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Abstract: There is growing attention on natural substances capable of stimulating the cholinergic
system and of exerting antioxidant effects, as potential therapeutic agents in Alzheimer’s disease (AD).
The aim of the present study is to evaluate the expected neuroprotective mechanisms of myrtenal
(M) in an experimental model of dementia in rats. Dementia was induced in male Wistar rats by
scopolamine (Sc) administration (0.1 mg/kg for 8 days and 20.0 mg/kg on day 9). The animals
were divided into 5 groups (1) Controls; (2) Sc; (3) Sc + Myrtenal (40 mg/kg), (4) Sc + Galantamine
(1 mg/kg); (5) Sc + Lipoic acid (30 mg/kg). Changes in recognition memory and habituation were
evaluated via the Novel Object Recognition and Open Field tests. Acetylcholinesterase (AChE)
activity, ACh levels, and changes in oxidative status of the brain were measured biochemically. The
histological changes in two brain regions—cortex and hippocampus, were evaluated qualitatively
and quantitatively. Myrtenal improved recognition memory and habituation, exerted antioxidant
effects and significantly increased ACh brain levels. Histologically, the neuroprotective capacity
of myrtenal was also confirmed. For the first time, we have demonstrated the neuroprotective
potential of myrtenal in an experimental model of dementia. Our study provides proof-of-concept
for the testing of myrtenal, in association with standard of care treatments, in patients affected by
cognitive decline.

Keywords: myrtenal; experimental dementia; acetylcholine; acetylcholinesterase; antioxidant; neuro-
protection; neuromodulation

1. Introduction

Alzheimer’s disease (AD) is one of the most common forms of dementia worldwide.
The main features of AD are cholinergic dysfunction and increased oxidative stress, with
progressive loss of neuronal structures, associated with accumulation of abnormal pro-
teins [1], mitochondrial dysfunction [2], and excitotoxicity [3].
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AD is characterized by cholinergic neurons loss in the forebrain, responsible for
attention and memory status, and in the cortex and hippocampus [4–6].

In AD, the activity of choline acetyltransferase (ChAT), the enzyme responsible for
acetylcholine synthesis, is decreased, while acetylcholinesterase (AChE) activity, which
breaks down Ach, is increased. Hence, the current approach to improve memory impair-
ment is the inhibition of acetylcholinesterase activity, by using drugs, such as Galantamine,
Rivastigmine, and Donepezil.

Oxidative stress is also associated with major pathological processes underlying AD
and correlates with the severity of the neurodegenerative changes [7,8]. It is believed
that preventing reactive oxygen species (ROS) formation could slow both the onset and
progression of AD. Therefore, antioxidant agents may represent a successful approach
in the prevention and treatment of AD [9]. Indeed, some terpenoids, such as ginseno-
sides, ginkgolides, cannabinoids, and oleanolic and ursolic acid, exert potential effects on
neurodegenerative disorders, including AD, affecting the activity of acetylcholinesterase,
reducing Aβ-aggregation and oxidative stress, etc. [10].

Myrtenal is a monoterpenoid commonly found in plants, including Myrtus commu-
nis, Artemisia spp., Origanum majorana, Origanum vulgare, Glycyrrhiza glabra, Rosmarinus
officinalis, Thymus spp., Salvia officinalis, Lavandula spp., as well as in bee glue (propolis).
In plants, myrtenal is metabolically linked to α-pinene [11], which has been shown to
ameliorate memory and learning deficits in an animal model of amnesia, by protecting
the acetylcholine signaling and by promoting the antioxidant defense of the brain [12].
Numerous beneficial effects of Myrtenal have been already described, e.g., bronchodilatory,
anti-inflammatory, antiplatelet and anti-hemolytic, as well as antibacterial (against G (+)
pathogens) [13–16].

The effects of myrtenal administration in control rodents (mice and rats) have been
previously explored [17]. In vitro, myrtenal has been shown to exert an inhibitory effect on
AChE activity [18], suggesting its beneficial effect on memory impairment. Our previous
studies have also demonstrated that myrtenal exerts a protective effect in an experimental
model of Parkinson’s disease induced in rats [19].

However, there are no data in the literature, about the effects of myrtenal in exper-
imental animal models of dementia. The aim of the present study was to evaluate the
potential neuroprotective mechanism of myrtenal in an experimental model of dementia,
induced by Scopolamine in rats.

2. Materials and Methods
2.1. Chemicals

Alfa-lipoic acid (LA) (Thoictic acid—solution for injection 600 mg/50 mL) Thiogamma
Turbo-Set (Wörwag pharma GmbH & Co.KG, Galwer Strasse 7, 71034 Böblingen, Germany),
Lot: 16J171; Galantamine (Gal) (solution for injection 10 mg/mL, 1 mL ampules Nivalin)
Sopharma, Lot: 11215; (−)-Myrtenal 98%—ACRÔS Organics, Lot: A0363097; Scopolamine
(Sc)—ACRÔS Organics, Lot: A0354964; Sodium Chloride 0.9% solution, BRAUN.

2.2. Docking Study

A docking analysis was performed in order to evaluate myrtenal’s affinity to acetyl-
choline esterase (AChE). Gal was used as a reference. The crystallographic structure of the
complex between acetylcholinesterase and Gal with PDB code 4ey6 was used. Docking
was performed on a flexible ligand and rigid protein. The binding site was set within a
radius of 15 Å from the crystallographic structure of Gal. The structural water, HOH846,
in the active center is preserved. One hundred poses for myrtenal and Gal were created
using the stochastic method for studying the conformational space—a genetic algorithm
implemented in the GOLD program. To evaluate the obtained complexes, the ChemPLP
evaluation function was used. The analysis was performed using the GOLD v.5.2.2 program.
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2.3. Experimental Animals

The experiments were carried out on male adult Wistar rats (180 ÷ 220 g). The
animals were kept under standard laboratory conditions in plastic cells—12 h light/dark
cycle, unrestricted access to drinking water and food for rodents, provided optimum
temperature, humidity, and indoor ventilation. The experimental procedures were carried
out in accordance with the rules for working with experimental animals of the Committee
on Ethics of Bulgarian Food Safety Agency and with National laws and rules (Ordinance
No. 20 of 1 November 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 for working with laboratory animals of the Ethics Committee of the Institute
of Neurobiology at the Bulgarian Academy of Sciences.

2.4. Experimental Model of Dementia

In an attempt to recreate the nonlinear progression of neurodegenerative impairment,
our team has previously developed a new Sc-induced model of dementia in rats. This
new method was previously implemented and validated via behavioral, biochemical, and
histological assessments [17]. Briefly, this model consists of the administration of low-dose
Sc (0.1 mg/kg) for 8 days, followed by single high-dose Sc (20 mg/kg), on the 9th day.

2.5. Drug Treatment and Experimental Design

The animals were divided into 5 groups (n = 18 each): (1) Controls; (2) Sc; (3) Sc + Myrte-
nal, (4) Sc + Gal; (5) Sc + LA. Control group received intraperitoneal (i.p.) saline injection
(0.9% NaCl, 0.5 mL/100 g bw). Myrtenal (40 mg/kg) and two reference compounds—the
antioxidant LA (30 mg/kg) and cholinergic enhancer Gal (1 mg/kg) were applied i.p simul-
taneously with Sc for 9 consecutive days. Sc was injected as a scopolamine hydrobromide
dissolved in distilled water, myrtenal as an emulsion in an effective dose of 40 mg/kg
according to our previous data [17].

Animals from all groups were submitted to two behavioral tests (Novel object recogni-
tion and Open field), carried out from 9 a.m. to 12 a.m. One hour after the last behavioral test
the animals were euthanized via mild CO2 inhalation. Two main brain structures related to
memory (prefrontal cortex and hippocampus) were separated for histological analysis and
brain AChE activity evaluation. The antioxidant and neuromodulatory capacity of myrtenal
were carried out in whole brain homogenates according to the experimental protocol.

2.6. Behavioral Tests

The novel object recognition test was used for the evaluation of recognition mem-
ory [20,21]. Using the Open field experimental setup, the time that animals spent examining
the unknown (new) objects over a period of 5 min was tracked. The experimental plat-
form is a white plastic box (100 × 100 × 40 cm) with a floor divided into equal squares
(20 × 20 cm). The experimental protocol includes three steps: day 1: habituation phase—
for a period of 5 min the animals are allowed to freely study the territory without the
presence of the objects; day 2: recognition phase—one object was presented to the rats for a
period of 5 min; day 3: test phase—two objects were presented to the rats for a period of
5 min. One from the previous day (known) and a new one (unknown).

Each rat test trial was video recorded and the time spent in exploration of each object
was calculated. Discrimination index (DI) calculation was used for the evaluation of
recognition memory changes among the groups. DI = t (new)/t (old + new), where (t) is a
time spend for explore new or old object. A DI > 0.5 means that the subjects remember and
distinguish objects, while a DI < 0.5 indicates an impaired recognition memory.

The test was performed three times: before all treatments, on day 8 after multiple low dose
scopolamine administration, and on day 9 after single high dose scopolamine administration.
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The open field test was used for the evaluation of general activity [22] and for behavior
exploration, indicative of habituation impaired [23]. It was conducted in a white plastic box
(100 × 100 × 40 cm) with the floor divided into equal squares (20 × 20 cm). Each animal
was placed in the center of the board and the number of crossing lines (with four paws)
were recorded for 5 min.

The test was performed twice: before treatment (initial training, IT) and on day 10 (24 h
after the last scopolamine treatment). Results were presented as a delta cross index—differences
between the number of line crossings on day 10 versus the initial training level (IT).

2.7. Biochemical Studies
2.7.1. Evaluation of Oxidative Brain Status

Post-nuclear brain homogenate was used to measure the following biochemical param-
eters: total glutathione (GSH), measured according to Tietze [24] and expressed in ng/mg
protein, with glutathione oxidized (GSSG) as a reference standard; lipid peroxidation prod-
ucts, determined by the amount of thiobarbituric acid reactive substances (TBARs) formed
in fresh biological preparations [25]. The post-nuclear homogenates of the brain structures
(mg protein/mL) in 0.15 M KCl-10 mM potassium phosphate buffer, pH 7.4, were heated
for 15 min at 100 ◦C in the presence of 2.8% trichloracetic acid + 5N HCl + 2% thiobarbi-
turic acid in 50 mM NaOH (2:1:1 v/v) for color developing. The absorbance was read at
532 nm against an appropriate blank. The values were expressed in nmol Malone dialde-
hyde (MDA) per mg protein, with a molar extinction coefficient of 1.56 × 105 M−1cm−1.
Catalase (CAT) activity was determined according to Aebi [26]; the enzyme activity was
expressed as ∆ E240/min/mg protein. Cu, Zn-superoxide dismutase (SOD) activity, de-
termined according to Beauchamp and Fridovich [27], was expressed in U/mg protein
(one unit of SOD activity is the amount of the enzyme producing a 50% inhibition of Ni-
troblue tetrazolium reduction). Glutathione peroxidase (GPx) activity was measured by
the method of Gunzler et al. [28] and was expressed in 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. [29].

2.7.2. Evaluation of Brain AChE Activity

The Ellman protocol (1961) was used for the determination of acetylcholinesterase
activity in the two brain structures, cortex, and hippocampus [30]. Samples (supernatants)
were added to a solution containing 1.0 mM acetylthiocholine (AcSCh), 0.1 mM 5,5’-
dithio-bis (2-nitrobenzoic acid) (DTNB) and 100 mM phosphate buffer (pH 8.0). Incubate
for 5 min at 37 ◦C. The formation of a yellow color in the reaction of thiocholine with
dithiobisnitrobenzoate ions (DTNB) was detected spectrophotometrically (λ = 412 nm). The
results are expressed as AChE µmol min/g protein.

2.7.3. Evaluation of Brain ACh Content

A method described by Fellman (1969) [31] and modified by Kozlov (1999) [32] was
used to determine the concentration of acetylcholine in the brain. After euthanasia of the
experimental animals, the brains were separated and placed on ice, followed by washing
and homogenization in phosphate buffer (pH 7.4). The homogenates were centrifuged for
15 min at 5000 rpm. As a result of the interaction of acetylcholine from the biological sample
with hydrazine and salicylic aldehyde, a fluorophore (specific fluorescence in dark red)
was formed, allowing its determination. After the incubation time, the specific fluorescence
of the resulting compound was determined at λ excit. = 410 nm and λ fluor. = 540 nm.
There was a relationship between the fluorescence intensity and the concentration of the
test substance (ng/g tissue), in which case the standard straight-line method was used.

2.8. Histological Analysis

Histological analyses were performed in the two brain structures related to learning
and memory, namely the cortex and hippocampus. The brains from three (per group)
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randomly selected animals were fixed in 4.5% paraformaldehyde in phosphate-buffered
saline (pH 7.4) for 24 h and embedded in paraffin for routine sectioning. Serial sections
of the brain hemispheres (10 µm thickness) were stained with Cresyl-violet after Kluwer-
Barrera. The stained sections were captured using a Zeiss AxioImager Z2 microscope
imaging system (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) outfitted with a
Zeiss Neo-Fluar objective (v20x; NA = 0.5) and AxioCam MR rev.3 camera at a lateral
resolution of the obtained images of 0.3225 µm/px. Morphological assessment of the signs
of degeneration (qualitative analysis) was performed by two independent investigators in
multiple brain sections of each animal.

The image normalization and processing were performed in ImageJ/FIJI software
(v.1.43). The images were converted to grey scale and the grey values were transformed to
noncalibrated image density according to Equation (1):

OD = − log10(
GVpx

GVmax
), (1)

where OD is the calculated optical density, GVpx is the grey value of the corresponding
pixel (a measure for the transmitted light at that location) and GVmax is the maximal grey
value of the background (an estimate of the incident light). In the transformed images, the
OD is proportional to the light absorbed by the dye. Only pixels with an OD of at least
0.097 were included in the subsequent analysis, thus effectively considering only regions
of the section that absorb at least 20% of the incident light. This threshold was applied
to quantify the stained area and to produce countable masks of the stained profiles. The
quantitative analysis of Cresyl-violet stained preparations included: the determination
of the average number of stained profiles per unit area (density). Additionally, the mean
density (number/mm2) of the stained profiles was further analyzed conditional on the
particle size: the stained profiles were divided into two classes: “small” profiles with
a caliper diameter ≤6.5 µm and “large” profiles with diameter >6.5 µm. The rationale
behind this approach was that the neurons have predominantly larger perikarya with an
abundance of Nissl bodies and thus will produce stained profiles with a larger area. We
have chosen a relatively low caliper of 6.5 µm to account for the probability of the section
passing through different portions of the cellular somata. As the glial cells were presented
by their stained nuclei (usually there are no Nissl bodies in glial cells), most of the profiles
belonging to glia will have sizes smaller than this caliper. On the contrary, profiles with
neuronal origin will be expected to be larger than the average nuclear size.

2.9. Statistical Analysis

The results are expressed as the means ± the standard error of the mean (SEM).
Statistical analyses of the data were performed by one-way analysis of variance (ANOVA).
Differences were considered significant at p < 0.05.

Quantitative analysis of histopathological studies was performed using R language
and environment for statistical computing (version 3.5.2, July 2018, used libraries: tidy-
verse, car, MASS, lme4, lmerTest, pbkrtest, emmeans simr [33–41]). The mean number of
profiles per unit area (mm−2) was compared between groups of animals using a mixed
effects generalized linear model fitted to a negative binomial distribution, which is more
appropriate for counting data than the assumption of normality. This analysis is equivalent
to one-way ANOVA but takes into account the subjects as a source of random variation
and its assumptions fit the data better. Post hoc comparisons between the model estimates
were performed with Holm adjustment, where applicable. Results are expressed as model
estimated means within their 95% confidence intervals.

2.10. Principal Component Analysis

Evaluation of the neuroprotective properties of myrtenal on the proposed Sc-induced
model in rats was performed by exploratory principal component analysis (PCA) on
standardized (z-transformed) data from animals divided into five groups—Controls, Sc,
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Sc + Myrtenal, Sc + Gal, and Sc + LA. Missing values were substituted with group mean
prior to the standardization. All calculations and graphs produced for the PCA study
were performed on the IBM SPSS 19 software. Additionally, hierarchical cluster analysis
(centroid clustering method, squared Euclidean distance) was performed on extracted PCA
component scores for the first two principal components in order to confirm clustering.

3. Results
3.1. Effects of Myrtenal on Demented Rats Behavior
3.1.1. Recognition Memory Status

NOR was made three times: before all treatments (IT), on the 8th day, after multiple
low dose Sc administration, and on the 9th day, after single high dose Sc administration.
The effects of myrtenal and two reference compounds, Gal and LA, on the recognition
memory state were assessed by calculating the discrimination index (DI) (Figure 1).

Figure 1. Effects of myrtenal (M) (40 mg/kg) on recognition memory in rats with scopolamine-
induced dementia; LA (30 mg/kg) and Gal (1 mg/kg, i.p.) were used as referents. Data are expressed
as the mean ± SEM (n = 18). *** p < 0.001, ** p < 0.01 vs. IT.

The mean value of DI of all animals tested before treatment (IT value) was 0.83. Eight
days after low-dose Sc (0.1 mg/kg) administration, DI in the Sc group was 0.32 (p < 0.001).
This reduction is indicative of memory impairment. In the two reference compound groups,
Sc + Gal and Sc + LA, DI was 0.48 and 0.67, respectively, which corresponds to a 50% and
107.5% increase, as compared to Sc-treated animals.

A trend for memory improvement was observed also in the Sc + Myrtenal group,
where the value of the DI was 0.42, i.e., 31.25% higher than the Sc group.

After the administration of high-dose Sc (20 mg/kg) on the 9th day, the DI value in the
Sc-treated animals was 0.5 (p < 0.01 vs. Controls). In the Sc + Gal and Sc + LA groups, the
DI value was 0.5, indicating a lack of effect on memory improvement. On the other hand,
in the Sc + Myrtenal-treated animals, a DI value of 0.635 was observed, which corresponds
to a 27% increase as compared to the Sc group.

3.1.2. Effects of Myrtenal on Exploratory Activity

The effect of myrtenal on exploratory activity, as a reflection of the changed habitu-
ation pattern of dementia rats, was evaluated via the open field test. The test was made
two times—before all treatment (initial training, IT) and on day 10 (24 h after the last scopo-
lamine treatment). Results were presented as a delta cross index—differences between the
number of line crossings on day 10 versus the initial training level (IT) (Figure 2A) and as a
line crossings number (Figure 2B).
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Figure 2. Effect of Myrtenal (M) (40 mg/kg) on exploratory activity in rats with scopolamine-induced
dementia. LA (30 mg/kg) and Gal (1 mg/kg) were used as referents. Data are expressed as the
mean ± SEM (n = 18); (A) Delta crossings—difference in line crossings on day 10 vs. initial training
(IT); * p < 0.05 vs. Controls, # p < 0.05, ### p < 0.001 vs. Sc group. (B) Line crossings number: ** p < 0.01,
*** p < 0.001; **** p < 0.0001 vs. initial training (IT) in the respective group.

In the open field test, control animals showed a statistically significant decrease in
line crossing numbers, on day 10 as compared to IT (p < 0.001) (Figure 2B). The reduction
was by 59.5% (p < 0.05) and this is normal expected behavior. Sc-treated animals showed
anxiety, confusion, and not significantly changed general activity as compared to the IT of
the same group (Figure 2B), which is an indication of an impaired habituation pattern. The
delta cross index in this group was increased 3 times in comparison to the control (p < 0.05)
(Figure 2A).

In the Sc + Gal and Sc + LA groups, the line crossing numbers on day 10 were decreased
by 56.7% (p < 0.01) and 69.5% (p < 0.0001), respectively, as compared to the IT (Figure 2B).
The delta crossing index in these groups was also decreased as compared to the Sc-treated
animals (Figure 2A).

In the Sc + Myrtenal group, we observed the highest reduction (by 65.5%) of line
crossing numbers on day 10, (p < 0.0001) as compared to IT (Figure 2B), which means the
best-preserved habituation pattern capacity. The decrease in delta cross index was also the
biggest—more than 6 times lower (p < 0.001) compared to the Sc group (Figure 2A).

3.2. Effects of Myrtenal on Brain Oxidative Status in Dement Rodents

The antioxidant properties of myrtenal in the experimental model of dementia were
evaluated by determining the levels of LPO products, tGSH content (Figure 3), and activity
of some main antioxidant enzymes in the brain—SOD, CAT, and GPx (Figure 4).
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Figure 3. Effects of myrtenal (M) (40 mg/kg) on brain oxidative status in rats with scopolamine-
induced dementia (dose modification)—determination of LPO product content (A) and GSH levels
(B); LA (30 mg/kg) was used as a reference. Data are expressed as the mean ± SEM (n = 5); * p < 0.05
vs. Controls; # p < 0.05 vs. Sc. group.

Figure 4. Effect of myrtenal (M) (40 mg/kg, i.p.) on the brain SOD (A), CAT (B), and GPx (C)
activity in rats with scopolamine-induced dementia; LA (30 mg/kg) was used as a referent. Data are
expressed as the mean ± SEM (n = 5); * p < 0.05 vs. Controls, # p < 0.05 vs. Sc. group.

Our results showed that multiple Sc treatments enhanced the levels of some oxidative
stress parameters in the brains of dementia rats. In comparison to the control, the amount of
LPO products was increased by 66.67% (p < 0.05) (Figure 3A), tGSH content was decreased
by 16.3% (p < 0.05) (Figure 3B), and SOD enzyme activity was increased by 45.5% (p < 0.05)
(Figure 4A). The activities of CAT and GPx (Figure 4B,C) were not significantly changed by Sc.

In Myrtenal-treated animals, the Sc-induced brain oxidative stress was significantly
reduced: LPO products were decreased by 19% (p < 0.05) (Figure 3A), tGSH content was
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increased by 14.8% (p < 0.05) (Figure 3B), and SOD activity was restored to the control level
(p < 0.05) (Figure 4A). The antioxidant effect of myrtenal was comparable with that of the
reference compound, LA.

3.3. Effects of Myrtenal on Brain Cholinergic Transmission in Demented Rodents
3.3.1. Docking Studies

Myrtenal’s ability to affect AChE activity was evaluated in comparison to Gal, which
was used as a reference for anticholinesterase activity inhibition (Figure 5).

Figure 5. Superposed galantamine (dark blue) and myrtenal (orange) in the active center of AChE (A);
myrtenal intermolecular interactions in the active center; (B) hydrogen bonds are represented by
orange disconnected lines; p–π interaction—by a red line, structural water molecule in the active
center—by spheres and rods.

The docking results showed that myrtenal forms a hydrogen bond to Ser203 from
the catalytic center at the binding point, as well as a hydrogen bond to the structural
water, which serves as a bridge between the enzyme and the ligand, through a network
of hydrogen bonds. The Csp2 carbon atom in the aldehyde group of the test substance is
involved in p–π interactions with Phe338 amino acid residue from the anion pocket at the
binding site. We concluded that the interaction of myrtenal with the catalytic pocket of
AChE is weaker than that of Gal.

3.3.2. In Vivo Effect of Myrtenal on Brain AChE Activity

The effect of myrtenal on acetylcholinesterase activity was evaluated in brain ho-
mogenates from the cortex and hippocampus of rats (Figure 6).

Figure 6. Effects of myrtenal (40 mg/kg) on brain cortex and hippocampus AChE activity in rats with
scopolamine-induced dementia. Data are expressed as the mean± SEM (n = 5); * p < 0.05 vs. Controls.
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Sc administration increased AChE activity both in the cortex (by 41%, p < 0.05) and in
the hippocampus (by 10.6%, p = n.s.) vs. control levels. In myrtenal-treated animals, the
activity of AChE was not significantly decreased by 19.4% in the cortex and by 22% in the
hippocampus, in comparison to the Sc-treated animals.

3.3.3. Effect of Myrtenal on Brain ACh Levels

Our results showed that multiple Sc administrations significantly reduced ACh brain
levels. The reduction was more than ~25-fold (p < 0.05) as compared to the control (Figure 7).

Figure 7. Effect of myrtenal (M) (40 mg/kg) on brain ACh levels in rats with scopolamine (Sc)-
induced dementia; Gal (1 mg/kg, i.p.) was used as a referent. Data are expressed as the mean ± SEM
(n = 5). * p < 0.05 vs. Controls; # p < 0.05, ## p < 0.01 vs. Sc group.

In Sc + Gal-treated animals, the brain ACh levels were restored to the levels of the
control animals. Gal was used as an anti-cholinesterase reference compound.

In the Sc + Myrtenal group, the brain ACh content was significantly increased: 104.9%
(p < 0.05) vs control, 105.3% (p < 0.05) vs Gal and more than 50-fold (p < 0.01) as compared
to the Sc-treated animals.

3.3.4. ACh Content/AChE Activity Ratio in the Brain

In the Sc-treated rats, the cholinergic influence index was significantly lower than the
controls, with a 14-fold reduction in the cortex (p < 0.001) and an 11-fold decrease in the
hippocampus (p < 0.01) (Figure 8).

Myrtenal application significantly increased the cholinergic index. In the cortex of the
myrtenal-treated animals, the ACh levels/AChE ratio reached a 23-fold increase (p < 0.001)
vs. Sc group and a 67.9% increase (p < 0.01) as compared to the controls (Figure 9). In the
hippocampus, the ratio ACh levels/AChE increased by 4-fold in the myrtenal group vs.
the Sc group (p < 0.01) and by 119.1% (p < 0.05) as compared to the control group (Figure 8).

3.4. Histopathological Examinations

Morphological analysis of the cortex from Sc-treated rats revealed the presence of glio-
sis, neurons with fine vacuolation, and a marked loss of Nissl granulations (chromatolysis)
(Figure 9). Neural shadows, areas of aggregation of microglia, as well as neurons with
pyknosis or perineuronal microgliosis, signs of enhanced neuronal degeneration, were also
present. These changes were most pronounced in the third and fifth layers of the neocortex
(Figure 9).
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Figure 8. Cholinergic system influence index, calculated by the ratio of ACh levels to AChE activity in
two brain regions—cortex (A) and hippocampus (B) connected to memory, in rats with scopolamine
induced dementia, treated with Myrtenal (40 mg/kg) for 9 days; * p < 0.05, *** p < 0.001, **** p < 0.0001
vs. Controls; ## p < 0.01, #### p < 0.0001 vs. Sc group.

Figure 9. Histological abnormalities observed in the cerebral cortex of rats treated with scopolamine
in the dose combination; Scale-bar—50 µm; (A) controls. Normal morphology of neurons in layer V
of motor cortex (white arrows—artificial changes occurring post mortem, often mistaken for patho-
logical); (B) scopolamine group. Chromatolysis (red arrows), neuron "shadows” (red ellipses) and
gliosis in layer V of the retrosplenic cortex; (C) scopolamine group. Vacuolization and chromatolysis
(red arrows) and solid gliosis (yellow arrows—glial cells) in layer III–IV of the sensory cortex (S1).

In the myrtenal-treated group, the signs of neuronal damage were reduced (Figure 10B,D).
Karyolysis, karyopyknosis, and perineuronal microglycosis in brain tissue were relatively
rare, as compared to the Sc group. However, cytoplasmic vacuolization and chromatolysis
were observed.
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Figure 10. Examples of observed pathological changes in rats with scopolamine-induced dementia
(dose modification)—comparison to the dementia group with that treated concomitantly with Myrtenal;
(A) motor cortex layer V (M1) of a rat brain from the Sc group; (B) motor cortex layer V (M1) of a rat
brain from Sc + M group; (C) sensory cortex layer V of a rat brain from the Sc group; (D)—Sensory
cortex layer V of a rat brain from Sc + M group. (Scale bar—50 µm; Red arrows—neurons with signs of
chromatolysis and/or vacuolization; yellow arrows—glial cells; yellow rectangle—perineuronal gliosis).

The quantitative analysis of the brain cortical density is presented in Figure 11.
The mean total profile density in controls was 3760 mm−2 (95% CI: 3429–4123 mm−2)

and showed no significant differences from the Sc groups (Figure 11A). The density (number
of profiles per 1 mm2) of all stained profiles absorbing more than 20% of light, showed no
differences between the treatment groups. Myrtenal administration resulted in a 10.9%
increase vs. the Sc group (p = n.s.).

The type of treatment had a significant effect on the mean density (number/mm2) of
profiles with a diameter larger than 6.5 µm (χ2 = 19.971; d f = 2 ; p = 4.606 ∗ 10−5). In this
population of profiles, the damaging effect of Sc was manifested by a significant decrease in
this measure by an average of about 500 profiles per mm2 compared to controls (p < 0.001,
post hoc pairwise test with Holm adjustment) (Figure 11B). Rats treated with myrtenal
were in an intermediate position. The profile density was decreased by approximately
200 profiles per mm2 as compared to the controls (p = 0.062; ns; post hoc pairwise test
with Holm adjustment), but there was a significant increase of about 270 profiles per mm2

compared to the Sc group (p = 0.02). Although the density of “large” profiles in myrtenal-
treated demented animals was reduced by 9.6% in comparison to the controls, a significant
number of neurons (16.41%) compared to the Sc group was protected.

In the hippocampal formation, no significant changes in morphological and quanti-
tative parameters were detected as a result of treatment with both scopolamine and its
combination with M.
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Figure 11. Effects on the total number of profiles per mm2 (density) (A) and on the number per
mm2 of profiles (density) with caliper diameter greater than 6.5 µm (B) in brain cortex of rats with
Scopolamine-induced dementia (dose modification) treated with myrtenal (40 mg/kg) for 9 days;
*** p < 0.001 vs. Controls.

3.5. Summary Cluster Analysis of the Effects of Myrtenal on Scopolamine Induced Damage

The overall effect of myrtenal, according to histological, biochemical, and behavioral
data, on Sc-induced dementia, is presented in Figure 12.

Figure 12. Scatter plot representation of the individual rat data points, using the first two principal
components (PC1 and PC2) on a two-dimensional space, shows that the rats tend to cluster according
to their treatment.
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The two reference treatments (Gal and LA) were clearly distinguished from the Sc
group and gravitated toward the control group. On the other hand, myrtenal-treated
demented rats formed an independent cluster. It was differentiated from controls but was
also tangential to the rats treated with the reference compounds, suggesting to exert specific
neuroprotective mechanism.

4. Discussion

Alzheimer’s disease is a complex neurodegenerative disorder, associated with cholin-
ergic dysfunction, oxidative stress, memory, and behavioral impairment [42]. Despite
the effort of the scientific community, until now there is no cure, and treatment is only
symptomatic.

The search for new and more effective drugs continues. The combination of antioxidant
properties, alongside the ability to affect the functions of the CNS, e.g., exerting AChE in-
hibitory properties, makes natural compounds very attractive potential candidates [43–46].
In this study, for the first time, we have investigated the neuroprotective effects of Myrtenal
in an experimental model of dementia. Experimental dementia was produced by the
treatment of rats with Sc, a widely used pharmacological agent [47].

Even though Scopolamine has been used experimentally to induce memory impair-
ment for many years, its mechanisms of action are not fully clarified. We believe that
the following scheme (Scheme 1) published by Kaur et al. (2015) summarizes the known
damaging mechanisms of Scopolamine, including tau levels and amyloid deposits [48]:

Scheme 1. Damaging mechanisms of Scopolamine as a pharmacological agent used for inducing
experimental dementia of Alzheimer’s type (Kaur et al., 2015). ↑-increase, ↓-decrease.

As a muscarinic cholinergic receptor antagonist, Sc impairs brain cholinergic trans-
mission (increasing AChE activity, reducing ACh levels, and inhibiting choline acetyltrans-
ferase activity). It increases brain oxidative stress levels and affects the memory processes,
inducing cognitive deficits similar to those observed in AD patients [49–52].

In the current work, the effect of the monoterpene myrtenal on recognition mem-
ory and habituation was evaluated. The novel object recognition test was used to assess
changes in recognition memory of the experimental animals. Our results showed that
multiple administrations of low-dose Sc caused disorientation and suppressed recognition
memory of the experimental animals, manifested as a lack of clearly pronounced prefer-
ence up to new objects. The recognition memory recovery effect was established in the
LA-treated group. LA was used as a reference compound with antioxidant properties.
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This result demonstrates the key role of oxidative stress in memory impairment and the
possibility of using antioxidant compounds for the treatment of mild cognitive dysfunction.
Myrtenal-treated animals also showed a tendency for improving the Sc-induced damage in
recognition memory.

The beneficial memory effect of myrtenal on rats with experimental dementia was con-
firmed in the open field test. According to the studies of Platel and Porsolt (1982) and Platel
et al., (1984), the habituation of experimental animals placed in an unfamiliar environment
is a behavioral expression of the activity of learning and memory processes [53,54]. Our
results showed that after multiple Sc administration, the exploratory activity and habitua-
tion pattern of the animals were impaired, as shown by the increased delta cross index in
comparison to the control. Myrtenal treatment decreased the delta cross index more than
six times vs Sc (p < 0.001), indicating its ability in preventing memory impairment. Interest-
ingly, the delta cross index in the above-mentioned group was lower than in the control,
which can be explained by the already established anxiolytic effects of myrtenal [17].

According to many clinical and preclinical studies, the main factor for neurological
disorders and related neurodegenerative diseases, including AD, is increased oxidative
stress, confirmed by the findings that protein side chains are modified or directly damaged
by reactive oxygen species (ROS), or from reactive nitrogen species (RNS), or indirectly from
lipid peroxidation products [55]. Progression of neurodegenerative diseases is accompanied
by changes in activity and expression of antioxidant enzymes [56].

The ability of Sc to induce oxidative stress in the brain as part of its memory impair-
ment effect is well known [57–62]. This includes increased LPO production, decreased
tGSH concentration, and changed SOD activity in the brain of rats with experimental
dementia [63].

Myrtenal application partly restored the main oxidative stress markers induced by the
Sc and the effect was commensurable with those of the reference compound, LA.

In order to determine if the beneficial memory effect of myrtenal was mediated by the
modulation of the cholinergic system, its effect on ACh brain levels and AChE activity in
the cortex and hippocampus of dementia rats were evaluated.

In our experimental model of dementia, multiple Sc administrations affected the
cholinergic system by increasing AChE activity followed by a reduction in ACh levels and
the inhibition of choline acetyltransferase (ChAT) activity [64–66]. Our results showed that
myrtenal administration significantly increased ACh brain levels in Sc-treated animals,
entailing a stronger effect than the reference drug, Gal, although AChE activity was not
significantly affected. Docking analysis confirmed this observation, showing that myrtenal
could bind to the AChE catalytic center to a lesser extent than Gal. This result gave
us a reason to believe that myrtenal could realize its effect on the cholinergic system
by affecting ChAT enzyme activity. This hypothesis is supported by the observation
that α-pinene, which metabolite is myrtenal, possesses ChAT excitatory effect [12], Our
cholinergic system index calculations also confirmed this. They were similar to those
reported by Karami et al., (2019) [67], where the ratio of ChAT to AChE in CSF was defined
as the cholinergic system influence index. It was proposed to measure this index in AD
patients in order to assess the treatment effect. An increase in this ratio means an increase
in ACh levels. In our case, an increase in the ratio ACh levels/AChE activity means an
increase in ACh levels, resulting from stimulation of cholinergic transmission. Provided
that AChE activity is not altered by myrtenal, we consider this to be an indirect indication
that this process is occurring by the participation of the enzyme ChAT.

Alongside the identified neuromodulator properties and the observed positive effects
of the test substance on the recognition memory and habituation of experimental animals,
histopathological studies also indicated that myrtenal has the ability to antagonize the
damaging action of Sc.

In the morphological analysis of brain cortex in rats treated with Myrtenal, the mag-
nitude of glial reaction appeared similar to the Sc, but the observed signs of cortical
degeneration were more moderate. The main difference with respect to the demented rats
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was that the karyolysis, karyopyknosis, and perineuronal microgliosis in the brain cortical
tissue were relatively rare. These histological findings were confirmed with quantitative
analysis—the density of cell profiles in animals treated with myrtenal was reduced com-
pared to healthy controls, but there was a significant increase as compared to the Sc group.
Sc significantly reduced the mean density of provisional vital neurons in the cerebral cortex.

In rodents treated with myrtenal concomitantly with Sc, the impairment was less
pronounced and the number of viable cells in this group was markedly increased compared
to the demented group of rats (p < 0.05). Cortical changes showed a decreasing trend in
the volume of the Nissl substance and/or the number of neurons per unit area in animals
with induced dementia as rats treated with myrtenal tended to reduce these negative
effects. No significant differences similar to those found in the cortex were detected
in the hippocampus.

5. Conclusions

For the first time, we have shown a positive effect of myrtenal on impaired memory
in rats with an experimental model of dementia. The histological data established that
the neuroprotective effect of myrtenal mainly pertained to the cerebral cortex. In addition,
our data suggest that the beneficial effects of myrtenal are related to its antioxidant action,
combined with the stimulating effect on brain cholinergic neurotransmission.

Author Contributions: Conceptualization, L.T., F.N. and S.D.; methodology, L.T., S.D. and M.L.;
software, Y.H.; validation, M.L.; investigation, S.D., S.P., D.M., E.T., A.A. and L.T.; resources, R.K.;
writing—original draft preparation, S.D. and M.L.; writing—review and editing, L.T., M.C.P., P.F.,
F.N. and R.K.; visualization, S.D. and M.L.; supervision, L.T. and R.K.; funding acquisition F.N. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Institute of Neurobiology at the Bulgarian Academy of
Sciences, Sofia, Bulgaria, by PhD Support Grant 2014/18.

Institutional Review Board Statement: The experiments have been performed strictly according to
the national regulations and European Communities Council Directive (86/609/EEC) concerning
the protection of animals used for scientific and experimental purposes. The animal study protocol
was approved by the Committee of Bioethics at the Institute of Neurobiology, Bulgarian Academy of
Sciences (approval number: CBE 18/2017; Date of approval 3 November 2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: Special thanks to M. Atanasova, at the Laboratory of Medicinal Design and
Bioinformatics at the Faculty of Pharmacy, Medical University of Sofia for the docking tests performed,
as well as R. Klisurov, from Medical University-Sofia for determining the content of the brain ACh,
and to Diamara Uzunova and Petja Gavrilova from INB-BAS for determining the brain AChE activity.

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

References
1. Rubinsztein, D.C. The roles of intracellular protein-degradation pathways in neurodegeneration. Nature 2006, 443, 780–786.

[CrossRef] [PubMed]
2. Hashimoto, M.; Rockenstein, E.; Crews, L.; Masliah, E. Role of protein aggregation in mitochondrial dysfunction and neurodegen-

eration in Alzheimer’s and Parkinson’s diseases. Neuromol. Med. 2003, 4, 21–36. [CrossRef]
3. Estrada Sánchez, A.M.; Mejía-Toiber, J.; Massieu, L. Excitotoxic neuronal death and the pathogenesis of Huntington’s disease.

Arch. Med. Res. 2008, 39, 265–276. [CrossRef] [PubMed]
4. Pepeu, G.; Giovannini, M.G. The fate of the brain cholinergic neurons in neurodegenerative diseases. Brain Res. 2017, 167, 173–184.

[CrossRef]
5. Kar, S.; Slowikowski, S.P.; Westaway, D.; Mount, H.T. Interactions between Beta-Amyloid and Central Cholinergic Neurons:

Implications for Alzheimer’s Disease. J. Psychiatry Neurosci. 2004, 29, 427–441. Available online: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC524960/ (accessed on 11 September 2020).

6. Chen, X.; Decker, M. Multi-Target Compounds Acting in the Central Nervous System Designed from Natural Products.
Curr. Med. Chem. 2013, 20, 1673–1685. [CrossRef]

http://doi.org/10.1038/nature05291
http://www.ncbi.nlm.nih.gov/pubmed/17051204
http://doi.org/10.1385/NMM:4:1-2:21
http://doi.org/10.1016/j.arcmed.2007.11.011
http://www.ncbi.nlm.nih.gov/pubmed/18279698
http://doi.org/10.1016/j.brainres.2017.06.023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC524960/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC524960/
http://doi.org/10.2174/0929867311320130007


Antioxidants 2022, 11, 374 17 of 19

7. 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]

8. Ansari, M.A.; Scheff, S.W. Oxidative stress in the progression of Alzheimer disease in the frontal cortex. J. Neuropathol. Exp. Neurol.
2010, 69, 155–167. [CrossRef]

9. Zhao, Y.; Zhao, B. Oxidative Stress and the Pathogenesis of Alzheimer’s disease. Oxid. Med. Cell. Longev. 2013, 2013, 316523.
[CrossRef]

10. Yoo, K.Y.; Park, S.-Y. Terpenoids as Potential Anti-Alzheimer’s Disease Therapeutics. Molecules 2012, 17, 3524–3538. [CrossRef]
11. Hardie, J.; Isaacs, R.; Pickett, J.A.; Wadhams, L.J.; Woodcock, C.M. Methyl salicylate and (−)-(1R, 5S)-myrtenal are plant-derived

repellents for black bean aphid, Aphis fabae Scop. (Homoptera: Aphididae). J. Chem. Ecol. 1994, 20, 2847–2855. [CrossRef]
[PubMed]

12. Lee, G.Y.; Lee, C.; Park, G.H.; Jang, J.H. Amelioration of Scopolamine-Induced Learning and Memory Impairment by α-Pinene in
C57BL/6 Mice. Evid. Based Complement. Alternat. Med. 2017, 2017, 4926815. [CrossRef] [PubMed]

13. Available online: https://patentimages.storage.googleapis.com/55/70/50/83e976db1028ce/US4190675.pdf (accessed on 10 July 2019).
14. Kamchonwongpaisan, S.; Nilanonta, C.; Tarnchompoo, B.; Thebtaranonth, C.; Thebtaranonth, Y.; Clardy, J.; Kongsaeree, P.; Clardy,

J. An antimalarial peroxide from Amomum krevanh Peirre. Tetrahedron Lett. 1995, 36, 1821–1824. [CrossRef]
15. Saito, K.; Okabe, T.; Inamori, Y.; Tsujibo, H.; Miyake, Y.; Hiraoka, K.; Ishida, N. The biological properties of monoterpenes:

Hypotensive effects on rats and antifungal activities on plant pathogenic fungi of monoterpenes. Mokuzai Gakkaishi 1996, 42,
677–680.

16. Lingaiah, H.B.; Perumal, S.; Balasubramanian, M.P. Myrtenal attenuates diethylnitrosamine-induced hepatocellular carcinoma in
rats by stabilizing intrinsic antioxidants and modulating apoptotic and anti-apoptotic cascades. Cell. Oncol. 2012, 35, 269–283.

17. Dragomanova, S.T. Pharmacological, Toxicological and Neurobiological Studies of Myrtenal—A Biciclic Monoterpenoid of
Natural Origin. Ph.D. Thesis, Institute of Neurobiology at Bulgarian Academy of Sciences, Sofia, Bulgaria, 2020.

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

19. 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]

20. Aggleton, J.P. One-trial object recognition by rats. Q. J. Exp. Psychol. 1985, 37, 279–294. [CrossRef]
21. Ennaceur, A.; Delacour, J. A new one-trial test for neurobiological studies of memory in rats—1: Behavioral data. Behav. Brain Res.

1988, 31, 47–59. [CrossRef]
22. Walsh, R.N.; Cummins, R.A. The open-field test: A critical review. Psychol. Bull. 1976, 83, 482–504. [CrossRef]
23. Gould, T.D.; Dao, D.T.; Kovacsics, C.E. The Open Field Test. In Mood and Anxiety Related Phenotypes in Mice—Neuromethods; Gould,

T., Ed.; Humana Press: Totowa, NJ, USA, 2009; Volume 42. [CrossRef]
24. Tietze, F. Enzymic method for quantitative determination of nanogram amounts of total and oxidized glutathione: Applications

to mammalian blood and other tissues. Anal. Biochem. 1969, 27, 502–522. [CrossRef]
25. Hunter, F.E., Jr.; Gebicki, J.M.; Hoffsten, P.E.; Weinstein, J.; Scott, A. Swelling and Lysis of Rat Liver Mitochondria Induced by

Ferrous Ions. J. Biol. Chem. 1963, 238, 828–835. [CrossRef]
26. Aebi, H. Catalase in vitro. Methods Enzymol. 1984, 105, 121–126. [CrossRef] [PubMed]
27. Beauchamp, C.; Fridovich, I. Superoxide dismutase: Improved assays and an assay applicable to acrylamide gels. Anal. Biochem.

1971, 44, 276–287. [CrossRef]
28. Günzler, W.A.; Vergin, H.; Müller, I.; Flohé, L. Glutathion-Peroxidase, VI. Die Reaktion der Glutathion-Peroxidase mit verschiede-

nen Hydroperoxiden. Hoppe Seyler’s Z. Physiol. Chem. 1972, 353, 1001–1004.
29. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin phenol reagent. J. Biol. Chem. 1951,

193, 265–275. [CrossRef]
30. Elman, G.L.; Diane, C.K.; Andres, V., Jr.; Featherstone, R.M. A new and rapid colorimetric de-termination of acetylcholinesterase

activity. Biochem. Pharmacol. 1961, 7, 88–95. [CrossRef]
31. Fellman, J.H. A chemical method for the determination of acetylcholine: Its application in a study of presynaptic release and a

choline acetyltransferase assay. J. Neurochem. 1969, 16, 135–143. [CrossRef]
32. Kozlov, V.A. Localization and State of Tissue Transmitter Systems in Normal and Experimental Conditions. Available online: http:

//www.dslib.net/fiziologia/lokalizacija-i-sostojanie-tkanevyh-transmitternyh-sistem-v-norme-i-jeksperimente.html (accessed
on 1 March 2020).

33. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2014. Available online: http://www.R-project.org (accessed on 19 January 2022).

34. Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.D.A.; François, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester, J.;
et al. Welcome to the tidyverse. J. Open Source Softw. 2019, 4, 1686. [CrossRef]

35. Fox, J.; Weisberg, S. An R Companion to Applied Regression, 3rd ed.; Sage: Thousand Oaks, CA, USA, 2019; Available online:
https://socialsciences.mcmaster.ca/jfox/Books/Companion/ (accessed on 19 January 2022).

36. Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S. In Statistics and Computing, 4th ed.; Springer: New York, NY, USA, 2002.

http://doi.org/10.2174/138161206778343109
http://doi.org/10.1097/NEN.0b013e3181cb5af4
http://doi.org/10.1155/2013/316523
http://doi.org/10.3390/molecules17033524
http://doi.org/10.1007/BF02098393
http://www.ncbi.nlm.nih.gov/pubmed/24241919
http://doi.org/10.1155/2017/4926815
http://www.ncbi.nlm.nih.gov/pubmed/29234406
https://patentimages.storage.googleapis.com/55/70/50/83e976db1028ce/US4190675.pdf
http://doi.org/10.1016/0040-4039(95)00152-3
http://doi.org/10.1111/j.2042-7158.2011.01344.x
http://doi.org/10.3390/antiox9010049
http://doi.org/10.1080/14640748508401171
http://doi.org/10.1016/0166-4328(88)90157-X
http://doi.org/10.1037/0033-2909.83.3.482
http://doi.org/10.1007/978-1-60761-303-9_1
http://doi.org/10.1016/0003-2697(69)90064-5
http://doi.org/10.1016/S0021-9258(18)81341-2
http://doi.org/10.1016/S0076-6879(84)05016-3
http://www.ncbi.nlm.nih.gov/pubmed/6727660
http://doi.org/10.1016/0003-2697(71)90370-8
http://doi.org/10.1016/S0021-9258(19)52451-6
http://doi.org/10.1016/0006-2952(61)90145-9
http://doi.org/10.1111/j.1471-4159.1969.tb05932.x
http://www.dslib.net/fiziologia/lokalizacija-i-sostojanie-tkanevyh-transmitternyh-sistem-v-norme-i-jeksperimente.html
http://www.dslib.net/fiziologia/lokalizacija-i-sostojanie-tkanevyh-transmitternyh-sistem-v-norme-i-jeksperimente.html
http://www.R-project.org
http://doi.org/10.21105/joss.01686
https://socialsciences.mcmaster.ca/jfox/Books/Companion/


Antioxidants 2022, 11, 374 18 of 19

37. Bates, D.; Mächler, M.; Bolker, B.; Walker, S. Fitting Linear Mixed-Effects Models Using lme4. J. Stat. Softw. 2015, 67, 1–48.
[CrossRef]

38. Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. lmerTest Package: Tests in Linear Mixed Effects Models. J. Stat. Softw. 2017,
82, 1–26. [CrossRef]

39. Halekoh, U.; Højsgaard, S. A Kenward-Roger Approximation and Parametric Bootstrap Methods for Tests in Linear Mixed
Models—The R Package pbkrtest. J. Stat. Softw. 2014, 59, 1–30. [CrossRef]

40. Length, R.V. Emmeans: Estimated Marginal Means, Aka Least-Squares Means. 2022. Available online: https://CRAN.R-project.
org/package=emmeans (accessed on 19 January 2022).

41. Green, P.; MacLeod, C.J. SIMR: An R package for power analysis of generalized linear mixed models by simulation.
Methods Ecol. Evol. 2016, 7, 493–498. [CrossRef]

42. Sharma, C.; Kim, S.; Nam, Y.; Jung, U.J.; Kim, S.R. Mitochondrial Dysfunction as a Driver of Cognitive Impairment in Alzheimer’s
disease. Int. J. Mol. Sci. 2021, 22, 4850. [CrossRef]

43. Gonzalez-Burgos, E.; Gomez-Serranillos, M.P. Terpene Compounds in Nature: A Re-view of Their Potential Antioxidant Activity.
Curr. Med. Chem. 2012, 19, 5319–5341. [CrossRef]

44. Baccouri, B.; Rajhi, I. Potential Antioxidant Activity of Terpenes. In Terpenes and Terpenoids—Recent Advances; Perveen, S.,
Al-Taweel, A.M., Eds.; Intechopen: London, UK, 2021.

45. Mata, A.T.; Proença, C.; Ferreira, A.R.; Serralheiro, M.L.M.; Nogueira, J.M.F.; Araújo, M.E.M. Antioxidant and anti-
acetylcholinesterase activities of five plants used as Portuguese food spices. Food Chem. 2007, 103, 778–786. [CrossRef]

46. Aazza, S.; Lyoussi, B.; Miguel, M.G. Antioxidant and Anti-acetylcholinesterase Activities of Some Commercial Essential Oils and
Their Major Compounds. Molecules 2011, 16, 7672–7690. [CrossRef]

47. Chen, W.N.; Yeong, K.Y. Scopolamine, a Toxin-Induced Experimental Model, Used for Research in Alzheimer’s Disease.
CNS Neurol. Disord. Drug Targets 2020, 19, 85–93. [CrossRef]

48. Kaur, R.; Mehan, S.; Khanna, D.; Kalra, S. Ameliorative Treatment with Ellagic Acid in Scopolamine Induced Alzheimer’s Type
Memory and Cognitive Dysfunctions in Rats. Austin J. Clin. Neurol. 2015, 2, 1053.

49. Tzvetanova, E.R.; Georgieva, A.P.; Alexandrova, A.V.; Tancheva, L.P.; Lazarova, M.I.; Dragomanova, S.T.; Alova, L.G.; Stefanova,
M.O.; Kalfin, R.E. Antioxidant mechanisms in neuroprotective action of lipoic acid on learning and memory of rats with
experimental dementia, Bulg. Chem. Commun. 2018, 50, 52–57.

50. Tancheva, L.P.; Popatanasov, A.B.; Dragomanova, S.T.; Tzvetanova, E.R.; Aleksandrova, S.M.; Alova, L.G.; Stefanova, M.O.;
Kalfin, R.E. New mechanisms in preventive effect of el-lagic acid on cognition in mice with Alzheimer’s disease type dementia.
Bulg. Chem. Commun. 2018, 50, 20–24.

51. Lazarova, M.I.; Tsekova, D.S.; Tancheva, L.P.; Kirilov, K.T.; Uzunova, D.N.; Vezenkov, L.T.; Tsvetanova, E.R.; Alexandrova, A.V.;
Georgieva, A.P.; Gavrilova, P.T.; et al. New Galantamine Derivatives with Inhibitory Effect on Acetylcholinesterase Activity.
J. Alzheimer’s Dis. 2021, 83, 1211–1220. [CrossRef] [PubMed]

52. Lazarova, M.; Tancheva, L.; Alexandrova, A.; Tsvetanova, E.; Georgieva, A.; Stefanova, M.; Tsekova, D.; Vezenkov, L.; Kalfin, R.;
Uzunova, D.; et al. Effects of New Galantamine Derivatives in a Scopolamine Model of Dementia in Mice. J. Alzheimer’s Dis. 2021,
84, 671–690. [CrossRef] [PubMed]

53. Platel, A.; Porsolt, R. Habituation of exploratory activity in mice: A screening test for memory enhancing drugs.
Psychopharmacology 1982, 78, 346–352. [CrossRef] [PubMed]

54. Platel, A.; Jalfre, M.; Pawelec, C.; Roux, S.; Porsolt, R. Habituation of exploratory activity in mice: Effects of combinations of
piracetam and choline on memory processes. Pharm. Biochem. Behav. 1984, 21, 209–212. [CrossRef]

55. Jomova, K.; Vondrakova, D.; Lawson, M.; Valko, M. Metals, oxidative stress and neurodegenerative disorders. Mol. Cell. Biochem.
2010, 345, 91–104. [CrossRef]

56. Pocernich, C.B.; Lange, M.L.B.; Sultana, R.; Butterfield, D.A. Nutritional approaches to modulate oxidative stress in Alzheimer’s
disease. Curr. Alzheimer′s Res. 2011, 8, 452–469. [CrossRef]

57. El-Sherbiny, D.A.; Khalifa, A.E.; Attia, A.S.; Eldenshary, E.E.-D.S. Hypericum perforatum extract demonstrates antioxidant
properties against elevated rat brain oxidative status induced by amnestic dose of scopolamine. Pharmacol. Biochem. Behav. 2003,
76, 525–533. [CrossRef]

58. Fan, Y.; Hu, J.; Li, J.; Yang, Z.; Xin, X.; Wang, J.; Ding, J.; Geng, M. Effect of acidic oligosaccharide sugar chain on scopolamine-
induced memory impairment in rats and its related mechanisms. Neurosci. Lett. 2005, 374, 222–226. [CrossRef]

59. Jeong, E.J.; Lee, K.Y.; Kim, S.H.; Sung, S.H.; Kim, Y.C. Cognitive-enhancing and antioxidant activities of iridoid glycosides from
Scrophularia buergeriana in scopolamine-treated mice. Eur. J. Pharmacol. 2008, 588, 78–84. [CrossRef]

60. 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]

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