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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disease associated with memory impair-
ment and other central nervous system (CNS) symptoms. Two myrtenal–adamantane conjugates
(MACs) showed excellent CNS potential against Alzheimer’s models. Adamantane is a common
pharmacophore for drug design, and myrtenal (M) demonstrated neuroprotective effects in our
previous studies. The aim of this study is to evaluate the MACs’ neuroprotective properties in
dementia. Methods: Scopolamine (Scop) was applied intraperitoneally in Wistar rats for 11 days,
simultaneously with MACs or M as a referent, respectively. Brain acetylcholine esterase (AChE)
activity, noradrenaline and serotonin levels, and oxidative brain status determination followed be-
havioral tests on memory abilities. Molecular descriptors and docking analyses for AChE activity
center affinity were performed. Results: M derivatives have favorable physicochemical parameters to
enter the CNS. Both MACs restored memory damaged by Scop, showing significant AChE-inhibitory
activity in the cortex, in contrast to M, supported by the modeling analysis. Moderate antioxidant
properties were manifested by glutathione elevation and catalase activity modulation. MACs also
altered noradrenaline and serotonin content in the hippocampus. Conclusion: For the first time,
neuroprotective properties of two MACs in a rat dementia model were observed. They were stronger
than the natural M effects, which makes the substances promising candidates for AD treatment.

Keywords: neuroprotection; experimental dementia; myrtenal–adamantane conjugates; acetylcholinesterase;
monoamines; memory

1. Introduction

Neurodegenerative diseases are a large group of pathological conditions—hereditary
or sporadic—with a similar etiology. They are characterized by progressive loss of neuronal
structures and functions, as well as neuronal death. The most common neurodegenera-
tive condition is Alzheimer’s disease (AD), which is associated with changes in memory,
thinking, orientation, and behavior [1]. The influence of oxidative stress on the occurrence
of memory disorders and the free-radical nature of AD and dementias have been proven.
The accumulation of toxic oxidation products in some brain structures over time affects
neuronal function [2]. Neurodegeneration is associated with cognitive deficits and with a
significant loss of cholinergic neurons. This usually occurs in brain regions responsible for
memory and learning, such as the hippocampus, cortex, and basal nucleus of Meynert [3].
The cholinergic system, together with other mediator systems, forms a neuronal network
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in the dorsal hippocampus, which is crucial for learning and memory processes [4]. An
imbalance between the cholinergic and serotonergic systems contributes to cognitive im-
pairment in Alzheimer’s disease [5]. In addition, altered central nervous system (CNS)
monoamine receptor density is observed in AD, making targeting specific subtypes of
dopamine, serotonin, and norepinephrine receptors a potential therapeutic approach [6].

Myrtenal (M) (Figure 1) is a bicyclic monoterpenoid of natural origin with biological
activities, e.g., anti-acetylcholinesterase activity in vitro [7]. M has demonstrated in vivo
neuroprotective effects in scopolamine-induced dementia, manifested by memory improve-
ment, cholinergic mediation stimulation, and specific antioxidant effects in rats’ brains. A
histopathological investigation found a significantly increased number of vital neurons in
the rat cerebral cortex [8,9]. In another experiment, we discovered that M had beneficial
effects in the 6-hydroxydopamine (6-OHDA)-induced experimental model of Parkinson’s
disease, with positive effects on memory and coordination, reduced oxidative stress, and
increased dopamine content in the lesioned cerebral hemisphere in rats [10].

Figure 1. The structure of (-)-myrtenal.

M is a volatile, lipophilic compound, and therefore it is difficult to formulate emulsions
containing it. Furthermore, monoterpenes and monoterpenoids often lack selectivity and
suffer from low metabolic stability. Thus, chemical modification of a monoterpene can
modulate its biological effects, including selectivity, by changing its physicochemical
characteristics such as lipophilicity and volatility.

Adamantane is a well-established pharmacophore based on known pharmacological
agents [11]. It is used for synthesis and development of medicines in various fields. Some
of its derivatives are indicated for neurodegeneration treatment, namely memantine for AD
and amantadine for Parkinson’s disease [12]. Moreover, the incorporation of an adamantane
fragment could enhance permeation of the blood–brain barrier and improve metabolic
stability without additional cytotoxicity.

Because M exerts neuroprotective properties and the adamantine structure is es-
tablished for drug development, myrtenal–adamantane conjugates (MACs) have been
synthesized as reported by Teplov et al. [13], followed by the preparation of hydrochlorides
to study their neuroprotective potential (Figure 2). Previously, these compounds, in the
form of free bases, demonstrated anxiolytic activity [14], which makes them potential
modulators of CNS activity.

Figure 2. Chemical structure of MAC-197 and MAC-198.
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The aim of this study is to examine comparatively the neuroprotective potential of
these two MACs in scopolamine-induced Alzheimer’s-type dementia in laboratory rats.

2. Results
2.1. Physicochemical Propertied Affecting Blood-Brain Barrier Diffusion

The calculated molecular descriptors MW (molecular weight, g/mol), log p (water-
octanol partition coefficient), HD (hydrogen bond donors), HA (hydrogen bond acceptors),
PSA (polar surface area, Å2), and RB (rotatable bonds) of the ligands are given in Table 1.
The values for the molecular descriptors all lie within lead-like chemical space except
for log p; MAC-197 and MAC-198 have relatively high log p values in the upper end of
drug-like chemical space due to their adamantine moiety (for the definition of lead-like
space, drug-like space, and Known Drug Space regions, see Zhu et al. (2012) [15] and
Table S1). The log p values show the enhanced lipophilicity of the conjugates compared to
the natural product M.

Table 1. The molecular descriptors and their corresponding Known Drug Indexes 2a and 2b (KDI2a/2b)
for M and the MACs.

RB MW (g/mol) HD HA Log p PSA (Å2) KDI2a KDI2b

MAC-197 3 285.5 1 1.5 4.5 9.6 4.05 0.07
MAC-198 3 285.5 1 1 4.9 10.7 3.89 0.04
Myrtenal 1 150.2 0 2 1.8 36.6 3.38 0.01

To glean further insight into the effects of the molecular descriptors used, 208 com-
pounds with experimentally established blood–brain barrier (BBB) permeability were col-
lected [16–19]. These values are defined as the logarithmic ratio between the concentrations
in the brain(cBrain) and in the blood (cBlood); see Equation (1).

log BB = log
(

cBrain
cBlood

)
(1)

The values were correlated with the molecular descriptors; the results are shown in
Figure 3, and the numerical values are given in Table S2.

When the correlations and trends in Figure 3 are considered and compared to the
values of MAC-197 and MAC-198, the ligands are in excellent property space. On the one
hand, they both have relatively high log p values, and on the other hand, they have low
HD, HA, and PSA values, i.e., the optimal position for BBB permeability.

The Known Drug Indexes (KDIs) for the ligands were calculated to gauge the balance
of the molecular descriptors (MW, log p, HD, HA, PSA, and RB). This method is based on
the analysis of drugs in clinical use, i.e., the statistical distribution of each descriptor is
fitted to a Gaussian function and normalized to 1, resulting in a weighted index. Both the
summation of the indexes (KDI2a) and multiplication (KDI2b) methods were used [20], as
shown for KDI2a in Equation (2) and for KDI2b in Equation (3); the numerical results are
given in Table 1.

KDI2a = IMW + Ilog p + IHD+ IHA + IRB + IPSA (2)

KDI2b = IMW × Ilog p × IHD× IHA × IRB × IPSA (3)

The KDI2a values for the ligands are 4.05 (MAC-197), 3.89 (MAC-198), and 3.38 for
M, with a theoretical maximum of 6 and an average of 4.08 (±1.27) for known drugs. The
drug collection of 1880 entries from Eurtivong and Reynisson (2018) was analyzed [20],
and 245 drugs have an indication for diseases in the CNS (see a complete list in Table S3).
The average is 4.54 (±0.67) for the CNS-active pharmaceuticals, slightly higher than for
MAC-197 and MAC-198. KDI2b has values of 0.07 (MAC-197), 0.04 (MAC-198), and 0.01 for
M, with a theoretical maximum of 1 and with a KDS average of 0.18 (±0.20); the CNS-active
drugs have an average of 0.21 (±0.19); KDI2b is very unforgiving, as the parameters are
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multiplied, and a single low number results in a low overall value. It can therefore be
concluded that the M derivatives have favorable physicochemical parameters to enter
the CNS.

Figure 3. The correlations of the molecular descriptors with experimentally derived log BB values
(n = 208). Higher values of HD, HA, and PSA impede permeability through the barrier, but higher
values of log p facilitate it.

2.2. Effects of MACs on Scopolamine-Impaired Memory in Rats

Scopolamine (Scop) induced a significant impairment in both short-term and long-
term memory, as expected. In acute treatment, Scop reduced the delta latency by 39.9%
(p < 0.05) (Figure 4A), and after multiple applications, by 54% (p < 0.001) (Figure 4B), as
compared to the Controls group.
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Figure 4. Effects of MAC-197 and MAC-198 on short-term (A) and long-term (B) memory performance
in rats with scopolamine-induced dementia; M (40 mg/kg) was used as a referent; data are expressed
as the mean ± SEM (n = 10). * p < 0.05, *** p < 0.001 vs. Controls; # p < 0.05, # # p < 0.01, # # # p < 0.001,
# # # # p < 0.0001 vs. scopolamine (Scop) group.

M restored the rats’ memory to a similar lever as the Controls (p < 0.01) after acute
treatment with parameter elevation by 69.7% (Figure 4A) and 118.4% (p < 0.001) on day 12
(Figure 4B) when compared to Scop, as seen in our previous studies [8].

Both MAC groups responded similarly to M in demented animals. However, MAC-197
showed a better effect on Scop-damaged long-term memory—the increase in the indicator
in comparison to Scop-treated rats was 139.3% (p < 0.0001, Figure 4B). MAC-198 restored
both short- and long-term memory—the delta latency was increased by 65.3% (p < 0.05)
and 123.8% (p < 0.001), respectively, as compared to the Scop group.

2.3. Effects of MACs on Brain AChE Activity
2.3.1. Docking Study

The predicted MACs’ affinity to the AChE enzyme catalytic center is shown in Table 2.

Table 2. The binding affinities to the catalytic site of AChE as predicted by the scoring functions
GoldScore (GS), ChemScore (CS), ChemPiecewise Linear Potential (ChemPLP), and Astex Statisti-
cal Potential (ASP) using GOLD (v5.4.1) (Cambridge, UK). HI6 is the co-crystallized ligand
(4-(aminobarbonyl)-1-[({2-[(E)-(hydroxyimino)methyl]pyridiunum-1-yl}methoxy)
methyl]pydidinium).

ASP ChemPLP CS GS

MAC-197 34.9 68.4 40.9 47.3
MAC-198 35.0 64.2 40.3 45.1
Myrtenal 23.8 44.0 28.5 35.1

HI6 48.1 85.6 29.1 62.4
Acetylcholine 24.1 43.1 18.2 36.6

Donepezil 59.1 83.2 43.3 56.9
Tacrine 42.1 66.0 35.1 57.1

For further comparison, acetylcholine, tacrine, and donepezil were docked into the
binding site. The two latter compounds are acetocholinesterase inhibitors that see clinical
use for AD. According to all four scoring functions (Table 2), both MAC-197 and MAC-198
have stronger interaction with the AChE binding pocket than both M and acetylcholine;
the MACs have somewhat lower predicted affinity than the drugs.
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As predicted by ChemPLP, MAC-197 forms one hydrogen bond with the hydroxyl
oxygen atom in Tyr124 for AChE (Figure 5A). The myrtenyl moiety is pushed deep into the
binding pocket, with the adamantane at the entrance (Figure 5B). The pocket is made up
of many lipophilic amino acid residues accommodating the two aliphatic components of
the ligand. Interestingly, MAC-198 is predicted to have the reverse binding conformation,
i.e., the myrtenyl moiety is at the entrance of the binding pocket. Finally, M is predicted to
occupy the bottom of the binding site, the same site of the myrtenyl moiety for MAC-197.

Figure 5. The docked pose of MAC-197 in the binding site of AChE as predicted by the ChemPLP
scoring function. (A) The predicted configuration is shown in the ball-and-stick format, and the
hydrogen bonding to Tyr124 (stick format) is shown as a green line. The amino acids forming the
lipophilic binding pocket are Trp86, Gly120, Gly121, Gly122, Trp286, Val294, Phe295, Phe297, Tyr337,
Phe338, Tyr341, and His447; they are shown as lines. (B) The protein surface is rendered; blue depicts
regions with a partial positive charge on the surface; red depicts regions with a partial negative
charge, and grey shows neutral areas. The ligand occupies the deep binding pocket.

Based on the modeling, AChE is a plausible target for the substances tested, with the
ligands forming hydrogen bonds and fitting well into the binding pocket without straining
the molecular conformation into energetically unfavorable conformations.

2.3.2. Evaluation of Brain AChE Activity In Vivo

Scop produced an increase in AChE activity significantly in the cortex (41%, p < 0.05,
Figure 6A) and in the hippocampus (10.6%, p = n.s., Figure 6B) as compared to the Controls.

In the cerebral cortex, both MAC derivatives showed significant AChE-inhibitory
activity (Figure 6A) in comparison to natural M, which did not significantly affect brain
AChE activity. The enzyme activity was reduced by 34.2% (p < 0.05) by MAC-197 and by
48.7% (p < 0.001) by MAC-198 as compared to Scop-treated animals.

In the hippocampus, both M and MAC-197 showed no significant tendency for AChE-
inhibitory activity. The most pronounced decrease of 41% was caused by MAC-198 (p < 0.05,
Figure 6B).

2.4. Effect of MACs on Brain Noradrenaline and Serotonin Levels
2.4.1. Noradrenaline Levels

Scop did not affect noradrenaline (NA) cortical content (Figure 7A) but induced a
significant decrease in hippocampal NA level by 41% (p < 0.01, Figure 7B).
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Figure 6. Effects of MAC-197 and MAC-198 on brain AChE activity in the cortex (A) and the
hippocampus (B) in rats with scopolamine-induced dementia; M (40 mg/kg) was used as referent;
UI—international units; data are expressed as the mean ± SEM (n = 5). * p < 0.05 vs. Controls;
# p < 0.05, # # # p < 0.001 vs. Scop group.

Figure 7. Effects of MAC-197 and MAC-198 on brain NA levels in cortex (A) and hippocampus (B) in
rats with scopolamine-induced dementia; M (40 mg/kg) was used as a referent; data are expressed as
the mean ± SEM (n = 5). ** p < 0.01 vs. Controls; # p < 0.05, # # # # p < 0.0001 vs. Scop group.

In the cortex of M-treated rats, NA content was reduced as compared to the Scop
group (p = n.s.), as MAC-197 increased the indicator by 134.3% compared to the Scop + M
group (p = 0.018) and by 35% compared to the Controls (Figure 7A).

In the hippocampus, application of M and MAC-198 resulted in an even greater
decrease in mediator levels, even from the scopolamine group, of 57% (p < 0.05) for M and
39.4% for MAC-198 (p = n.s., Figure 7B). Only MAC-197 elevated NA content, doing so by
170% as compared to the Scop group (p < 0.0001) and by 59.4% in comparison to Controls.

2.4.2. Serotonin Levels

Serotonin (5-HT) content measured in the hippocampus was 10 times greater than in
the cortex of the Controls group. Scop treatment led to a three-fold increase in mediator
levels in the cortex (p < 0.001, Figure 8A), while in the hippocampus, the indicator was
decreased by 39.8% as compared to Controls (p < 0.05, Figure 8B).
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Figure 8. Effects of MAC-197 and MAC-198 on brain 5-HT levels in the cortex (A) and the hippocam-
pus (B) in rats with scopolamine-induced dementia; M (40 mg/kg) was used as a referent; data are
expressed as the mean ± SEM (n = 5). * p < 0.05, *** p < 0.001 vs. Controls; # p < 0.05, # # p < 0.01 vs.
Scop group.

In the cerebral cortex, M treatment significantly increased 5-HT content by 62% in
comparison to the Scop group (p < 0.05, Figure 8A). The effect of MAC-197 on this indicator
was close to the Scop + M group. MAC-198 had the opposite effect, lowering the mediator
content by 53.4% compared to the Scop group (p < 0.01), with an average value close to that
of the Controls.

In the hippocampus, M and MAC-197 significantly increased serotonin levels (p < 0.05
vs. Scop) (as observed in the cortex) by 83.8% and 84.4%, respectively, reaching the control
level (Figure 8B). Again, MAC-198 exhibited the opposite effect by decreasing 5-HT content
by 76.2% compared to Scop (p < 0.05).

2.5. Antioxidant Activity of MACs in the Brain Cortex

The Scop treatment induced oxidative stress in the cerebral cortex, as expected. It was
manifested by an elevation in lipid peroxidation (LPO) products levels of 10.6% (p = n.s.,
Figure 9A) and a GSH content reduction of 11.9% (p < 0.05) as compared to Controls
(Figure 9B). Catalase activity was significantly increased by 23.1% (p < 0.001) (Figure 9C).

M insignificantly increased Malone dialdehyde (MDA) concentration compared to the
Scop group (Figure 9A). However, its specific antioxidant properties were manifested by
restoration of the elevated-by-scopolamine CAT activity to close to the control level—by
17.5% (p < 0.01) vs. the Scop group (Figure 9C).

The MACs significantly affected the parameters for oxidative status. MAC-197 de-
creased the LPO products level by 16.1% (p < 0.05, Figure 9A), and MAC-198 increased the
GSH content by 24.6% (p < 0.001, Figure 9B) compared to Scop. Both substances decreased
the elevated-by-scopolamine-application CAT activity—by 27.2% for MAC-197 and by
32.6% for MAC-198 (p < 0.001, Figure 9C).
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Figure 9. Antioxidant effects of MAC-197 and MAC-198 in brain cortex in rats with scopolamine-
induced dementia—lipid peroxidation (LPO) products level (A), GSH content (B), and CAT activity
(C); M (40 mg/kg) was used as a referent; data are expressed as the mean ± SEM (n = 5). * p < 0.05,
*** p < 0.001 vs. Controls; # p < 0.05, # # p< 0.01, # # # p < 0.001 vs. Scop group.

3. Discussion

Neurodegenerative disorders are complex diseases characterized by multifactorial
pathoetiology [21]. Nowadays, research is focused on the discovery of new therapeutic
agents with more than one target for pharmacological action. This is based on the un-
derstanding that innovative, multi-purpose ligands can more effectively counteract the
complexity of pathological processes in neurodegenerative diseases to overcome the chal-
lenges of the polypharmacological approach [22]. The search for potential pharmacological
agents with complex mechanisms of action includes different substances, most of them
being natural compounds [23–25].

The ameliorative activity of M in conditions of scopolamine-induced AD-type de-
mentia and the 6-OHDA-induced experimental model of Parkinson’s disease has been
already demonstrated in our previous research [9,10]. Our results revealed its complex
neuroprotective mechanisms of action, which are beneficial to the memory of rodents,
neuromodulatory, and antioxidant, as supported by histopathological examinations.

A literature review found that adamantane derivatives effectively modulate neurode-
generative and inflammatory processes via different mechanisms. Some of the pharma-
cological targets are clear—they act on AMPA and KATP channels, GABA, and serotonin
receptors [26]. One of the most important properties of the adamantane-derived com-
pounds is their ability to penetrate through the blood–brain barrier (BBB), which is a key
property of a potential neuroprotective drug. Hydroxamic acids with adamantane scaffolds
restored normal memory functions in 5xFAD mice that simulated AD to the level observed
in control wild-type animals [27].
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The combination of a monoterpene moiety with an adamantane fragment showed
enhanced biological activity, improved selectivity, and increased metabolic stability. For ex-
ample, SQ109 is a novel anti-tubercular agent combining adamantane and geranyl scaffolds,
which is currently in phase II clinical trials [28]. Compounds consisting of adamantane and
monoterpenoid fragments were shown to inhibit tyrosyl-DNA-phosphodiesterase 1 (Tdp1),
a DNA repair enzyme which is considered an important target for increasing the efficacy of
topoisomerase poisons [29]. The two conjugates investigated in this study were designed
and synthesized to avoid some M drawbacks and to increase the biological efficacy of
natural M. Like most essential oil natural components, M is a volatile compound. In this
regard, linkage with an adamantane moiety increased the lipophilicity of the conjugates
and eliminated M’s volatility. Based on the results presented here, it can be stated that M
derivatives have favorable physicochemical parameters to penetrate the BBB, influencing
CNS functions. As M has a complex neuroprotective effect, it can be assumed that its
derivatives would also show similar or better properties.

MAC-197 and MAC-198 were reported to exhibit antiviral activity against influenza
virus A (H1N1)pdm09 [13], anticancer effects [30], and anxiolytic activity [14]. To the best
of our knowledge, there are no data in the literature on the study of their neuroprotective
properties. In the current research, new MAC derivatives were evaluated for neuroprotec-
tive activity in Scop-induced dementia of the AD type. As a muscarinic antagonist, Scop is
widely used to initiate experimental dementia of the AD type [31–34]. Its intraperitoneal
administration causes dysregulation of the brain’s cholinergic system with these conse-
quences: increased AChE activity, oxidative stress, and decreased levels of ACh [9,35,36].
On the behavioral level, these biochemical changes are revealed as a pronounced cognitive
deficit in the experimental animals. The brain’s biogenic amine levels are also reduced after
Scop administration. This is in agreement with our previous work [37], as well as reports
by other researchers [38–41]. In this way, the model repeats some of the main characteristics
of AD [42].

The biological activity of MACs in the Scop-induced model of dementia was conducted
by behavioral observation and biochemically; the effects were compared with those of M.
The molecular modeling predicted MACs’ affinity to bind to the active center of AChE.
Their effects on memory, AChE activity, NA and 5-HT content, as well as antioxidant
capacity in the rats’ brains, were established.

It is well known that the first clinical symptoms in AD patients are associated with
memory deficits [43]. The effects of MACs on short- and long-term learning and memory
performance in the rats, compared to those of M, were evaluated by a passive avoidance test.
This is a fear-aggravated test, where the difference in latency time of the reaction vs. initial
latency is taken as a memory status indicator. On the one hand, it was found that the M
and MAC-198 alleviated the detrimental effect of Scop dosing for both short- and long-term
memory performance in the animals. On the other hand, MAC-197 application induced
interesting behavior, with a less pronounced positive effect on memory after a single
treatment compared to M and MAC-198, and exceeding them after repeated application.

Normal functioning of central cholinergic transmission is essential in the regulation of
memory and mood [44]. AD is characterized by cholinergic dysfunction, manifested by
increased AChE activity and decreased ACh content in the brain [42]. The scopolamine
model of dementia causes similar changes in these indicators. Concerning AChE, unlike
M, both MACs demonstrated an AChE-inhibitory effect, which was most pronounced for
MAC-198. This effect was observed in both the cortex and the hippocampus and supported
by our molecular modeling results showing a stronger affinity of MACs to the active site of
the enzyme compared to that of M.

Along with the well-known cognitive symptoms of the disease, AD is also accom-
panied by non-cognitive ones, such as depression, anxiety, agitation, eating and sleeping
disorders, and aggression [45]. Cognitive and non-cognitive symptoms of the disease are
due to modulated levels of biogenic amines in patients’ brains. Gutierrez et al. summarized



Molecules 2022, 27, 5456 11 of 18

the available information on the role of norepinephrine levels in cognitive dysfunction and
the progression of neurodegenerative processes [46].

In the present study, Scop treatment produced a significant decrease in hippocampal
NA content (p < 0.01), in line with the research work of Falsafi et al. and Garcia-Alloza
et al. [5,47]. On the one hand, M and MAC-198 did not reverse decreased NA levels in
either the cortex or the hippocampus. Furthermore, in the hippocampus, they potentiated
the effect of Scop. On the other hand, MAC-197 increased NA content in the cortex (ns)
and the hippocampus (p < 0.01 vs. Scop), revealing its antidepressant potential. In our
opinion, this difference in the two new compounds‘ effects probably can be found in the
chemical structures of the two derivatives, as the myrtenyl compound is attached via an
amino group to the first and second position, respectively, in the adamantane molecule.

Serotonin levels are essential not only for the occurrence of depression but also in
behavioral changes in AD. Its role together with acetylcholine in cognitive problems in
neurodegenerative processes has also been clarified [48]. An imbalance between cholin-
ergic and serotonergic systems contributes to cognitive impairment in AD [5]. AD has
been associated with the loss of serotonergic neurons and a reduction in the levels of 5-
hydroxytryptamine, as seen in the postmortem brains of patients with this disease [49,50].

In the current research, Scop application induced a significant increase in 5-HT content
in the cortex (p < 0.001) and a significant decrease in the hippocampus (p < 0.05), with
mediator control concentrations 10 times higher in the hippocampus. These results correlate
with previous studies, according to which serotonin levels are different in some brain areas,
and they depend on the age of the rats [51].

All tested substances changed 5-HT levels in both brain structures related to the
memory—the cortex and hippocampus. MAC-198 decreased its level, but M and MAC-197
increased it. The effects of M and MAC-197 were accompanied by one interesting feature:
in the cortex, they potentiated the effect of Scop, and in the hippocampus, they reversed it.
The opposite effects of MAC-197 and MAC-198 are probably connected also to chemical
structure differences in the two derivatives.

Increased levels of oxidative stress parameters in the brains of AD patients are very
well-documented [52–56], and this is one of the most popular hypotheses for AD pathogen-
esis [57].

The results of a number of studies have shown that oxidative stress is associated
with memory dysfunction in the Scop-induced animal model of dementia [58–61]. In our
experiment, which was focused on oxidative stress parameters in the cerebral cortex, Scop
induced oxidative stress, as established by other authors [62–65]. It was manifested with a
significant decrease in GSH content, increased CAT activity, and a tendency to increase the
levels of lipid peroxidation products.

M, like most natural terpenoids, exhibits antioxidant activity, which has been found
in a rat hepatocellular carcinoma model [66], as well as in a model of dementia in our
previous studies [9]. In the conditions of this experiment, M’s specific antioxidant activity
in demented rats was expressed by a significant decrease in CAT activity close to the
Controls level (p < 0.01 vs. Scop). Both MACs showed antioxidant capacity. MAC-197
significantly decreased lipid peroxidation product content by 16.1% compared to the Scop
group, and the most pronounced was the effect of MAC-198 on the elevation of GSH (24.6%)
in comparison to Scop, with a level of significance of p < 0.001. Both tested substances
showed better antioxidant properties in the brain cortex of demented rats than natural M.

4. Materials and Methods
4.1. Chemicals

Scopolamine (Lot: A0354964) and (-)-myrtenal 98% (Lot: A0363097) were purchased
from ACRÔS Organics. The (-)-myrtenal (≥97%) used for chemical synthesis was pur-
chased from Sigma Aldrich (St. Louis, MO, USA), while 1- and 2-aminoadamantane
hydrochlorides were purchased from ACRÔS Organics (Geel, Belgium). MACs were syn-
thesized in the Department of Medicinal Chemistry of Novosibirsk Institute of Organic
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Chemistry (Novosibirsk, Russia) in the accordance with the procedure of [13] by reaction
of (-)-myrtenal with 1- or 2-aminoadamantane, followed by NaBH4 reduction of the corre-
sponding imines. The spectral data were consistent with those previously reported [13].
NMR spectra are given in the Supplementary Materials (Figures S1–S4). The amines ob-
tained were transformed into corresponding hydrochlorides by bubbling gaseous HCl
through an ethereal solution of the amines, followed by filtration of the precipitate formed.

4.2. Modelling and Screening

The Scigress version FJ 2.6 program (Scigress Ultra V. F.J 2.6. 2016, Krakow, Poland)
was used to build the inhibitors, and the MM3 [67–69] force field was applied to identify the
global minimum using the CONFLEX method [70], followed by structural optimization.

The docking center for the AChE crystal structure (PDB ID: 5HF9, resolution 2.20 Å,
Homo sapiens) was defined as the position of the nitrogen in the pyridine ring substituted
with the oxime of the co-crystallized ligand 4-(aminocarbonyl)-1-[({2-[(E)-(hydroxyimino)
methyl]pyridiunum-1-yl}methoxy) methyl]pydidinium (HI6) (x = 12.350, y = −55.749,
z = −24.154) [71]. Fifty docking runs were allowed for each ligand using very flexible
search efficiency (200%) with a 10 Å radius. The basic amino acids lysine and arginine
were defined as protonated. Furthermore, aspartic and glutamic acids were assumed to
be deprotonated. The GoldScore (GS) [72], ChemScore (CS) [73,74], ChemPLP (Piecewise
Linear Potential) [75], and ASP (Astex Statistical Potential) [76] scoring functions were
implemented to predict the binding modes and relative energies of the ligands using the
GOLD v5.4.1 software suite (Cambridge, UK). It was also used to prepare the crystal
structure for docking, i.e., the hydrogen atoms were added, while the co-crystallized
ligands were removed, as were crystallographic water molecules. The co-crystallized
HI6 ligand was re-docked into its binding sites to establish the prediction power of the
GOLD docking software. The root-mean-square deviations (RMSD) were derived, i.e., the
co-crystallized and docked conformations were overlain, and the distance of their heavy
atoms was measured; the lower the number, the better the prediction, with RMSD < 1.0 Å
considered good. The best scoring function for AChE is ChemPLP, with 1.896 Å, followed
by ASP (8.423 Å), CS (6.937 Å), and GS (3.705 Å).

The QikProp 6.2 (2009) software(Schrödinger: New York, NY, USA) package was used
to calculate the molecular descriptors. The reliability of QikProp was established for the cal-
culated descriptors [77]. The Known Drug Indexes (KDI) were calculated from the molecular
descriptors as described by Eurtivong and Reynisson (2018) [14]. For application in Excel,
columns for each property were created, and the following equations were used to derive the
KDI numbers for each descriptor: KDI MW: =EXP(−((MW−371.76)ˆ2)/(2*(112.76ˆ2))), KDI
Log P: =EXP(−((LogP−2.82)ˆ2)/(2*(2.21ˆ2))), KDI HD: =EXP(−((HD−1.88)ˆ2)/(2*(1.7ˆ2))),
KDI HA: =EXP(−((HA−5.72)ˆ2)/(2*(2.86ˆ2))), KDI RB =EXP(−((RB−4.44)ˆ2)/(2*(3.55ˆ2))),
and KDI PSA: =EXP(−((PSA−79.4)ˆ2)/(2*(54.16ˆ2))). These equations could simply be
copied into Excel and the descriptor name (e.g., MW) substituted with the value in the
relevant column. To derive KDI2A, this equation was used: =(KDI MW + KDI LogP + KDI
HD + KDI HA + KDI RB + KDI PSA). For KDI2B, this equation was used: =(KDI MW ×
KDI LogP × KDI HD × KDI HA × KDI RB × KDI PSA).

4.3. Experimental Rodents

The experiments were carried out on male adult Wistar rats (180÷ 220 g). The animals
were kept under standard laboratory conditions in plastic cells, with a 12-h light/dark
cycle, drinking water and food for rodents ad libitum, and optimal temperature, humidity,
and indoor ventilation. The experimental protocols were carried out following the rules
of the Committee on Ethics of the Bulgarian Food Safety Agency and in compliance with
national laws and rules (Ordinance No. 20 of 01.11.2012 on the minimum requirements for
the protection and welfare of experimental animals and requirements to establishments for
their use, rearing and/or delivery, effective from 1 January 2013, issued by the Ministry
of Agriculture and Food, Prom. SG issue 87 of 9 November 2012), based on the European
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Directive and in accordance with the rules of the Ethics Committee of the Institute of
Neurobiology at the Bulgarian Academy of Sciences.

4.4. Experimental Design and Drug Treatment

Male adult Wistar rats were separated into five groups (n = 10): (1) Controls (Saline),
(2) Scopolamine (Scop), (3) Scopolamine and Myrtenal (Scop + M), (4) Scopolamine and
MAC-197 (Scop + MAC-197), and 5) Scopolamine and MAC-198 (Scop + MAC-198).

The scopolamine neurodegeneration model was induced via intraperitoneal appli-
cation of the neurotoxic agent (1.0 mg/kg b.wt.) for 11 consecutive days as a solution
of scopolamine hydrobromide dissolved in distilled water. The other substances were
applied simultaneously with scopolamine in different intraperitoneal inoculations. The
two myrtenal–adamantane conjugates (MACs) with code names MAC-197 and MAC-198
were injected in an effective dose of 1 mg/kg b.wt. M was used as a referent in an effective
dose of 40 mg/kg b.wt., as established in our previous work [2]. M, as well as MACs, were
injected as emulsions. All the solutions were prepared ex tempore and injected at the same
time each day.

All animal groups were submitted to a behavioral test for memory ability status
(passive avoidance test). The animals were then euthanized via mild CO2 inhalation.
Their brains were quickly removed, and two main brain structures related to memory—
the cortex and hippocampus—were separated for biochemical analysis. Brain acetyl-
cholinesterase (AChE) activity, noradrenaline and serotonin levels, and oxidative status
parameters were evaluated.

4.5. Behavioral Test

The step-through/passive avoidance test [78] was used to determine the state of both
short-term and long-term memory [79]. In this protocol, to avoid electric current in the feet,
the rodent must learn to stay in the brightly lit compartment of the apparatus and not enter
the preferred dark compartment.

Initial latency (IL) was conducted before the treatment with the tested substances.
Each animal was placed in the light half of the staging, leaving the door between the light
and the dark part open. When a rat entered the dark (with four paws), the door closed, and
a weak electrical shock was released through the floor (0.7 mA for 3 s).

The experimental phase included first testing 1 h after the first application and final
testing at 24 h after the last one (on day 12); no electrical current was applied again.
The latency time (up to 180 s), i.e., the time after which the animal moved into the dark
room, was measured. As a memory status indicator, the difference in latency time vs. IL
was recorded.

4.6. Biochemical Studies
4.6.1. Evaluation of Brain AChE Activity

AChE activity in the cortex and hippocampus was determined according to the Ellman
protocol [80]. Brain supernatants were added to a solution containing 1.0 mM acetyl
thiocholine (AcSCh), 0.1 mM 5,5′-dithio-bis (2-nitrobenzoic acid) (DTNB), and 100 mM
phosphate buffer (pH 8.0) and incubated for 5 min at 37 ◦C. The appearance of yellow color
in the reaction of thiocholine with DTNB was spectrophotometrically detected (λ = 412 nm).
The results are expressed as AChE µmol min/g protein.

4.6.2. Evaluation of Noradrenaline and Serotonin Levels in Cerebral Cortex and
HippoCampus

The concentration of the monoamines noradrenalin (NA) and serotonin (5-HT) in the
brain cortex and hippocampus were measured via fluorescence reaction by the methods of
Jacobowitz and Richardson [81]. Noradrenaline was extracted into the phosphate buffer and
5-HT into 0.1 N HCl. For NA fluorescence, the reaction requires ethylenediaminetetraacetic
acid (EDTA), iodide solution, alkaline sulfite, and 5N CH3COOH, whereas for 5-HT, o-
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phthaldehyde must be added. Monoamines were determined at λ = 385/485 nm for NA
and λ = 360/470 nm for serotonin, calculated based upon standard solution fluorescence,
and expressed as µg/g of fresh tissue.

4.6.3. Evaluation of Cerebral Cortex Antioxidant Activity

The following biochemical parameters were measured: total glutathione (GSH), mea-
sured according to Tietze (expressed as ng/mg protein) and with oxidized glutathione
(GSSG) as a reference standard [82]. Lipid peroxidation product content was deter-
mined by the amount of thiobarbituric acid reactive substances (TBARs), expressed as
nmoles Malone dialdehyde (MDA) per mg protein, with a molar extinction coefficient
of 1.56 × 105 M−1cm−1 [83]. The post-nuclear homogenates of the brain structures (mg
protein/mL) in 0.15 M KClmM potassium phosphate buffer, pH 7.4, were heated for 15 min
at 100 ◦C in the presence of 2.8% tri-chloroacetic acid + 5N HCl + 2% thiobarbituric acid in
50 mM NaOH (2:1:1 v/v) for color developing. The absorbance was read at 532 nm against
an appropriate blank.

Catalase (CAT) activity was determined according to Aebi [84]. The enzyme activity
was expressed as ∆ E240/min/mg protein. Cu, Zn-superoxide dismutase (SOD) activity
was determined according to Beauchamp and Fridovich [85], expressed as U/mg protein
(one unit of SOD activity is the amount of the enzyme producing a 50% inhibition of
Nitroblue tetrazolium reduction). Glutathione peroxidase (GPx) activity was measured by
the method of Günzler et al. [86] and was expressed as nmol NADPH oxidized per minute
per mg protein, with a molar extinction coefficient of 6.22 × 106 M−1cm−1.

Protein content was measured by the method of Lowry et al. [87].

4.7. Statistical Analysis

Results are expressed as means± the standard error of the mean (SEM). Data statistical
analyses were performed by one-way analysis of variance (ANOVA) using the GraphPad
Prism 7.0 software (San Diego, CA 92108, USA). Differences were considered significant at
p < 0.05.

5. Conclusions

For the first time, the neuroprotective properties of two originally synthesized myrtenal–
adamantane conjugates were revealed in the rat dementia model. The new MAC- conju-
gates restored the impaired memory of demented rats via complex mechanisms. In both
brain structures related to memory—the cortex and hippocampus—they decreased AChE
activity, modulated monoamine (NA and 5-HT) levels, and exhibited antioxidant potential.
The neuroprotective effects of MACs were stronger than those of natural myrtenal, which
makes them potential therapeutic candidates for Alzheimer’s-type dementia.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27175456/s1, Figure S1: 1H NMR spectrum of compound
MAC-197; Figure S2: 13C NMR spectrum of compound MAC-197; Figure S3: 1H NMR spectrum of
compound MAC-198; Figure S4: 13C NMR spectrum of compound MAC-198; Table S1: Definition of
lead-like space, drug-like space, and Known Drug Space (KDS) in terms of molecular descriptors;
Table S2: The 208 molecules with measured blood–brain barrier permeability (Log BB) and their
corresponding molecular descriptors; Table S3: The known drugs that have an indication for the
central nervous system and their corresponding KDI values.

Author Contributions: Conceptualization, S.D., L.T. and K.V.; methodology, S.D., L.T., M.L., E.T.,
A.A., A.G., D.U. and M.S.; software, A.B.; validation, S.D., L.T. and M.L.; investigation, S.D., L.T.,
M.L., E.T., A.G., D.U., M.S., A.B., J.R., A.M., E.S., K.V. and N.S.; data curation, L.T., K.V. and R.K.;
writing—original draft preparation, S.D.; writing—review and editing, L.T., K.V., R.K., M.L., A.M.,
N.S. and J.R.; visualization, J.R. and S.D.; supervision, L.T. and K.V. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/molecules27175456/s1
https://www.mdpi.com/article/10.3390/molecules27175456/s1


Molecules 2022, 27, 5456 15 of 18

Institutional Review Board Statement: The experimental animal protocols were carried out follow-
ing the rules of the Committee on Ethics the of Bulgarian Food Safety Agency and in compliance
with national laws and rules (Ordinance No. 20 of 01.11.2012 on the minimum requirements for the
protection and welfare of experimental animals and requirements to establishments for their use,
rearing and/or delivery, effective from 1 January 2013, issued by the Ministry of Agriculture and
Food, Prom. SG issue 87 of 9 November 2012) based on the European Directive and in accordance
with the rules of the Ethics Committee of the Institute of Neurobiology at the Bulgarian Academy of
Sciences. The research with laboratory animals was approved by the Committee of Bioethics at the
Institute of Neurobiology, Bulgarian Academy of Sciences 30/08/20.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

Sample Availability: Samples of the compounds are available from the authors.

References
1. Cummings, J.L. The Black Book of Alzheimer’s Disease. Prim. Psychiatry 2008, 15, 66–76.
2. Wang, J.Y.; Wen, L.L.; Huang, Y.N.; Chen, Y.T.; Ku, M.C. Dual effects of antioxidants in neurodegeneration: Direct neuroprotection

against oxidative stress and indirect protection via suppression of glia-mediated inflammation. Curr. Pharm. Des. 2006, 12,
3521–3533. [CrossRef] [PubMed]

3. Goverdhan, P.; Sravanthi, A.; Mamatha, T. Neuroprotective Effects of Meloxicam and Selegiline in Scopolamine-Induced Cognitive
Impairment and Oxidative Stress. Int. J. Alzheimer’s Dis. 2012, 2012, 974013. [CrossRef] [PubMed]

4. White, N.M.; McDonald, R.J. Multiple Parallel Memory Systems in the Brain of the Rat. Neurobiol. Learn. Mem. 2002, 77, 125–184.
[CrossRef]

5. Garcia-Alloza, M.; Gil-Bea, F.J.; Diez-Ariza, M.; Chen, C.P.L.-H.; Francis, P.T.; Lasheras, B.; Ramirez, M.J. Cholinergic-
serotoninergic imbalance contributes to cognitive and behavioral symptoms in Alzheimer’s disease. Neuropsychologia 2005, 43,
442–449. [CrossRef]

6. Lombardero, L.; Llorente-Ovejero, A.; Manuel, I.; Rodríguez-Puertas, R. Chapter 28—Neurotransmitter receptors in Alzheimer’s
disease: From glutamatergic to cholinergic receptors. In Genetics, Neurology, Behavior, and Diet in Dementia: The Neuroscience of
Dementia; Martin, C.R., Preedy, V.R., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; Volume 2, pp. 441–456. [CrossRef]

7. Kaufmann, D.; Dogra, A.K.; Wink, M. Myrtenal inhibits acetylcholinesterase, a known Alzheimer target. J. Pharm. Pharmacol.
2011, 63, 1368–1371. [CrossRef]

8. Dragomanova, S. Pharmacological, Toxicological and Neurobiological Studies of Myrtenal—A Bicyclic Monoterpenoid of Natural
Origin. Ph.D. Thesis, Bulgarian Academy of Sciences, Sofia, Bulgaria, 2020.

9. Dragomanova, S.; Pavlov, S.; Marinova, D.; Hodzev, Y.; Petralia, M.C.; Fagone, P.; Nicoletti, F.; Lazarova, M.; Tzvetanova, E.;
Alexandrova, A.; et al. Neuroprotective Effects of Myrtenal in an Experimental Model of Dementia Induced in Rats. Antioxidants
2022, 11, 374. [CrossRef]

10. Tancheva, L.P.; Lazarova, M.I.; Alexandrova, A.V.; Dragomanova, S.T.; Nicoletti, F.; Tzvetanova, E.R.; Hodzhev, Y.K.; Kalfin,
R.E.; Miteva, S.A.; Mazzon, E.; et al. Neuroprotective Mechanisms of Three Natural Antioxidants on a Rat Model of Parkinson’s
Disease: A Comparative Study. Antioxidants 2020, 9, 49. [CrossRef]

11. Lamoureux, G.; Artavia, G. Use of the Adamantane Structure in Medicinal Chemistry. Curr. Med. Chem. 2010, 17, 2967–2978.
[CrossRef]

12. Spilovska, K.; Zemek, F.; Korabecny, J.; Nepovimova, E.; Soukup, O.; Windisch, M.; Kuca, K. Adamantane—A Lead Structure for
Drugs in Clinical Practice. Curr. Med. Chem. 2016, 23, 3245–3266. [CrossRef]

13. Teplov, G.V.; Suslov, E.; Zarubaev, V.V.; Shtro, A.A.; Karpinskaya, L.A.; Rogachev, A.; Korchagina, D.V.; Volcho, K.; Salakhutdinov,
N.F.; Kiselev, O.I. Synthesis of New Compounds Combining Adamantanamine and Monoterpene Fragments and their Antiviral
Activity Against Influenza Virus A(H1N1)pdm09. Lett. Drug Des. Discov. 2013, 10, 477–485. [CrossRef]

14. Kapitsa, I.G.; Suslov, E.V.; Teplov, G.V.; Korchagina, D.V.; Komarova, N.I.; Volcho, K.; Voronina, T.A.; Shevela, A.I.; Salakhutdinov,
N.F. Synthesis and anxiolytic activity of 2-aminoadamantane derivatives containing monoterpene fragments. Pharm. Chem. J.
2012, 46, 263–265. [CrossRef]

15. Zhu, F.; Logan, G.; Reynisson, J. Wine Compounds as a Source for HTS Screening Collections. A Feasibility Study. Mol. Inform.
2012, 31, 847–855. [CrossRef]

16. Usansky, H.H.; Sinko, P.J. Computation of log BB values for compounds transported through carrier-mediated mechanisms using
in vitro permeability data from brain microvessel endothelial cell (BMEC) monolayers. Pharm. Res. 2003, 20, 390–396. [CrossRef]

17. Garg, P.; Verma, J. In Silico Prediction of Blood Brain Barrier Permeability: An Artificial Neural Network Model. J. Chem. Inf.
Model. 2005, 46, 289–297. [CrossRef]

18. Guerra, A.; Páez, J.A.; Campillo, N.E. Artificial Neural Networks in ADMET Modeling: Prediction of Blood-Brain Barrier
Permeation. QSAR Comb. Sci. 2008, 27, 586–594. [CrossRef]

http://doi.org/10.2174/138161206778343109
http://www.ncbi.nlm.nih.gov/pubmed/17017945
http://doi.org/10.1155/2012/974013
http://www.ncbi.nlm.nih.gov/pubmed/22536538
http://doi.org/10.1006/nlme.2001.4008
http://doi.org/10.1016/j.neuropsychologia.2004.06.007
http://doi.org/10.1016/c2017-0-03834-x
http://doi.org/10.1111/j.2042-7158.2011.01344.x
http://doi.org/10.3390/antiox11020374
http://doi.org/10.3390/antiox9010049
http://doi.org/10.2174/092986710792065027
http://doi.org/10.2174/0929867323666160525114026
http://doi.org/10.2174/1570180811310060002
http://doi.org/10.1007/s11094-012-0775-3
http://doi.org/10.1002/minf.201200103
http://doi.org/10.1023/A:1022647903205
http://doi.org/10.1021/ci050303i
http://doi.org/10.1002/qsar.200710019


Molecules 2022, 27, 5456 16 of 18

19. Muehlbacher, M.; Spitzer, G.M.; Liedl, K.R.; Kornhuber, J. Qualitative prediction of blood–brain barrier permeability on a large
and refined dataset. J. Comput. Aided Mol. Des. 2011, 25, 1095–1106. [CrossRef]

20. Eurtivong, C.; Reynisson, J. The Development of a Weighted Index to Optimise Compound Libraries for High Throughput
Screening. Mol. Inform. 2018, 38, e1800068. [CrossRef]

21. Ferreira, I.L.; Resende, R.; Ferreiro, E.; Rego, A.C.; Pereira, C.F. Multiple defects in energy metabolism in Alzheimer’s disease.
Curr. Drug Targets 2010, 11, 1193–1206. [CrossRef]

22. Bolognesi, M.L. Polypharmacology in a single drug: Multi-target drugs. Curr. Med. Chem. 2013, 20, 1639–1645. [CrossRef]
23. Ji, H.-F.; Zhang, H.Y. Multipotent natural agents to combat Alzheimer’s disease. Functional spectrum and structural features 1.

Acta Pharmacol. Sin. 2008, 29, 143–151. [CrossRef] [PubMed]
24. Li, L.; Zhang, L.; Yang, C.-C. Multi-Target Strategy and Experimental Studies of Traditional Chinese Medicine for Alzheimer’s

Disease Therapy. Curr. Top. Med. Chem. 2015, 16, 537–548. [CrossRef] [PubMed]
25. Dey, A.; Bhattacharya, R.; Mukherjee, A.; Pandey, D.K. Natural products against Alzheimer’s disease: Pharmaco-therapeutics and

biotechnological interventions. Biotechnol. Adv. 2017, 35, 178–216. [CrossRef] [PubMed]
26. Wanka, L.; Iqbal, K.; Schreiner, P.R. The Lipophilic Bullet Hits the Targets: Medicinal Chemistry of Adamantane Derivatives.

Chem. Rev. 2013, 113, 3516–3604. [CrossRef]
27. Neganova, M.; Aleksandrova, Y.; Suslov, E.; Mozhaitsev, E.; Munkuev, A.; Tsypyshev, D.; Chicheva, M.; Rogachev, A.; Sukocheva,

O.; Volcho, K.; et al. Novel Multitarget Hydroxamic Acids with a Natural Origin CAP Group against Alzheimer’s Disease:
Synthesis, Docking and Biological Evaluation. Pharmaceutics 2021, 13, 1893. [CrossRef]

28. Sacksteder, K.A.; Protopopova, M.; Barry, C.E.; Andries, K.; Nacy, C.A. Discovery and development of SQ109: A new antitubercu-
lar drug with a novel mechanism of action. Future Microbiol. 2012, 7, 823–837. [CrossRef]

29. Chepanova, A.A.; Mozhaitsev, E.S.; Munkuev, A.A.; Suslov, E.V.; Korchagina, D.V.; Zakharova, O.D.; Zakharenko, A.L.; Patel,
J.; Ayine-Tora, D.M.; Reynisson, J.; et al. The Development of Tyrosyl-DNA Phosphodiesterase 1 Inhibitors. Combination of
Monoterpene and Adamantine Moieties via Amide or Thioamide Bridges. Appl. Sci. 2019, 9, 2767. [CrossRef]

30. Suslov, E.; Ponomarev, K.; Rogachev, A.; Pokrovsky, M.; Pokrovsky, A.; Pykhtina, M.; Beklemishev, A.; Korchagina, D.; Volcho, K.;
Salakhutdinov, N. Compounds Combining Aminoadamantane and Monoterpene Moieties: Cytotoxicity and Mutagenic Effects.
Med. Chem. 2015, 11, 629–635. [CrossRef]

31. Lagalwar, S.; Bordayo, E.Z.; Hoffmann, K.L.; Fawcett, J.R.; Frey, W.H. Anandamides Inhibit Binding to the Muscarinic Acetyl-
choline Receptor. J. Mol. Neurosci. 1999, 13, 55–62. [CrossRef]

32. Lott, I.T. Neurological phenotypes for Down syndrome across the life span. Prog. Brain Res. 2012, 197, 101–121. [CrossRef]
33. Qin, M.; Zeidler, Z.; Moulton, K.; Krych, L.; Xia, Z.; Smith, C.B. Endocannabinoid-mediated improvement on a test of aversive

memory in a mouse model of fragile X syndrome. Behav. Brain Res. 2015, 291, 164–171. [CrossRef]
34. More, S.V.; Kumar, H.; Cho, D.-Y.; Yun, Y.-S.; Choi, D.-K. Toxin-Induced Experimental Models of Learning and Memory

Impairment. Int. J. Mol. Sci. 2016, 17, 1447. [CrossRef]
35. Tang, K.S. The cellular and molecular processes associated with scopolamine-induced memory deficit: A model of Alzheimer’s

biomarkers. Life Sci. 2019, 233, 116695. [CrossRef]
36. Tancheva, L.; Lazarova, M.; Velkova, L.; Dolashki, A.; Uzunova, D.; Minchev, B.; Petkova-Kirova, P.; Hassanova, Y.; Gavrilova, P.;

Tasheva, K.; et al. Beneficial Effects of Snail Helix aspersa Extract in an Experimental Model of Alzheimer’s Type Dementia. J.
Alzheimer’s Dis. 2022, 88, 155–175. [CrossRef]

37. Staykov, H.; Lazarova, M.; Hassanova, Y.; Stefanova, M.; Tancheva, L.; Nikolov, R. Neuromodulatory Mechanisms of a Memory
Loss-Preventive Effect of Alpha-Lipoic Acid in an Experimental Rat Model of Dementia. J. Mol. Neurosci. 2022, 72, 1018–1025.
[CrossRef]

38. D’Amelio, M.; Rossini, P.M. Brain excitability and connectivity of neuronal assemblies in Alzheimer’s disease: From animal
models to human findings. Prog. Neurobiol. 2012, 99, 42–60. [CrossRef]

39. Roy, D.S.; Arons, A.; Mitchell, T.I.; Pignatelli, M.; Ryan, T.; Tonegawa, S. Memory retrieval by activating engram cells in mouse
models of early Alzheimer’s disease. Nature 2016, 531, 508–512. [CrossRef]

40. Scheff, S.W.; Price, D.A.; Schmitt, F.A.; Mufson, E.J. Hippocampal synaptic loss in early Alzheimer’s disease and mild cognitive
impairment. Neurobiol. Aging 2006, 27, 1372–1384. [CrossRef]

41. Burns, J.M.; Galvin, J.E.; Roe, C.M.; Morris, J.C.; McKeel, D.W. The pathology of the substantia nigra in Alzheimer disease with
extrapyramidal signs. Neurology 2005, 64, 1397–1403. [CrossRef]

42. Drinenberg, A.C. Alzheimer’s disease: More than a “cholinergic disorder”-evidence that cholinergic-monoaminergic interactions
contribute to EEG slowing and dementia. Behav. Brain Res. 2000, 115, 235–249. [CrossRef]

43. Braak, H.; Braak, E. Pathology of Alzheimer diseas. In Neurodegenerative Diseases; Calne, D.B., Ed.; W.B. Saunders: Philadelphia,
PA, USA, 1994; pp. 585–613.

44. Kolar, D. Scopolamine as a potential treatment option in major depressive disorder—A literature review. Isr. J. Psychiatry 2021, 58,
48–53.

45. Selles, M.; Oliveira, M.M.; Ferreira, S.T. Brain inflammation connects cognitive and non-cognitive symptoms in Alzheimer’s
disease. J. Alz. Dis. 2018, 64, S313–S327. [CrossRef]

46. Gutiérrez, I.L.; Russo, C.D.; Novellino, F.; Caso, J.R.; García-Bueno, B.; Leza, J.C.; Madrigal, J.L.M. Noradrenaline in Alzheimer’s
Disease: A New Potential Therapeutic Target. Int. J. Mol. Sci. 2022, 23, 6143. [CrossRef]

http://doi.org/10.1007/s10822-011-9478-1
http://doi.org/10.1002/minf.201800068
http://doi.org/10.2174/1389450111007011193
http://doi.org/10.2174/0929867311320130004
http://doi.org/10.1111/j.1745-7254.2008.00752.x
http://www.ncbi.nlm.nih.gov/pubmed/18215342
http://doi.org/10.2174/1568026615666150813144003
http://www.ncbi.nlm.nih.gov/pubmed/26268330
http://doi.org/10.1016/j.biotechadv.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/28043897
http://doi.org/10.1021/cr100264t
http://doi.org/10.3390/pharmaceutics13111893
http://doi.org/10.2217/fmb.12.56
http://doi.org/10.3390/app9132767
http://doi.org/10.2174/1573406411666150518110053
http://doi.org/10.1385/JMN:13:1-2:55
http://doi.org/10.1016/b978-0-444-54299-1.00006-6
http://doi.org/10.1016/j.bbr.2015.05.003
http://doi.org/10.3390/ijms17091447
http://doi.org/10.1016/j.lfs.2019.116695
http://doi.org/10.3233/JAD-215693
http://doi.org/10.1007/s12031-022-01979-y
http://doi.org/10.1016/j.pneurobio.2012.07.001
http://doi.org/10.1038/nature17172
http://doi.org/10.1016/j.neurobiolaging.2005.09.012
http://doi.org/10.1212/01.WNL.0000158423.05224.7F
http://doi.org/10.1016/S0166-4328(00)00261-8
http://doi.org/10.3233/JAD-179925
http://doi.org/10.3390/ijms23116143


Molecules 2022, 27, 5456 17 of 18

47. Falsafi, S.K.; Deli, A.; Höger, H.; Pollak, A.; Lubec, G. Scopolamine Administration Modulates Muscarinic, Nicotinic and NMDA
Receptor Systems. PLoS ONE 2012, 7, e32082. [CrossRef]

48. Meltzer, C.C.; Smith, G.; DeKosky, S.; Pollock, B.G.; Mathis, C.A.; Moore, R.Y.; Kupfer, D.J.; Iii, C.F.R. Serotonin in Aging, Late-Life
Depression, and Alzheimer’s Disease: The Emerging Role of Functional Imaging. Neuropsychopharmacology 1998, 18, 407–430.
[CrossRef]

49. Mesulam, M. The cholinergic lesion of Alzheimer’s disease: A pivotal factor or side show? Learn. Mem. 2004, 11, 43–49. [CrossRef]
50. Kovacs, G.G.; Klöppel, S.; Fischer, I.; Dorner, S.; Lindeck-Pozza, E.; Birner, P.; Bötefür, I.C.; Pilz, P.; Volk, B.; Budka, H. Nucleus-

specific alteration of raphe neurons in human neurodegenerative disorders. NeuroReport 2003, 14, 73–76. [CrossRef]
51. Bert, B.; Fink, H.; Sohr, R.; Rex, A. Different effects of diazepam in Fischer rats and two stocks of Wistar rats in tests of anxiety.

Pharmacol. Biochem. Behav. 2001, 70, 411–420. [CrossRef]
52. Markesbery, W.R. Oxidative stress hypothesis in Alzheimer’s disease. Free Radic. Biol. Med. 1997, 23, 134–147. [CrossRef]
53. Markesbery, W.R.; Carney, J.M. Oxidative alterations in Alzheimer’s disease. Brain Pathol. 1999, 9, 133–146. [CrossRef]
54. Markesbery, W.R. The Role of Oxidative Stress in Alzheimer Disease. Arch. Neurol. 1999, 56, 1449–1452. [CrossRef] [PubMed]
55. Pratico, D.; Delanty, N. Oxidative injury in diseases of the central nervous system: Focus on Alzheimer’s disease. Am. J. Med.

2000, 109, 577–585. [CrossRef]
56. Floyd, R.A.; Hensley, K. Oxidative stress in brain aging: Implications for therapeutics of neurodegenerative diseases. Neurobiol.

Aging 2002, 23, 795–807. [CrossRef]
57. Kamat, P.K.; Kalani, A.; Rai, S.; Swarnkar, S.; Tota, S.; Nath, C.; Tyagi, N. Mechanism of Oxidative Stress and Synapse Dysfunction

in the Pathogenesis of Alzheimer’s Disease: Understanding the Therapeutics Strategies. Mol. Neurobiol. 2016, 53, 648–661.
[CrossRef] [PubMed]

58. Giridharan, V.V.; Thandavarayan, R.A.; Sato, S.; Ko, K.M.; Konishi, T. Prevention of scopolamine-induced memory deficits by
schisandrin B, an antioxidant lignan from Schisandra chinensis in mice. Free Radic. Res. 2011, 45, 950–958. [CrossRef] [PubMed]

59. Nade, V.S.; Kanhere, S.V.; Kawale, L.A.; Yadav, A.V. Cognitive enhancing and antioxidant activity of ethyl acetate soluble
fraction of the methanol extract of Hibiscus rosa sinensis in scopolamine-induced amnesia. Indian J. Pharmacol. 2011, 43, 137–142.
[CrossRef]

60. Budzynska, B.; Boguszewska-Czubara, A.; Kruk-Slomka, M.; Skalicka-Woźniak, K.; Michalak, A.; Musik, I.; Biala, G. Effects of
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