
Доклади на Българската академия на науките
Comptes rendus de l’Académie bulgare des Sciences

Tome 74, No 6, 2021

MEDICINE

Pharmacology and toxicology

IN VIVO STUDIES ON NOVEL POTENT
ACETYLCHOLINESTERASE INHIBITORS

WITH DUAL-SITE BINDING FOR TREATMENT
OF ALZHEIMER’S DISEASE

Rumiana Simeonova, Vessela Vitcheva, Ivanka Kostadinova,
Iva Valkova, Irena Philipova∗, Georgi Stavrakov,

Nikolai Danchev, Irini Doytchinova#

(Submitted by Corresponding Member M. Vlaskovska on January 3, 2019)

Abstract

Acetylcholinesterase (AChE) inhibitors with dual-site binding are designed
to inhibit both catalytic and peripheral anionic sites of the enzyme and to act
as multi-target ligands. Most of them are tested for in vitro activities but none
of them is evaluated for in vivo activity. Here, we applied in vivo tests on novel
AChE inhibitors with dual-site binding to evaluate the toxicity and effects on
cognitive functions like training and memory. One of the inhibitors showed in
vivo toxicity and it was withdrawn from the study. The other one improved
the cognitive functions of memory-deficient mice. However, the improvement
was less than the expected according to the high in vitro affinity to AChE.
The bulkiness of AChE inhibitors with dual-site binding might lead to low
brain bioavailabilty and should be considered in the design of novel multi-target
ligands for treatment of Alzheimer’s disease.

Key words: in vivo toxicity, passive avoidance test, acetylcholinesterase
inhibitors

#Corresponding author.
This research was funded by the Medical Research Council of the Medical University of

Sofia, Bulgaria, grant D-78/2016.
DOI:10.7546/CRABS.2021.06.13

906



1. Introduction. Alzheimer’s disease (AD) is an irreversible progressive
neurodegeneration leading to dementia. Dementia is defined as a gradual loss of
cognitive functioning – thinking, remembering and reasoning – and behavioural
abilities to such an extent that it interferes with a person’s daily life and activi-
ties [1]. Despite the extensive and intensive studies on AD during the last twenty
years, the main therapeutic agents are still the well-known acetylcholinesterase
inhibitors galantamine (GAL), rivastigmine, and donepezil, and the glutamate
receptor blocker memantine [2]. GAL has also been identified as an allosteric
nicotinic acetylcholine receptor (nAChR) modulator [3] causing increase in the
intracellular Ca2+ levels and facilitating the release of noradrenaline. Both effects
improve the cognitive function of the brain [3]. These multi-target actions of GAL
make it a valuable drug for AD treatment and stimulate the search for new GAL
derivatives with higher affinity and dual-site binding to AChE [4]. Compounds
with dual-site binding are able to block the main binding domains of AChE: the
catalytic anionic site (CAS) and the peripheral anionic site (PAS). PAS is consid-
ered a trigger of the AChE-induced amyloid-beta (Aβ) aggregation [5].

Recently, several GAL derivatives with nanomolar affinities to AChE were
developed by us using a docking-based design [6]. Two of them showed affinities
more than 1000 times higher than the affinity of GAL to AChE [6] (Fig. 1). Both
of them were predicted to permeate the blood-brain barrier (BBB) [6]. In the
present study, we focus on the acute toxicity and the effects of these compounds
on learning-training dynamics tested in vivo. To our knowledge, this is the first
report on in vivo tests of AChE inhibitors with a dual-site binding. Many bulky
AChE inhibitors have been designed as multi-target drugs and tested in vitro for
AChE binding but none of them has been evaluated for in vivo activity.

2. Methods. 2.1. Compounds. The synthesis of compounds 1 and 2 is de-
scribed elsewhere [6]. Briefly, 6-bromoheptanoic acid was coupled with phenethy-
lamine or phenylalanine methyl ester in the presence of 1-ethyl-3-(3-dimethylami-
nopropyl)carbodiimide (EDC) and 1-hydroxybenzotriazole hydrate (HOBT), re-
sulting into bromo-amides. The latter were reacted with norgalantamine in dry
acetonitrile, and potassium carbonate as a base to give the target compounds.

Fig. 1. Structures of the tested compounds. Compound 1 is 1338 times more active in
vitro than GAL, compound 2 – 1008 times
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Norgalantamine was prepared via demethylation of galantamine hydrobromide
following a known procedure [7].

2.2. Experimental animals. ICR female and male mice (22–24 g; six
weeks old) were obtained from the National Breeding Center, Sofia, Bulgaria.
The mice were housed in plexiglass cages (six per cage) in a 12/12 light/dark
cycle, under standard laboratory conditions (ambient temperature 20± 2 ◦C and
humidity 72 ± 4%) with free access to water and standard pelleted food 53-3,
produced according to ISO 9001:2008. Seven days acclimatization was allowed
before the commencement of the study and a veterinary physician monitored the
health of the animals regularly. The vivarium (certificate of registration of farm
No 15320139/01.08.2007) was inspected by the Bulgarian Drug Agency in order to
check the husbandry conditions (No A-16-0532/14.10.2016). All performed pro-
cedures were approved by the Bulgarian Food Safety Agency (BFSA) (permission
No 187/03.12.2017) and the principles stated in the European convention for the
protection of vertebrate animals used for experimental and other scientific pur-
poses (ETS 123) (Council of Europe, 1991) were strictly followed throughout the
experiment. Efforts were done to minimize the suffering of the animals.

2.3. Acute toxicity in mice. Usually, the two sexes respond similarly
in acute toxicity tests [8]. When responses differ, females are generally more
sensitive than males. Testing in one sex (usually females) is generally considered
sufficient [9]. Generally, preference should be given to an evaluation of females
unless there is a reason to suspect that males would be more sensitive.

In our experiment the acute toxicity was assessed in female mice after in-
traperitoneal (i.p.) administration of the tested compounds using the method of
Lorke [10]. The experiments were performed in two phases: in the first phase
a group of three mice was given a single injection of either substance at dose of
10 mg/kg b.w. If all mice survived for 14 days, the dose was increased 10 times
and a group of three mice was treated and observed for another 14 days. In the
second phase, the tested substances were administered at lower doses to groups
of six mice and the survived animals were observed for 14 days.

The LD50 was calculated using the following equation:

LD50 =
√

D0 ×D100,

where D0 is the highest dose that gave no mortality and D100 is the lowest dose
that produced mortality.

2.4. Design of the in vivo experiment. Alzheimer’s type dementia was
induced by i.p. injection of scopolamine (SC) 3 mg/kg to male mice for a period
of 12 days. For this part of the investigation we used male mice because they have
no estrous cycles that can complicate the pharmacology of the tested compounds.
To assess the effect of the tested compounds on SC-induced changes on brain
biochemical parameters, 48 male mice were divided into six groups with eight
mice in each group (n = 8).
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Group 1 – control animals, treated with vehicle (0.9% saline i.p.) for 12 days;
Group 2 – animals treated with SC alone (3 mg/kg i.p.) for 12 days [11];
Group 3 – animals treated with GAL alone as a positive control (3 mg/kg

i.p.) for 12 days [12];
Group 4 – animals treated with compound 2 alone (4 mg/kg i.p.) for 12 days;
Group 5 – animals treated with a combination of GAL (3 mg/kg i.p.) and

SC (3 mg/kg i.p. 30 min after GAL treatment) for 12 days;
Group 6 – animals treated with a combination of compound 2 (4 mg/kg

i.p.) and SC (3 mg/kg i.p. 30 min after the treatment with the compound 2) for
12 days.

The passive avoidance test was performed on the first five consecutive days
and on the 12th day 30 min after the last treatment. Finally, the animals were
decapitated under ketamine/xylazine anesthesia (80/10 mg/kg, i.p.).

2.5. Passive avoidance test. The training degree and dynamics were ex-
amined by the method of step-through passive avoidance test with an automated
shuttle-box (Gemini Avoidance System, San Diego, CA, USA) with two identical
compartments (25 cm long × 20 cm wide × 16 cm high) divided by a wall with
door (8 cm wide × 6 cm high). After a period of acclimatization in apparatus, in
the chamber where the animal was, the light was turned on. Five seconds after
the mouse entered the opposite dark chamber, a 1 mA electrical foot shock of
3 s was delivered through the grid floor. Each animal was trained for five con-
secutive days (from day 1 to day 5) under the same conditions. The time taken
for the mouse to enter the dark compartment (latency time) was measured. The
maximum latency time was 300 s. The tested compounds were administered i.p.
30 min before the passive avoidance test from day 1 to day 5 and every day af-
ter that until day 12. Memory impairment was induced by treatment with SC
(3 mg/kg, i.p.) 30 min after the administration of GAL or compound 2 and the
passive avoidance test was performed 30 min after treatment with SC. After the
first five days of training, the memory storage processes were studied seven days
later (on day 12) [13,14].

2.6. Statistical analysis. For in vivo experiments statistical programme
MEDCALC was used. The results are expressed as mean ± SEM for eight mice in
each group. The significance of the data was assessed using the nonparametric
Mann–Whitney test. Values of p ≤ 0.05 were considered statistically significant.

3. Results. 3.1. Acute toxicity in mice. The acute toxicity of GAL is
LD50 = 10 mg/kg i.p. in mice [15]. For this reason we started the acute toxicity
test of the novel compounds with a dose of 10 mg/kg. In the first phase, the
animals were treated with 10 or 100 mg/kg of the tested compounds. Animals
treated with compound 1 at the dose 10 mg/kg and animals treated with com-
pound 2 at the dose 100 mg/kg died with agitation, rapid breathing and seizure.
In the second phase, the animals were treated with the following doses: 3, 6 and
9 mg/kg for compound 1 and 14, 23, 37, and 60 mg/kg for compound 2. The
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T a b l e 1

Acute i.p. toxicity of compounds 1 and 2 in mice

Compound
1st phase 2nd phase

Doses mg/kg i.p. Mortality Doses mg/kg i.p. Mortality
1 10 3/3 3 0/6

6 6/6
9 6/6

2 10 0/3 14 0/6
100 3/3 23 0/6

37 0/6
60 0/6
100 3/3

results on the acute intraperitoneal toxicity of the compounds 1 and 2 are sum-
marized in Table 1. The acute toxicity test showed that compound 1 is highly
toxic (LD50 = 4.24 mg/kg i.p. in mice), whereas compound 2 is of lower toxicity
(LD50 = 77.46 mg/kg i.p. in mice). Because of its high toxicity, compound 1 was
abandoned and the studies provided here were directed only to compound 2.

3.2. Passive avoidance. The latency times are given in Fig. 2. For the
first four days of the treatment there are no significant differences in the learning-
training dynamics between groups. Animals treated with SC showed shortened
latency time on day 5 (p ≤ 0.05) and day 12 (p ≤ 0.001) in comparison to control
group. These results indicated memory deterioration in SC group. On day 5
prolonged latency times showed the group treated with GAL+ SC in comparison
with the control group (p ≤ 0.05) and the group treated with SC (p ≤ 0.01).

Fig. 2. Effect of repeated administration of compounds on SC-induced memory deficit in the
passive avoidance test. ∗p ≤ 0.05; ∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001, n = 8

910 R. Simeonova, V. Vitcheva, I. Kostadinova et al.



These effects in GAL+ SC and GAL alone groups are most prominent on day 12
in comparison to the 5th day (p ≤ 0.001). The group treated with compound
2 + SC prolonged the latency time on day 12 in comparison to the results of the
same group on day 5 of the treatment (p ≤ 0.01). These results indicated that
GAL at dose 3 mg/kg successfully reversed SC-induced memory impairment in
mice. Compound 2 also antagonizes the SC-induced memory deficit and this effect
is more pronounced on day 12.

4. Discussion. In a previous study, two newly synthesized GAL derivatives
with dual-site binding to AChE – compounds 1 and 2 – have shown in vitro
inhibitory activity 1338 and 1008 times higher than GAL, respectively [6]. In
the present study, we examined the in vivo toxicity of these two new compounds.
The acute toxicity in mice showed that compound 1 is highly toxic with LD50

of 4.24 mg/kg i.p., while compound 2 is less toxic even than GAL with LD50

of 77.46 mg/kg i.p. Therefore, the further experiments were focused only on
compound 2.

Acetylcholine is considered the most important neurotransmitter involved
in regulation of cognitive functions like learning and memory [16]. A prolonged
latency in passive avoidance test indicates that the animal remembers that it
has been punished when it enters the dark chamber and therefore avoids it. In
the opposite, a short latency time indicates for worsening in the task learning.
Antimuscarinic drugs, like scopolamine, have been extensively used as amnesic
drugs in animals to mimic the cognitive dysfunction observed in dementia and
AD [17]. The majority of the studies focused on scopolamine reversal as an initial
screening method to identify the therapeutic candidates for cognitive disorders.
Muscarinic antagonists disrupt performance on several reference memory tasks,
such as active and passive avoidance, object discrimination, radial arm maze,
water maze and fear conditioning [18]. Antagonism of scopolamine-induced deficits
in passive avoidance learning by anticholinesterase drugs shows the dominance
of cholinergic influence during acquisition and consolidation phases in memory
functions. The most important finding in the study of Agrawal et al. [19] is
that acquisition and consolidation stages of memory, rather than recall are more
susceptible to the scopolamine effects.

Our results indicated that GAL and compound 2 did not influence signifi-
cantly the learning dynamics between days 1 and 4 of the treatment. The increase
of latency times was observed in all groups on day 12, when memory recall test was
performed. The effect was most prominent in GAL and GAL+SC groups, followed
by compound 2+SC group. Recently, it has been found that GAL promotes hip-
pocampal neurogenesis via M1 muscarinic receptors in adult mice and this effect
is blocked by the non-selective muscarinic antagonist scopolamine and the more
specific M1 antagonist telenzepine [20]. Additionally, GAL promotes neurogenesis
by allosteric potentiation of α7 nicotinic receptors [3]. Obviously, compound 2
has lower effects on muscarinic and/or nicotinic receptors than GAL.
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