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A B S T R A C T

The neurodegenerative diseases have a complex pathogenetic mechanism comprising oxidative stress and re-
ceptor system dysfunction caused by various damaging factors such as, for example, brain hypoxia. The purpose
of this study was to elucidate the influence of hexahydropyrimidine derivatives on learning, memory, and or-
ientation and locomotor activities in the passive avoidance (PA) and open field (OF) tests and to evaluate these
compounds for their potential antihypoxic and antioxidant action on normobaric hypercapnic hypoxia and toxic
hypoxia models. We demonstrated that compounds 1a and 1e administered as a single 100 mg/kg dose (p.o.)
one hour before the tests increased the latency time to enter the dark compartment for the first time and reduced
the time spent in the dark compartment on the 2nd, 7th, and 14th days of PAT and increased the number of
squares crossed and hole-pokings in the OF test. It was also shown that single administration of compounds 1a
and 1e (in 100 mg/kg dose, p.o.) one hour before generation of hypoxia increased the life span of mice under
normobaric hypoxia by 30% (P < 0.05) and, after injection of sodium nitroprusside, they decreased the mal-
ondialdehyde (MDA) level and increased the catalase level in the brain of mice. According to molecular docking
results, compounds 1а and 1е are bound in the orthosteric active site of M1 muscarinic receptor via supramo-
lecular interactions with a number of functional amino acids.

The results indicate that hexahydropyrimidine derivatives have a beneficial effect on the memory, learning
processes, and orientation and locomotor activities of rats in an unfamiliar environment and exhibit antihypoxic
and antioxidant activities under hypoxia in mice. The cognitive enhancement can be mediated by the effect of
lead compounds on the M1 muscarinic acetylcholine receptor.

1. Introduction

Neurodegenerative diseases (NDDs) cover a large class of disorders
caused by gradual death of particular groups of nerve cells and char-
acterized by progressive neurologic disorders, including locomotor
impairment, psychoemotional and cognitive (up to dementia) impair-
ment, and epileptic seizures. One of the factors inducing the develop-
ment of NDDs is hypoxia [1]. Hypoxia may be caused by various cir-
cumstances such as ischemic stroke or exposure to toxic agents [2,3].
Hypoxia enhances the formation of reactive oxygen species (ROS) and
lipid peroxidation (LPO) and reduces the functional activity of mi-
tochondria and, as a consequence, impairs nerve cell functioning [4].

One more factor considered as inducing NDDs is cholinergic

dysfunction caused by deficiency of acetylcholine in the brain cortex
and hippocampus, which also causes memory and cognitive impairment
[1]. The M1 and M4 subtypes of acetylcholine receptor are of interest as
potential biological targets for the treatment of NDDs including Alzei-
mer's disease, schizophrenia, and narcotic addiction, as they are located
in the hippocampus and cerebral cortex, which are the brain areas re-
sponsible for learning, memory, and cognitive activity. Unlike the M2
and M3 receptor subtypes, the M1 and M4 subtypes do not affect the
functional activity of the cardiac muscle and gastrointestinal tract,
which reduces the probability of side effects [5,6].

In view of the complex pathogenetic mechanisms of neurodegen-
erative diseases (NDDs), in particular, Alzheimer's disease, a topical
issue is the search for compounds possessing multifunctional action for
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the NDD therapy [7,8]. Hexahydropyrimidines are the most promising
compounds of this type. They were shown to exhibit a broad spectrum
of biological activities [9–22]. A number of tetra- and hexapyrimidines
were found [23] to be biologically active and exhibit nootropic and
anticonvulsant properties. Compounds possessing inhibitory activity
towards acetyl- and butyrylcholinesterase and β-secretase-1, which are
involved in the pathogenesis of Alzheimer's disease, were found among
fluorinated hexahydropyrimidine derivatives [7] (Panek et al., 2017).
W.S. Messer, Jr. and co-workers (1997) demonstrated that some tetra-
hydropyrimidine derivatives are active towards muscarinic acetylcho-
line receptors, in particular, M1 receptor subtype [1,24].

This study aimed at elucidating the effect of new hexahydropyr-
imidine derivatives on the cognitive functions and memory using PA
and OF tests in rats and on the life span of mice under normobaric
hypercapnic hypoxia and hypoxia induced by toxic agents (sodium
nitroprusside and sodium nitrite) and at evaluating the antioxidant
properties of the identified lead compounds under toxic hypoxia. Since
it was shown in similar studies [1,24] that some pyrimidine derivatives
can exhibit a nootropic activity by affecting the muscarinic acetylcho-
line receptors, we estimated the affinity of these compounds to the M1
acetylcholine receptor.

2. Materials and methods

2.1. Starting compounds

The synthesis of hexahydropyrimidine derivatives 1a-e (Fig. 1) was
described previously [25,26]. All compounds were isolated in a pure
state and fully characterized, with their physicochemical characteristics
being described.

2.2. Animal studies

2.2.1. Animals
The experiments were performed on 162 female Wistar albino rats

weighing 170–200 g and 132 female outbred albino mice weighing
18–20 g. The rodents were received from a laboratory animal breeding
farm Rappolovo (Leningrad Region, Russia). The animals arriving from
the breeder were subjected to a 10-day adaptation period being kept in

cages (5 animals per cage) equipped with steel grating covers with a
feeding pit and steel separating bar for food. The animals were kept at
21–23 °C, with temperature and humidity being checked every day, and
under 12 h light/12 h dark illumination cycle, on a standard diet with
free access to food and water. All experiments were carried out in ac-
cordance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publication No. 80-23, revised 2011) and
were approved by the Commission for Biomedical Ethics of the Ufa
Institute of Chemistry – Subdivision of the Ufa Federal Research Centre
of the RAS.

2.2.2. Behavioral study
2.2.2.1. Passive avoidance test. The influence of the test compounds on
passive avoidance learning and memory was investigated using an
apparatus(Panlab, Spain) consisting of two communicating chambers,
one being illuminated and one being darkened with the floor connected
to power supply. The procedure includes two phases: habit learning and
demonstration of habit retention. On the first day (learning phase), a rat
was placed in the middle of the illuminated chamber with its tail
towards the hole into the dark chamber. Then the latency to enter the
dark chamber (the time elapsed between placing the rat in the middle
of the illuminated chamber and the rat entering the dark chamber for
the first time) was recorded, with the total time of observation being
5 min (the rats that did not enter the dark space during this period were
excluded from the test). After the rat entered the dark chamber, it was
subjected to foot shock (0.3 mA, 9 s) with a closed guillotine door. The
second phase (retention trial without foot shock) was performed after
24 h and then on the 7th and 14th days after learning [27]. The latency
before the first entry, the total time the rat spent in the dark chamber,
and the number of rats that did not enter the dark chamber were
determined.

2.2.2.2. Open field test. The orientation (exploratory) and locomotor
activity of rats were investigated in the open field apparatus
(OpenSience, Russia), which represented a round arena 95 cm in
diameter divided into 16 outer and 8 inner sectors with holes and
fenced by a 35 cm high wall. A rat was placed in the middle of the field
and its locomotor activity was watched for 3 min by an expert observer.
The horizontal activity was measured as the number of crossed sectors,

Fig. 1. Hexahydropyrimidines.
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while the vertical activity included counting the rearing. The emotional
state was determined by anxiety level in the rats, and was assessed by
the number of grooming episodes. Spontaneous exploratory behavior
was assessed by the number of holes examined [28]. This approach
provides an integrated characteristics of the affective state of the
rodents whose open-field activity is formed as a resultant of two
opposing forces, fear of unfamiliar environment and exploratory
motivation [27].

2.2.3. Hypoxia
The normobaric hypercapnic hypoxia was modeled in 200 cm3 sealed

chambers. Mice were placed, one at a time, into a glass box, which was
tightly closed and then the oxygen content gradually decreased and
рCO2 in air increased due to breathing of the animal [29]. Acute his-
totoxic hypoxia was induced by the intraperitoneal injection of sodium
nitroprusside (25 mg/kg), and acute hemic hypoxia was induced by
subcutaneous injection of sodium nitrite as a methemoglobin forming
agent (240 mg/kg) [30]. The control hypoxic animals were given water
in an equivalent volume. The life span of animals was counted off from
the time point of hypoxia induction. The life span under hypoxia was
recorded in minutes; the activity of compounds was evaluated from the
increase in the life span of the test animals with respect to the control.
The results were expressed in percent. At the end of the experiment, the
mice were sacrificed by decapitation. The brain was processed for
further biochemical analysis of oxidative stress markers.

2.2.4. Drugs and treatments
The new hexahydropyrimidine derivatives (1a-e) were introduced

in the screening dose of 100 mg/kg (for lead compounds 1a and 1e, this
dose was 1/50 of the maximum dose administered to determine the
acute toxicity), with piracetam (CAS 7491-74-9) in 400 mg/kg dose (1/
30 of LD50) being used as the reference agent. Piracetam was chosen
for this purpose as it has a wide scope of application in the therapy of
cognitive impairment [31]. Compounds 1a-d were dissolved with ad-
dition of polysorbate-80, compound 1e was dissolved with dimethyl
sulfoxide (DMSO) with subsequent addition of water. The control ani-
mals received the diluting solution (0.1% DMSO solution) in an
equivalent volume. The compounds were administered orally 1 h before
the tests. Commercial (Sigma Aldrich) chemicals were used.

2.2.5. Preparation of brain homogenates
After the tests, the animals were immediately euthanized via cer-

vical dislocation and decapitated and the brain was extracted, weighed,
and homogenized in 3 mL of cold tris-HCl buffer (pH 7.4). The bio-
chemical assays were carried out immediately.

2.2.6. Lipid peroxidation measurement
The content of products reacting with thiobarbituric acid (mal-

ondialdehyde) in the brain homogenate supernatants was determined
using 0.8% 2-thiobarbituric acid. First, 17% trichloroacetic acid (1 mL)
was added to the homogenate (2.5 mL). The precipitate was separated
by centrifugation (10 min, 4000 g, 4 °C). A 0.8% aqueous solution of
thiobarbituric acid (1 mL) was added to the supernatant (2 mL). The
samples were incubated in a boiling water bath until pink color ap-
peared (the trimethine complex formed) and cooled down to room
temperature, and the absorbance at 532 nm was measured [32]. The
results were presented as nmol/g of wet tissue [33].

2.2.7. Catalase activity measurement
The antioxidant defense (AOD) level was evaluated from the cata-

lase activity in brain homogenates. The homogenate (0.1 mL) was
added to a 0.03% hydrogen peroxide solution (2 mL). In the case of
blank sample, distilled water (0.1 mL) was used instead of the homo-
genate. After 10 min, the reaction was terminated by addition of a 4%
ammonium molybdate solution (1 mL). The absorbance was measured
at 410 nm against the reference sample (containing 2 mL of distilled

water instead of hydrogen peroxide) [34,35]. The catalase activity was
expressed as Units (U)/g of wet tissue (1U decomposes 1 mmol H2O2/
sec) [33].

2.2.8. In vivo acute toxicity
The acute toxicity of hexahydropyrimidine derivatives was de-

termined only for the identified lead compounds 1a and 1e upon a
single dose intragastric administration to albino female mice. Each dose
was tested on five animals in groups. The compounds were adminis-
tered orally as single doses in solutions containing polysorbate-80 (1a)
and DMSO (1e) in 2500 mg/kg to 5000 mg/kg amounts. The toxic ac-
tion of the doses was recorded during 24 h. The subsequent observation
was continued for 14 days. During this period, the type and duration of
the signs of toxicity were noted, including the overall condition, con-
vulsions, and food and water intake [36].

2.2.9. Statistical analysis
Statistical analysis was performed using STATISTICA 10.0 software.

The data were expressed as mean ± standard error of mean (SEM).
Biochemical data were analyzed using one-way ANOVA with post-hoc
Fisher’s test. Data behavioral studies were analyzed using Kruskal-
Wallis test with post-hoc Mann–Whitney U-test to evaluate differences
between individual pairs of experimental groups and Wilcoxon test to
evaluate differences within the groups. The differences between groups
were considered statistically significant at p < 0.05.

2.3. Molecular docking

2.3.1. Active site analysis
The molecular modeling was performed for the orthosteric active

binding site corresponding to the PDB code 5CVX [5]. The active site
contains functional aromatic amino acid residues such as tryptophan
(W157, W378) and tyrosine (Y106, Y404), which were involved π-π
and π-cation stacking contacts with the native ligand, and aspartic acid
and asparagine in positions 105 and 382 capable of forming hydrogen
bonds and salt bridges.

2.3.2. Ligand and receptor preparation
The geometric parameters of the protein complexes with the native

ligand were retrieved from the noncommercial Protein Data Bank [37].
Water and other low-molecular-weight molecules within a 5 Å radius
around the native ligand were removed and hydrogen atoms were
added to amino acid residues. The constrained optimization of the
structures was done using the OPLS3 force field [38] at pH = 7.0 ±
0.2.

The hexahydropyrimidine derivatives being considered can be
protonated at the nitrogen atom to give β-carbonyl ammonium ions.
The protonated molecule is, most often, able to form additional hy-
drogen bonds and/or salt bridges. The acidity constants for the nitrogen
atoms at physiological pH were estimated by the force field method.

The protein and ligand preparation (optimization of all possible
conformations and protonated forms) and the docking into the active
sites were performed using the Schrödinger Suite 2018-1 software
(Small-Molecule Drug Discovery Suite, 2018-1).

2.3.3. Docking procedure
Docking was done for flexible conditions (flexible ligand and pro-

tein) using the Induced Fit Docking (IFD) protocol with extra prediction
accuracy. The size of grid matrix around the native ligand was 15 Å.
The ligand-to-protein binding energies were considered as weighted
average values taking account of the ratio of protonated and non-
protonated forms of hexahydropyrimidine derivatives estimated by the
Henderson-Hasselbach equation [39].

The re-docking of the native ligand into the orthosteric active site
adequately reproduced the geometric parameters obtained by X-ray
crystallography. The RMSDs did not exceed 0.842 (SM).
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3. Results

3.1. Behavioral tests

3.1.1. Passive avoidance test
According to the data obtained, on the 2nd day the latent period of

the first entry into the dark compartment increased in all groups
compared with the day of training. A stastistically significant change
from baseline (Wilcoxon test) was found for groups 1a (p < 0.0277),
1c (p < 0.0460), then, in decreasing order of time, in groups 1d
(p < 0.0277), piracetam (p < 0.0130), and 1e (p < 0.0460). In
group 1b, the latent period was shorter than in the control, but the data
were not statistically significant.

According to assessment of the effect of hexahydropyrimidine de-
rivatives on the retention of memory trace on the 7th day, a statistically
significant change relative to the control (Mann–Whitney U-test) was
found for piracetam (p < 0.0087) and compound 1a (p < 0.0043).
On the 14th day, piracetam (p < 0.0152) and compounds 1e and 1a
(the data were not statistically significant) increased the latency to
enter the dark compartment relative to the control (Fig. 2А).

One more criterion of the memory trace retention in rats, namely,
the time spent in the dark chamber on the 2nd day was reduced in the
groups 1a, 1c-1e and piracetam relative to the control group (the data
were not statistically significant). On 7th and 14th days an increase in
the time spent in the dark chamber was observed in all groups. This
indicator had a shorter time on 7th day in the group of animals that
were treated with la (p < 0.0453) and on 14th day of the experiment
in groups 1e (p < 0.0082) and piracetam (p < 0.0202) relative to the
control (Mann–Whitney U-test) (Fig. 2B).

In the memory trace measurement on the 2nd day of the test, rats
that did not visit the dark chamber were observed in all groups. On the

7th, and 14th day of the test but no such rats were in the control group
(Fig. 2C).

For the identified lead compounds in the PAT model, 1a and 1e, the
effective dose (SM) was determined.

3.1.2. Open field test
The open field test was designed to evaluate the effect of hexahy-

dropyrimidine derivatives on the number of squares crossed (1a and
1e) and the number of rearings and pokings into holes for the test
groups relative to the control group. The number of grooming events
decreased for the test groups. The results were not statistically sig-
nificant in terms of the Mann–Whitney U-test (Fig. 3A–D).

3.2. Hypoxia models

The effect of hexahydropyrimidine derivatives on the life span of
mice under hypoxia was determined. Under experimental normobaric
hypercapnic hypoxia, the reference compound, piracetam, and com-
pounds 1c-d increased the life span of mice by 11%, 13%, and 16%,
respectively, relative to the control. The treatment with 1a and 1e re-
sulted in the life span of mice under hypoxia being 30% and 34% [F
(142) = 4.697, p = 0.0359] with respect to the control (Fig. 4).

Compounds 1a and 1e, which exhibited antihypoxic activity on the
model of normobaric hypercapnic hypoxia, were studied on sodium
nitroprusside- and sodium nitrite-induced hypoxia models. Sodium ni-
troprusside uncouples the mitochondrial respiratory chain and, hence,
depresses the energy exchange. In our study it enhances lipid perox-
idation (LPO) [F(1,27) = 11.305, p = 0.0023] compared with intact
animals. According to the results, hexahydropyrimidine derivatives 1a
and 1e taken in 100 mg/kg dose increase the life span of mice under
histotoxic hypoxia by 16% relative to the control. Compounds 1a [F

Fig. 2. Effect of hexahydropyrimidine derivatives on the PAT model in rats: (A) latency to enter the dark chamber (mean ± SEM); Day 1: Kruskal-Wallis-test [H (6,
N = 42) = 6,570923 p = 0,3624]; day 2: [H (6, N = 42) = 10,61767 p = 0,1009]; day 7: [H (6, N = 42) = 13,41333 p = 0,0369]; day 14: [H (6,
N = 42) = 6,822760 p = 0,3376]; (B) time spent in the dark chamber (mean ± SEM);); day 2: Kruskal-Wallis-test day 2: [H (6, N = 42) = 15,49592 p = 0,0167];
Day 7:[H (6, N = 42) = 10,05549 p = 0,1223]; day 14: [H (6, N = 42) = 17,29821 p = 0,0082]; (C) number of rats that did not enter the dark compartment (%).
Compounds 1a-e were taken in 100 mg/kg dose, and piracetam dose was 400 mg/kg. Numbers of rats in the groups (n = 6) *The Mann–Whitney U-test was
significant at p < 0.05 relative to the control. # The Wilcoxon test was significant at p < 0.05 relative to the data of the days 1 (A) and 2(B).
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(1,27) = 8.076, p = 0.0084] and 1e [F(1,27) = 7.825, p = 0.0094]
and piracetam [F(1,27) = 16.690, p = 0.0004] actively suppress LPO,
thus decreasing the level of MDA, a secondary LPO product, in mouse
brain homogenates; simultaneously, the catalase level is high in test
groups, which attests to AOD activation (Table 1). Thus, treatment with
1a increased catalase level [F(1,26) = 6.521, p = 0.0169]. In the case
of hemic hypoxia induced by sodium nitrite, the test compounds have
no effect on the mouse life span. After the action of test compounds, the
LPO processes in brain predominate over the AOD. The reference agent
piracetam has no effect on the life span of mice under hemic or histo-
toxic hypoxia, but adjusts the relationship between LPO and AOD to the
intact control level (Table 1).

3.3. Acute toxicity

The acute toxicity of the identified lead compounds 1a and 1e was
evaluated for mice. According to the assay, the compounds in a dose of
2500 mg/kg caused no mortality in mice. In the group receiving 1a in a
5000 mg/kg dose, dead mice were noted on the fourth day of ob-
servation (3 animals out of 5). During the subsequent 10 days, the
survived mice developed no symptoms of intoxication. In the group that
received 1e in 5000 mg/kg dose, no mortality was observed during 14
days. The LD50 values for the compounds were not determined because
of too low toxicity. The maximum oral dose was 5000 mg/kg for both
compounds.

3.4. Molecular docking results

The degree of influence of hexahydropyrimidine derivatives on the
M1 muscarinic acetylcholine receptor was determined using molecular
docking procedure in combination with regression model. As the basic
compounds for the regression model, we chose M1 receptor agonists
[40] obtained by structural modification of ML071, a highly selective
M1 agonist [41].

The selection of these compounds was based on analysis of the

Fig. 3. Effect of the hexahydropyrimidine de-
rivatives in the open field test: (A) horizontal
locomotor activity; Kruskal-Wallis-test
[H (6, N = 48) = 4.616631, p = 0.5938]; (B)
vertical activity: the number of rat rearing
events Kruskal-Wallis-test [H (6, N = 48)
= 8.595929, p = 0.1976]; (C) the number of
grooming events; (D) the number of hole-pok-
ings Kruskal-Wallis-test [H (6, N = 48) =
6.955543, p = 0.3250]. The Mean ± SEM
values are presented. Numbers of rats in the
groups: 1a-e piracetam (n = 7), control
(n = 6). *The Mann–Whitney U-test was sig-
nificant at p < 0.05 relative to the control.

Fig. 4. Life span of mice under normobaric hypercapnic hypoxia upon admin-
istration of compounds 1a and 1c-e in 100 mg/kg dose (Mean ± SEM, n = 8).
*p < 0.05 (Fisher’s test) is statistically significant relative to the control.

Table 1
Effect of hexahydropyrimidine derivatives on the life span and biochemical
values under histotoxic and hemic hypoxia in mice.

Compound Life span, min MDA level,а nmol/g Catalase level, U/g

histotoxic hypoxia (sodium nitroprusside)
Intact control – 10.31 ± 0.93* 8.03 ± 2.20
Hypoxia control 9.71 ± 1.09 28.52 ± 5.7 25.24 ± 2.74
Piracetam 9.26 ± 0.40 8.12 ± 0.90* 10.28 ± 1.19
1a 11.42 ± 0.17 15.24 ± 2.27* 39.94 ± 9.67* ** #

1e 10.91 ± 0.87 14.55 ± 5.41* 30.63 ± 7.55** #

hemic hypoxia (sodium nitrite)
Hypoxia control 31.01 ± 2.1 17.68 ± 4.33 38.19 ± 5.34
Piracetam 27.4 ± 2.4 8.35 ± 1.82* 12.3 ± 4.25*

1a 23.9 ± 2.40 22.74 ± 5.40 23.41 ± 6.56*

1e 32.28 ± 4.41 19.55 ± 3.0 20.95 ± 4.90*

The presented values correspond to Mean ± SEM (n = 8); *p < 0.05 (Fisher’s
test) results are statistically significant relative to the hypoxia control, ** - vs
piracetam, # - vs intact control а) MDA is malondialdehyde.
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structural descriptors and the pharmacophoric profiles of M1 and
hexahydropyrimidine derivatives. First, both groups of compounds
contain saturated N-containing heterocycles, aromatic rings, and ester
groups (Fig. 5А). Second, both types of compounds have reaction cen-
ters in their molecules such as hydrogen bond donors and acceptors
capable of hydrogen and salt bridge formation with polar amino acids
present in the active site (Fig. 5В). The presence of aromatic rings
suggests π-π stacking interactions with tyrosine and tryptophan, func-
tional amino acids.

Meanwhile, compound 1е surpasses M1 agonists in the number of
rotating bonds, which increases the number of degrees of freedom when
the molecule is being docked to the active site.

Then for the construction of the regression model, we implemented
the induced fit docking (IFD protocol) of M1 receptor agonist to the
orthosteric active binding site and plotted the dependence of the
docking score on the half-maximal effective concentration (M1 EC50)
determined by the radioligand binding assay [40]. The correlation
index of the in vitro and in silico data exceeded 70%, which validated the
docking protocol used. The regression model was verified: the results of
docking of the selective M1 agonist, ML071, predict the EC50 value of
0.20 μM versus the EC50 value of 0.19 μM obtained in a biological assay
[40].

Lead compounds 1а and 1е selected as a result of biological assays
were docked to the orthosteric active binding site. The resulting
docking scores were used to predict the EC50 values

The docking scores for he hexahydropyridine derivatives fall in the
range from –7.2 to –10.5, which is typical of M1 agonists (Fig. 6,
Table 2). For compound 1е, the docking score characterizing the ligand
affinity to the target is close to this value for the agonist ML071. Con-
sidering the predicted EC50 values, compound 1е appears more active
towards M1 acetylcholine receptor than compound 1а.

4. Discussion

Cognitive enhancers are a group of neuropsychotropic drugs with
different mechanisms of action that can improve cognitive and

intellectual functions not only in patients but also in healthy in-
dividuals, which is currently important for both young and elderly
persons. The purpose of this study was to assess the effect of new
hexahydropyrimidine derivatives on cognitive functions and memory
(passive avoidance) and on the behavior in the open field test in intact
(without pathology) rats. Studying their effect on the life span of mice
under conditions of normobaric hypoxia with hypercapnia and hypoxia
caused by toxic substances, as well as an assessment of the antioxidant
properties of the identified leading compounds on the background of

Fig. 5. Comparison of M1 receptor agonists and lead hexahydropyrimidine derivatives (1а and 1е): (А) analysis of structural descriptors; (В) analysis of pharma-
cophoric profiles: red and blue color show hydrogen bond acceptors and donors, respectively; the hydrophobic parts of the molecules are denoted by green; the
aromatic rings are given in orange.

Fig. 6. Regression dependence for the half-maximal effective concentration
EC50 and docking scores of M1 agonists to the active site.

Table 2
Results of molecular docking to the orthosteric site of the M1-receptor.

ID compound M1 EC50 (μM) exp M1 EC50 (μM) calc Docking score

ML071 0.20 0.19 −9.6
1a ― 4.60 −6.9
1e ― 1.11 −9.1
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toxic hypoxia. In the literature, similar structures exhibiting neuro-
tropic activity are described. In vitro, fluorine-containing hexahy-
dropyrimidine derivatives are known to manifest themselves as multi-
functional compounds, with cholinesterases and β-secretase as well as
β-amyloid inhibitory activities [7]. Dunbar et al. (1993) in vitro ex-
periments showed that rat hippocampal sections treated with 1,4,5,6-
tetrahydropyrimidine increased phosphoinositide level, the synthesis of
which depends on the activation of the M1-muscarine acetylcholine
receptor (mAChR) [42]. Further, for a number of derivatives of tetra-
hydropyrimidine and tetrahydropyridine, the ability to bind to M1, M2,
or M3 receptors was expressed in A9 L cells [1] was shown. In an in vivo
study on intact rats, a 1,4,5,6-tetrahydropyrimidine derivative (CDD-
0102A), an M1 mAChR agonist, enhanced both delayed spontaneous
alternation and strategy switching [24]. The similarity of the molecular
structures of new hexahydropyrimidine derivatives with the structures
described earlier in the literature prompted us to begin in vivo studies
with the identification of the cognitive-enhancement activity of these
compounds. The passive avoidance test is a common method for
studying biologically active compounds that affect the cognitive func-
tions associated with the limbic system (memory, learning, processing
and storage of information) [24,43]. We found that hexahydropyr-
imidine derivatives single treatment in the phase of input and initial
processing of information in the passive avoidance, that four out of five
compounds are more or less beneficial for learning process in intact
female rats. Among them, the most active derivatives, having in its
composition glycine (1a) and l-tyrosine (1e). In the subsequent de-
termination of the average effective dose of the leading compounds on
the passive avoidance model, it was shown that both compounds in-
crease the latent period in a dose-dependent manner and reduce the
time spent in a dark chamber when the reflex is played after 24 h (Table
SM3, SM4). Test OF makes clear the influence of various factors on the
behavioral functions associated with the study and fear of unfamiliar
space [44–46]. Under OF conditions, the research behavior in females is
more pronounced than in males [44,45]. In the OF test, there was no
significant effect of hexahydropyrimidine derivatives on the horizontal
and vertical locomotor activity of animals, but there was a decrease in
the number of grooming episodes in the experimental groups compared
with the control. Accoding to N. Sestakova et al. [44] a reduction in the
number of grooming episodes is characterized by a decrease in vertical
motor activity and a decrease in decision-making time. An increase in
the number of grooming episodes indicates an anxiogenic component of
research behavior (anxiety-like behavior) in an unfamiliar space during
the study of the OF [45,47]. The reduction in the number of grooming
episodes in our test may be due to the anxiolytic effect of the derivatives
of hexahydropyrimidine and piracetam, which we have chosen as the
reference drug [48]. Of greatest interest as biological targets for
treating hexahydropyrimidine are the M1 and M4 mAChR subtypes
located in the hippocampus and the cerebral cortex, the sites re-
sponsible for learning, memory and cognitive activity, and unlike the
M2 and M3 mAChR subtypes, have a lesser effect on functional activity
of the heart muscle and the gastrointestinal tract [5,6]. In the literature,
tetrahydropyrimidine derivatives are shown as muscarinic ligands of
M1, M2, M3, M4 acetylcholine receptors [1,24].

Since the effect on the cognitive function may be associated with the
influence on the M1 mAChR, it was reasonable to pursue theoretical
studies along this line. According to the results of molecular modeling,
compounds 1а and 1е can be bound in the orthosteric active site by
forming a number of intermolecular interactions with functional amino
acids. The agonist ML071 and compound 1е form π-π stacking inter-
actions between the aromatic rings and tyrosines in positions 381, 404,
and 408 and tryptophan in position 378. Also, hydrogen bridges are
formed between the ester oxygen atoms of the test compounds and
hydrogen of asparagine 382. The position of structure 1а somewhat

differs from positions of 1е and ML071: the molecule is located in the
lower part of the active site and forms the π-cation via stacking inter-
actions between the protonated nitrogen atom of the heterocycle and
aromatic amino acids. In addition, these compounds can act as ligands
and M4 mAChR (Fig. SM3).

Since cognitive impairment can be associated with brain hypoxia
[2,3], it is of interest to study hexahydropyrimidine derivatives as
compounds that affect lipoperoxidation processes in conditions of acute
hypoxia. Reference drug piracetam improves cognitive processes,
having a multifunctional effect on the central nervous system, in-
cluding, has a protective effect in violation of brain function due to
hypoxia and intoxication [48–50]. On the model of normobaric hypoxia
with hypercapnia, we identified two compounds, which we investigated
on models of hypoxia caused by toxic substances. On the model of
hypoxia caused by sodium nitroprusside, which causes disruption of the
mitochondrial electron transport chain, the compounds exhibit anti-
hypoxic properties, reducing the level of MDA and increasing the level
of catalase in the brain.

Based on the obtained results, hexahydropyrimidine derivatives
seem to us promising compounds that require further research on their
effects on cognitive functions on models of pathologies associated with
memory damage caused by cholinergic dysfunction and ischemic
stroke, with an emphasis on studying the functional activity of mi-
tochondria.

5. Conclusion

Biological assays of hexahydropyrimidine derivatives in vivo re-
vealed two compounds that had a pronounced effect on the cognitive
function of rodents and showed antihypoxic activity comparable with
or exceeding that of piracetam used as the reference agent. According to
the molecular docking data, the cognitive enhancement may be asso-
ciated with the influence of new hexahydropyrimidine derivatives on
the M1 muscarinic receptor function.
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