg/kg), DMSO (control for the 5 mg/kg groups), 4
(5 mg/kg), 5 (5 mg/kg), 7 (5 mg/kg), 21 (5 mg/kg), 23 (5 mg/kg), 28
(5 mg/kg), 7-MEOTA (5 mg/kg) and MK-801. The compounds were
administered intraperitoneally 15 min before the behavioral
testing, except for the comparator drugs MK-801 and 7-MEOTA,
which were administered 30 min before the testing, based on our
previous study [15]. For application of the compounds at a dose of
1 mg/kg, the compounds 5, 7, 21, 23 and 28 were dissolved in a
vehicle consisting of 5% dimethyl sulfoxide (DMSO) in physiological
saline (drug concentration 1mg/mL of vehicle) and administered at
an injection volume of 1 mL/kg. For the dose of 5 mg/kg, the
compounds 5, 7, 21, 23, 28 and 7-MEOTA were dissolved in the
same vehicle (2 mg/mL of the vehicle) and then administered at an
injection volume of 2.5 ml/kg. MK-801 ((þ)-MK-801 hydrogen
maleate, Sigma-Aldrich) was dissolved in the same vehicle and
administered at an injection volume also of 2.5 mL/kg; the dose of
MK-801 was 0.2 mg/kg for the open field and 0.3 mg/kg for the PPI
experiment. Due to the suboptimal solubility of compound 4, the
solution vehicle for this contained the corresponding volume of
distilled water instead of saline. Gentle heating was used during
preparation of the solutions. Control animals (DMSO groups)
received corresponding volumes of the vehicle (1 or 2.5 mL/kg).

5.9.3. Open field
The effect of the compounds on spontaneous locomotor activity

in the open field was assessed. The experiments were performed in

a black plastic square arena (80 � 80 cm), located in a separate
roomwith defined light conditions (80 lx). The rat was placed in the
center of the arena and then recorded for 10 min by a camera
placed above the arena, connected to tracking software (EthoVision
14, Noldus, Netherlands). The arena was thoroughly cleaned be-
tween the animals. The dependent variablewas the distancemoved
by the animal. The number of animals was 8 in the DMSO group
(control for the 1 mg/kg groups; 1 mL/kg), 8 in MK-801 group and 6
in each other group.

5.9.4. Prepulse inhibition of acoustic startle response (PPI)
Next, the effect of the compounds on prepulse inhibition of

acoustic startle response was tested. The experimental design was
as previously described in Ref. [15].

The apparatus (SR-LAB, San Diego Instruments, CA, USA) con-
sisted of a soundproof chamber, a piezoelectric accelerometer, a
cylinder for animal placement and a loudspeaker. The animal was
placed in a plexiglass cylinder (9 cm diameter, 17 cm length). The
amplitudes of the startle response were detected by a piezoelectric
accelerometer mounted below the cylinders and further analyzed.
The background noise was set at 75 dB for the entire experiment.
Habituation took place two days before the test session. Drug-free
animals were exposed to 6 pulse stimuli alone (125 dB/40 ms) over
white background noise after a 5-min acclimatization period. For
the test sessions, the drug was administered to the animals 15 min
before the test. After the 5-min acclimatization period the session
began with 72 trials with variable inter-trial interval (ITI) of 4e20 s
(mean ITI 12.27 s). Automatically randomized durations of ITIs
ensured that the animal would not discern a pattern that could
skew results. First, six pulse stimuli alone (125 dB/40 ms) were
presented. Subsequently, 60 trials were presented in pseudo-
random order: A) pulse alone 40 ms 125 dB; B) prepulse-pulse:
20 ms of two different intensities of prepulses 83 dB or 91 dB
with a variable (30, 60 or 120 ms) inter-stimulus interval followed
by a 125 dB pulse of 40 ms duration; C) no stimulus (60 ms). Finally,
six pulse stimuli alone (125 dB/40 ms) were delivered again. PPI
was calculated as the difference between the average values of the
single pulse and prepulse-pulse trials and it was expressed as a
percentage of PPI:

100-(mean response to prepulse-pulse trials/mean startle response
to pulse alone trials)*100

The number of animals was 8 in the groups DMSO (control for
the 5 mg/kg groups; 2.5 mL/kg), 28 1 mg/kg, and 21 5 mg/kg; and 6
animals in other groups.

5.9.5. Statistics
The data from open field (distance moved) and PPI (% PPI) were

subjected to the following analyses in GraphPad Prism 8 (San Diego,
USA). First, the data from each group was tested for outliers using
Grubb’s test. The tests detected two outliers in distance moved in

Table 4
Parameters for HPLC-MS analysis.

Compound Parent ion Normalised collision energy Selected product ion tR (min)

4 263.01816 70 216.08891 2.70
5 277.03339 70 249.00175 2.80
7 219.06799 70 167.07271 2.65
21 247.09894 70 206.05989 2.85
23 213.13795 70 185,10680 2.75
28 215.11729 70 172.09897 2.65
7-PhO-THA (IS) 291.14853 70 230.10452 3.15

tR, retention time; IS, internal standard.
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open field (in groups 215 mg/kg and 7-MEOTA 5 mg/kg) and one in
% PPI (21 5 mg/kg). The outliers were excluded from further ana-
lyses. The data was evaluated using ANOVA (the effects of the drugs
at a dose of 1 and 5 mg/kg analyzed separately), followed by Bon-
ferroni’s multiple comparisons test when appropriate. The data
from open field (5 mg/kg doses) did not meet the assumption of
homogeneity of variances for ANOVA (Bartlett’s test), therefore
Brown-Forsythe ANOVA with Dunnett’s T3 multiple comparison
test was used. The differences were considered significant at
P < 0.05. The graphs show group means þ S.E.M.; asterisks denote
significant difference from the corresponding control group
(DMSO): *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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