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A B S T R A C T

The occurrence of chronic neurodegenerative disorders is on the rise, but with no effective treatment due to the
paucity of information on the pathological mechanism underlying these disorders. Thus, this study investigated
the role of oral administration of myrtenal in mitigating memory deficits and neuro-biochemical alterations in
streptozotocin-demented mice model. Mice (n ¼ 35) were randomly allocated into five cohorts consisting of 7
mice each; Group I: Control mice received vehicle alone; Group II: streptozotocin; Group III: streptozotocin þ 100
mg/kg myrtenal; Group IV: streptozotocin þ200 mg/kg myrtenal; and Group V: streptozotocin þ donepezil 0.5
mg/kg. Data from this study demonstrated that the administration of streptozotocin (STZ) impaired spatial
memory and induced alterations in markers of oxido-inflammatory response, cholinergic function, cytoarchi-
tecture, and neurotransmitter levels in mice hippocampus. Notably, administration of myrtenal enhanced spatial
memory performance in STZ-demented mice by improving the activities of endogenous antioxidant enzymes to
protect the brain from oxido-inflammatory stress. Treatment with myrtenal also restored cholinergic function and
stabilized the homeostasis of neurotransmitters in STZ-demented mice. The authors infer that fruits rich in
myrtenal may be beneficial for treating patients living with dementia associated with Alzheimer's disease.
1. Introduction

A substantial number of contemporary studies have reported a rise in
the global occurrence of dementia. Among the different types of de-
mentia identified, dementia of Alzheimer's type (DAT) is considered the
most severe (Stephan et al., 2010), with an incident of approximately 6%
in women and 5% in men above the age 60 years (Kawai et al., 2018).
Furthermore, a survey carried out by Ageing Demographics and Memory
Study (ADAMS) estimated that about 4.5 million Americans live with
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dementia, a number likely to rise to about 16 million by 2050 (Langa
et al., 2005; Plassman et al., 2011).

Pathologically, the hallmarks of Alzheimer's disease include a depo-
sition of neurofibrillary tangles, accumulation of amyloid-beta peptides,
and hyperphosphorylated tau protein associated with microtubules
(Bloom, 2014; Serrano-Pozo et al., 2011). These classic features bear
strong correlations with neuronal and synaptic loss – which ultimately
manifests as cognitive impairment in Alzheimer's patients – and inform
contemporary treatments that aim to improve the activity of healthy
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Fig. 1. Chemical structure and IUPAC name of myrtenal.

Table 1
An outline of the experimental groups and the agents administered.

Groups (n ¼ 7 each) Agents administered

Group I (control) Control mice received vehicle alone
Group II (negative control) Streptozotocin (3 mg/kg)
Group III Streptozotocin (3 mg/kg) þ myrtenal (100 mg/kg)
Group IV Streptozotocin (3 mg/kg) þ myrtenal (200 mg/kg)
Group V Streptozotocin (3 mg/kg) þ donepezil 0.5 mg/kg
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neurons without inhibiting the progressive degeneration of neuronal
cells (DeTure and Dickson, 2019). There is no definite cure to reverse the
neuropathological hallmarks of the disease process partly because the
specific aetiological factor of dementia of Alzheimer's type (DAT) is yet to
be identified, but also, the signalling pathways are complex (Serrano--
Pozo et al., 2011). Recent studies have implicated increased oxidative
stress and lipid peroxidation in the development of DAT (Fracassi et al.,
2021; Kouhestani et al., 2018), factors that also reduce brain glucose
utilization, neuroinflammation and impair cholinergic neurotransmis-
sion (Buccellato et al., 2021; Pe~na-Bautista et al., 2021; T€onnies and
Trushina, 2017). In line with these theories, we believe that targeting
oxidative stress and enhancing the antioxidant status of the brain is a
vital strategy in minimising the pathophysiology and improving
contemporary understanding of dementia of Alzheimer's type.

However, research into antioxidant agents that can potentially
minimise the pathophysiology of memory deficits and neuro-biochemical
alterations in Alzheimer's disease are scanty. Notably, the antioxidant
properties of myrtenal (6,6-Dimethyl-2-norpinene-2-carboxaldehyde)
remain under-investigated. Myrtenal is an organic compound commonly
derived from many plant-essential oils, including rice (Cho et al., 2014),
astartea (Lowe et al., 2005), Lavandula spp (Smigielski et al., 2009), and
Cuminum cyminum (Moraghebi, 2013) making it easily accessible. This
bicyclic monoterpenoid compound (Fig. 1) is an isoprenoid lipid mole-
cule possessing several physiological functions, including antioxidant
(Tancheva et al., 2020), anti-inflammatory (Babu et al., 2012),
anti-apoptotic and anti-tumour activities (Venkatachalam et al., 2014),
alongside the potential to regulate enzymatic activities in the mito-
chondrion and lysosomes (Begum et al., 2012).

Although, myrtenal has been suggested to possess neuro-protective
effects in experimental rat models of Parkinson's disease (Tancheva
et al., 2020), there is no information on the memory-enhancing potential
of myrtenal and its therapeutic benefit in improving DAT induced by STZ
treatment. Consequently, the current study aimed to create mice models
of dementia using streptozotocin and investigate the potential of miti-
gating the pathophysiology of memory deficits and neuro-biochemical
changes using myrtenal.

2. Materials and methods

2.1. Animals

This study was approved by the Animal Welfare and Central Research
Committee of the Faculty of Veterinary Medicine, University of Maid-
uguri (AWCRC/2017/141), and all animals were treated following the
National Institute of Health Guide for Care and Use of Laboratory Ani-
mals (National Research Council Committee for the Update of the Guide
for the and Use of Laboratory, 2011). Adult male albino mice (n ¼ 35;
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25–35 g) were used for this study. The mice were housed in plastic cages
at room temperature (22 � 2 �C) within the animal facility and were
exposed to 12 h light/dark cycle with access to feed and water ad libitum.
The mice were examined for health and pathogen-free status throughout
the study period and stress was minimized during experimental pro-
cedures by ensuring minimal handling. All the animals were allowed to
acclimatize to the laboratory condition for five days prior to behavioural
experiments.

2.2. Drug dosage and administration

Donepezil (DP) powder was dissolved in 0.9% saline and adminis-
tered at a dose of 0.5 mg/kg i.e. (0.9% w/v) (Kumar and Singh, 2017).
Streptozotocin (Sigma Aldrich Co. Ltd., St. Louis) was dissolved in freshly
prepared artificial cerebrospinal fluid (aCSF) as vehicle and administered
at a dose of 3 mg/kg, 10 μL on each side i.c.v (Ramezani et al., 2016;
Kouhestani et al., 2018). Artificial cerebrospinal fluid was simulta-
neously administered at a dose of 10 μL on each side i.c.v to the control
group on the 1st and 3rd day of Streptozotocin administration. Myrtenal
(Sigma Aldrich Co. Ltd., St. Louis) was dissolved in corn oil and admin-
istered orally at doses of 100 mg/kg and 200 mg/kg while 10 ml/kg of
corn oil was administered simultaneously to the control group. The
dosage of myrtenal was selected based on previous LD50 report (Ishida
et al., 1989). All drugs were freshly prepared before use.

2.3. Induction of experimental dementia by streptozotocin

Dementia was induced by administering two divided doses of strep-
tozotocin by intracerebroventricular injection on the first and third day
(Kouhestani et al., 2018). In brief, under anaesthesia, the animals were
bilaterally cannulated using a stereotaxic equipment (Stoelting, Chicago,
IL, USA) according to the following ventricular coordinate: ante-
rior-posterior ¼ �0.8; medio-lateral ¼ � 1.5; and dorso-ventral ¼ �3.4
(Paxinos and Watson, 2007). Mice in control group were administered
intracerebroventricular injection of artificial cerebrospinal fluid only.

2.4. Experimental design

The mice were randomly divided into five groups consisting of seven
animals each, and were administered with the dose regimen presented in
Table 1:

Pre-treatment with myrtenal was carried out for 7 days prior the first
administration of streptozotocin and continued for 14 days thereafter.
Donepezil and myrtenal were administered 30 min prior the adminis-
tration of streptozotocin (Fig. 2).

2.5. Assessment of memory performance

Memory performance was assessed using the Y-maze Test as previ-
ously described by Casadesus et al. (2007). The test was applied to
determine spontaneous alterations in the behaviour of the mice as an
indication of short-term memory (Casadesus et al., 2007). The test
apparatus comprised of 3 identical arms (120�, 41 � 5 � 15 cm) marked
as ‘A’, ‘B’, and ‘C’, and involved consistently positioning each mouse in
the ‘home’ arm labelled as A. Thereafter, the mouse was left to explore
the maze unrestricted for 5 min. Alternation performance was recorded

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%226%2C6-Dimethyl-2-norpinene-2-carboxaldehyde%22%5bCompleteSynonym%5d%20AND%2061130%5bStandardizedCID%5d


Fig. 2. Diagrammatic illustration of the experimental design in the current study. The numbers on the central bar indicate the days when behavioural or treatment
interventions were conducted.
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as consecutive entries into all three arms (ABC, CAB or BCA). The per-
formance chamber was wiped using 75% ethanol after completing each
assessment session to avoid odour cues. The percentage alternation was
evaluated as total complete alternations/total entries – 2) x 100.

2.6. Open field test

The open-field device was composed of a wooden box (50 � 50 � 45
cm) lined with a clear Plexiglas on the inner surface (base). The floor of
the box was delineated into 25 squares of equal sizes. As previously
described by Zhu et al. (2001), locomotor activity and anxiety were
assessed using horizontal locomotion and the frequency of rearing (Zhu
et al., 2001). Evaluating the locomotor activity involved placing each
mouse in the central point of the box and allowing it to walk freely for 3
min. This period was also used to habituate the mouse with the envi-
ronment. Thereafter, the number of squares crossed with all the paws by
each mouse was recorded to assess locomotion while rearing was
determined by measuring the vertical counts (frequency at which the
mice stood on its hind-limbs; with the forepaws lifted freely or leaned
against the wall of the apparatus). These parameters were evaluated
during the next 2 min. A 75% v/v ethanol solution was used to clean the
cage following each test session to avoid residual odours. All mice were
tested on days 1, 7, 14, and 21 of the treatment.

2.7. Preparation of brain tissue homogenate for biochemical analysis

At the end of the behavioural experiments, all the mice were anes-
thetized using 200 mg/kg, pentobarbital sodium (i.p) and then euthan-
ised by cervical dislocation. Next, brain tissues were removed and
dissected to isolate the hippocampus, which was weighed and further
processed following the method of Shen et al. (2011). The supernatants
were separated and used to estimate biochemical parameters including
activities of hippocampal antioxidant enzymes (superoxide dismutase
(SOD), glutathione peroxidase (GPx), catalase (CAT)), acetylcholines-
terase activity (AChE), lipid peroxidation (malondialdehyde; MDA con-
centration), nitric oxide (NO) concentrations, and in addition,
inflammatory marker (TNF-α) and neurotransmitters (namely dopamine
(DA), serotonin (5-HT), glutamate, norepinephrine (NE) and
gamma-aminobutyric acid (GABA) were also assessed following standard
laboratory procedures (Shen et al., 2011).

3. Brain oxidative stress markers

3.1. Determination of brain lipid peroxidation

The concentration of malondialdehyde (MDA) as a product of lipid
peroxidation, was assayed spectrophotometrically in hippocampal ho-
mogenates as previously described by Ohkawa et al. (1979). The change
in absorbance was read spectrophotometrically at 532 nm. The levels of
MDA in hippocampal samples were estimated using a molar extinction
3

coefficient of 1.56 � 105 M�1 cm�1, and expressed as μmoles of
MDA/tissue weight in grams (Ohkawa et al., 1979).

3.2. Estimation of brain nitric oxide (NO) concentration

The concentration of NO was assayed calorimetrically using the Gri-
ess reagent as described by Green et al. (1982). The principle of the Griess
reaction is based on the estimation of the formation of nitrite as a
reddish-pink coloration detected in the sample following treatment with
the Griess reagent (Green et al., 1982). Thereafter, the absorbance was
read at 548 nm.

3.3. Estimation of brain proinflammatory cytokine levels

Tumour Necrosis Factor-alpha (TNF-α) was used as a marker to assess
the extent of inflammation. The concentration of TNF-α in hippocampal
tissues was estimated with the aid of a mice TNF-α ELISA kit of MyBio-
Source (USA) catalogue No. MBS2507393) and read spectrophotomet-
rically at 540 nm using a microplate reader.

3.4. Western blot

For protein extraction, hippocampal tissues were homogenized in an
ice-cold extraction buffer and then the sample homogenates centrifuged
at 10,000 rpm for 5 min at 4 �C. The respective protein concentrations
were then measured using a Protein Assay Kit (Sigma–Aldrich) according
to the manufacturer's guidelines.

3.5. Assessment of brain acetylcholinesterase (AChE) activity

The activity of acetylcholinesterase was estimated in hippocampal
tissues following the method described by Ellman (1961), the colour
observed was read spectrophotometrically at 412 nm, and the activity of
AChE was measured in μM per SH group (μMSH) based on a standard
curve (Ellman, 1959).

3.6. Estimation of brain antioxidant capacity

Hippocampal tissue concentrations of antioxidants markers, gluta-
thione peroxidase (GPx), superoxide dismutase (SOD), and catalase
(CAT) were determined using ELISA kits of MyBioSource (USA) cata-
logue No. MBS265966, MBS036924, and MBS726781, respectively ac-
cording to the manufacturer's instructions.

3.7. Histopathological investigation

The preparation of haematoxylin and eosin (H& E) stained sections of
the collected hippocampal samples were carried out as described by
Suvarna andBancroft (Suvarna et al., 2018). The sectionswere investigated
and photographed by a blind pathologist for the pathological findings.
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3.8. Estimation of brain neurotransmitter content

Determination of the levels of serotonin, glutamate, dopamine,
noradrenaline, and gamma-aminobutyric acid (GABA) in hippocampal
tissues were measured as previously described by Pagel et al. (2000),
using high-performance liquid chromatography (HPLC) (Pagel et al.,
2000). The supernatant was centrifuged at 10, 000�g for 10 min at 4 �C
and divided into two portions. The first portion was used to detect the
levels of noradrenaline, serotonin, and dopamine, while the second
portion was used to estimate GABA and glutamate. The levels of the
different neurotransmitters were determined by comparing the sample
retention time with that of the standard and expressed as ng/g (for
noradrenaline, dopamine, and serotonin) and ug/g (for GABA and
glutamate). Concentration change was determined using ANOVA, fol-
lowed by Tukey's posthoc test is indicated by asterisks * p < 0.05, **p <

0.01, ***p < 0.001, compared to the streptozotocin group.
3.9. Data analysis

To estimate the significant difference among the different experi-
mental groups in the present study, the data collected from all experi-
ments were expressed as mean� standard error of the mean (�SEM) and
subjected to a repeated-measures analysis of variance (ANOVA), fol-
lowed by Tukey's post-hoc test. GraphPad Prism, version 7.0 (GraphPad
Software, USA) was used to analyse the collected data. P values of <0.05
were considered statistically significant. Photomicrographs were ob-
tained using a microscope equipped with a camera (Olympus BX43;
Olympus, Centre Valley, PA). Images were minimally adjusted to
enhance contrast and brightness only.

4. Results

4.1. Myrtenal improves streptozotocin-induced impairment in memory and
open-field performance

Streptozotocin induced impairment in the working memory of mice
subjected to the Y maze test as indicated by a significant decrease (p <

0.01) in the alternation percentage of all experimental groups when
compared to the control group (Fig. 3. However, treatment with myrtenal
4

(100 and 200 mg/kg, p.o.) significantly (p < 0.01 and p < 0.001,
respectively) attenuated streptozotocin-induced memory impairment as
depicted by the improved percentage alternation recorded in the treat-
ment groups compared to the streptozotocin group (Group II) which had
the lowest memory performance (Fig. 3A).

The effect of myrtenal on voluntary locomotion of mice in the open
field as noted by the number of lines traversed following streptozotocin
treatment is as displayed in Fig. 3B. Streptozotocin significantly
decreased spontaneous motor activity compared to the control group.
However, treatment with myrtenal (100 and 200 mg/kg, p.o.) signifi-
cantly (p < 0.01 and p < 0.001, respectively) reversed the effect
compared to the streptozotocin group, which had the least locomotor
activity (Fig. 3B).

The effect of myrtenal on rearing of mice as depicted by the number of
vertical counts following streptozotocin treatment is as shown in Fig. 3C.
Streptozotocin-treated mice exhibited a significant decrease in rearing
compared to the control group. However, treatment with myrtenal (100
and 200 mg/kg, p.o.) significantly (p < 0.05 and p < 0.01 respectively)
increased the number of vertical counts compared to the streptozotocin-
treated animals, which had the least vertical counts (Fig. 3C).
4.2. Myrtenal mitigates streptozotocin-induced oxidative stress

The effect of administering myrtenal on elevated nitric oxide con-
centration in hippocampal tissues of mice exposed to streptozotocin is
shown in Fig. 4a. The result showed that administering 200 mg/kg of
myrtenal in streptozotocin-demented mice significantly decreased (p <

0.05) the elevated hippocampal nitric oxide levels in mice brains
compared to streptozotocin alone. There was no significant difference
between the group treated with streptozotocin þ myrtenal (200 mg/kg)
and streptozotocin þ donepezil (0.5 mg/kg).

The effect of administering myrtenal in combination with streptozo-
tocin on MDA levels (umol/g tissue) in the hippocampal tissues is shown
in Fig. 4b. The results showed that administration of either 100 or 200
mg/kg of myrtenal in streptozotocin-demented mice significantly
decreased (p < 0.05 and p < 0.01, respectively) MDA levels in mice
brains compared to streptozotocin alone. However, there was no signif-
icant difference between the group treated with streptozotocin þ myr-
tenal (200 mg/kg) and streptozotocin þ donopezil (0.5 mg/kg).
Fig. 3. Effect of myrtenal on memory and open-field
performance in Streptozotocin (STZ)-induced
demented mice (Mean � SEM, n ¼ 7). Behavioural
assessment of mice showing effect of myrtenal on A)
memory performance, B) locomotion, and C) fre-
quency of rearing. Memory performance was assessed
using the Y-maze Test. Alternation performance was
recorded as consecutive entries into all three arms.
The percentage alternation was evaluated as total
complete alternations/total entries – 2) x 100. Open-
field performance was used to assess horizontal loco-
motor activity and vertical frequency of rearing (ver-
tical counts). Assessing locomotor activity involved
placing each mouse in the central point of the box and
allowing it to walk freely for 3 min and familiarize
with the environment. Thereafter, and for the next 2
min, the number of squares crossed with all the paws
by each mouse was recorded to assess locomotion
while rearing was determined by measuring the ver-
tical counts. The significance of the alteration in per-
formance of mice determined using ANOVA, followed
by Tukey's multiple comparison test is indicated by
asterisks * P < 0.05, **P < 0.01, ***P < 0.001,
compared to the STZ group.



Fig. 5. Effect of myrtenal on brain antioxidant enzymes activity in STZ-induced demented mice (Mean � SEM, n ¼ 7). Activities of SOD, GPx, and CAT were estimated
using hippocampal tissues and significance of the change in concentration was determined using ANOVA, followed by Tukey's posthoc test is indicated by asterisks * p
< 0.05, **p < 0.01, ***p < 0.001, compared to the STZ group.

Fig. 4. Effect of myrtenal on brain oxidative stress
markers in Streptozotocin (STZ)-induced demented
mice (Mean � SEM, n ¼ 7). Following the completion
of behavioural experiments, all the mice were anes-
thetized and sacrificed. Thereafter, brain tissues were
instantly removed and dissected to isolate about 1 mg
of hippocampal tissue which was homogenized in 10
mL of ice-cold phosphate-buffered solution (pH 7.0),
centrifuged at 4 �C and 3000g for 5min. The super-
natant was retrieved and used to determine NO and
MDA concentrations. The concentration of MDA was
assayed spectrophotometrically and the change in
absorbance was read at 532 nm. The levels of MDA in
hippocampal samples were estimated using a molar
extinction coefficient of 1.56 � 105 M�1 cm�1 and
expressed as μmoles of MDA/tissue weight in grams.
The concentration of NO was assayed calorimetrically
using the Griess reaction and thereafter, the absor-
bance was read at 548 nm. The assayed nitrite levels
in each sample were extrapolated from the standard
curve of sodium nitrite (0–100 μM). The significance
of the change in concentration determined using
ANOVA, followed by Tukey's post-hoc test is indicated
by asterisks * p < 0.05, **p < 0.01, compared to the
Streptozotocin group.
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Similarly, the reference drug, donepezil also decreased MDA levels in
mice brains, as there was no significant difference between both groups
(Fig. 4b). In contrast, streptozotocin alone significantly elevated MDA
levels (p < 0.01) in hippocampal tissues compared to the control
(Fig. 4b).

4.3. Myrtenal enhances activities of endogenous antioxidant enzymes

The effect of administering myrtenal on the activities of endogenous
antioxidants is demonstrated in Fig. 5. Streptozotocin induced a signifi-
cant decrease in the activities of hippocampal superoxide dismutase
5

(SOD), glutathione peroxidase (GPx), and catalase (CAT). Conversely, in
a grade dependent manner, treatment with 100 and 200 mg/kg of myr-
tenal enhanced the activity of hippocampal SOD (3.557 � 0.33; 3.986 �
0.41 UA/min/mg protein), GPx (20.86 � 2.31; 22.71 � 0.61 UC/mg
protein), and CAT (2.57 � 0.31; 3.21 � 0.51 UB/min/mg protein), in
streptozotocin-demented mice. Similarly, the reference drug, donepezil
(0.5 mg/kg) enhanced the activities of SOD, GPx, and CAT in hippo-
campal tissues (3.98 � 0.41 UA/min/mg protein, 24.71 � 2.32 UC/mg
protein; 3.24 � 0.39 UB/min/mg protein, respectively) and was not
significantly different from the streptozotocin þ200 mg/kg myrtenal
group (p > 0.05). The lowest antioxidant activities were observed in the



Fig. 6. Effect of myrtenal on brain acetylcholinesterase activity and TNF-α in STZ-induced demented mice (Mean � SEM, n ¼ 7/group). Activities of acetylcholin-
esterase and TNF-α was estimated in hippocampal tissues and the significance of the change in concentration determined using ANOVA, followed by Tukey's posthoc
test is indicated by asterisks * p < 0.05, **p < 0.01, ***p < 0.001, compared to the STZ group.

Fig. 7. Photomicrograph showing the mitigating effect of myrtenal on the hippocampus of STZ-demented mice stained with H & E. Stars indicate neuronal
degeneration and loss of neuronal cells in STZ treated mice (X20).
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streptozotocin-treated group (2.071 � 0.41 UA/min/mg protein, 13.57
� 2.31 UC/mg protein, 1.600 � 0.39 UB/min/mg protein; Fig. 5).

4.4. Myrtenal enhances hippocampal AchE activity in streptozotocin-
induced demented mice

Streptozotocin induced a significant increase (p< 0.01) in the activity
of AChE compared to control mice. Conversely, treatment with 100 and
200 mg/kg of myrtenal significantly inhibited AChE activity in mice
brains compared to streptozotocin alone (8.84 � 0.97 μmol SH/g/min; p
< 0.05 and 8.33 � 0.81 μmol SH/g/min; p < 0.01, respectively). Simi-
larly, the reference drug, donepezil (0.5 mg/kg) inhibited AChE activity
in hippocampal tissues (7.83 � 0.91 μmol SH/g/min) and was not sig-
nificant different (p > 0.05) from the streptozotocin þ200 mg/kg myr-
tenal group (Fig. 6a).

4.5. Myrtenal improves TNF-α levels streptozotocin-induced demented
mice

Streptozotocin induced a significant increase (p < 0.01) in the levels
of TNF-α (67.9 � 5.51 pg/mL) compared to the control. Conversely,
treatment with 100 and 200 mg/kg of myrtenal significantly reduced
6

TNF-α activity in mice brains compared to streptozotocin alone (51.14 �
0.97 pg/mL; p < 0.05 and 43.0 � 5.81 pg/mL; p < 0.01 respectively).
Similarly, the reference drug, donepezil (0.5 mg/kg) reduced TNF-α ac-
tivity in hippocampal tissues (42.29 � 4.01 pg/mL) and was not signif-
icantly different from the streptozotocin þ200 mg/kg myrtenal group (p
> 0.05). The lowest TNF-α level was observed in the control group
(40.43 � 6.07 pg/mL). Also, the results of western blot showed a
reduction in the levels of TNF-α in the groups treated with myrtenal (100
and 200 mg/kg; Fig. 6b) (see Fig. 7).

4.6. Relationship between MDA concentration and memory performance
following treatment with myrtenal

A significant correlation between the concentration of MDA and
memory performance was observed. Pearson's correlation coefficient of r
¼ �0.569 and p ¼ 0.006 was observed (Fig. 8).

4.7. Myrtenal modulates neurotransmitter levels in streptozotocin-induced
demented mice

The administration of streptozotocin intracerebroventricularly
significantly disrupted the neurotransmitter levels including serotonin



Fig. 8. Correlation of MDA concentration and memory performance in STZ-
demented mice (Mean � SEM, n ¼ 7/group). r ¼ Pearson's correlation coeffi-
cient, p < 0.05 was considered significant.
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(ng/g), glutamate (ug/g), GABA (ug/g) and dopamine (ng/g). The levels
of Noradrenaline (ng/g) were however not significantly different among
the different groups. The administration of myrtenal (200 mg/kg),
significantly restored the levels of neurotransmitters to normal. The
lowest neurotransmitter levels were observed in the STZ treated group
while the highest levels were observed in the donepezil treated group
(Table 2).

4.8. Myrtenal modulates neurotransmitter levels in streptozotocin-induced
demented mice

The administration of streptozotocin intracerebroventricularly
significantly disrupted the neurotransmitter levels including serotonin
(ng/g), glutamate (ug/g), GABA (ug/g) and dopamine (ng/g). The levels
of Noradrenaline (ng/g) were however not significantly different among
the different groups. The administration of myrtenal (200 mg/kg),
significantly restored the levels of neurotransmitters to normal. The
lowest neurotransmitter levels were observed in the STZ treated group
while the highest levels were observed in the donepezil treated group
(Table 2).

5. Discussion

In the current study, we aimed to better understand the therapeutic
effects of myrtenal in dementia, particularly of Alzheimer's type. We
leveraged the ability of streptozotocin to produce an experimental model
of dementia and demonstrated the capacity of myrtenal to alleviate the
neurodegenerative deficits simulated in experimental models of de-
mentia of Alzheimer's type (DAT). A notable effect of myrtenal was an
Table 2
Effect of myrtenal on neurotransmitter levels in streptozotocin (STZ)-induced demen

Neurotransmitters

Dopamine (ng/g) Noradrenaline (ng/g)

Control 746.8 � 54.4** 854.7 � 78.6
STZ (3 mg/kg) 581.9 � 33.1 815.6 � 66.1
STZ (3 mg/kg) þ myrtenal
(100 mg/kg)

698.2 � 43.9* 824.2 � 52.3

STZ (3 mg/kg) þ myrtenal
(200 mg/kg)

730.9 � 23.8** 830.9 � 46.1

STZ (3 mg/kg) þ donepezil
(0.5 mg/kg)

745.1 � 53.5** 853.5 � 67.5
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improvement in memory deficits, which can be ascribed to the anti-
hyperglycemic properties of myrtenal, enhancing the levels and utiliza-
tion of glucose in the central nervous system (Dragomanova et al., 2018).
This effect corroborates the findings of Dragomanova et al. (2018) who
demonstrated significantly improved cognitive functions following the
administration of myrtenal to rat models of anxiety and memory loss
created by repeated scopolamine injections. The evidence suggests that
myrtenal plays a crucial role as a therapeutic agent that mitigates the
neurodegenerative processes resulting in memory loss in dementia.
However, full proofing the hypothesis requires experimental trials with
alternate cholinergic agents capable of simulating dementia.

We used streptozotocin - a naturally occurring chemical derived from
Streptomyces achromogenes - to induce dementia in the current study.
Although streptozotocin is a glucosamine-nitrosourea compound pri-
marily categorised as an antibiotic (Zhang et al., 2020), it induces an
insulin-resistant neuronal state associated with progressive cholinergic
deficits, hyperglycaemia, oxidative stress, neuroinflammation,
biochemical alterations, neurodegeneration, and memory impairment in
humans and animals (Qi et al., 2021; Zhang et al., 2020). These mani-
festations match the classical signs of DAT in humans, thus justifying its
use in creating an experimental model of DAT. Moreover, as a negative
control in the current study, the behaviour of animals injected with
streptozotocin and evaluated for percentage alternation, rearing and
locomotion progressively deteriorated (Fig. 3), indicating the recruit-
ment of the same signalling pathways as those of DAT. It is worthy of note
that streptozotocin-associated alterations suggest an influence over
multiple cell-signalling and metabolic pathways in the brain as suggested
by the stack, but consistently significant changes were observed in both
behavioural and biochemical parameters. For instance, nitric oxide and
MDA concentrations - crucial brain oxidative markers - reflected a spike
in streptozotocin injected animals in the current study (Fig. 4). These
findings, together with those of severe hyperglycaemia and an imbalance
in glutamate and dopamine neurotransmitters levels (Alvarez et al.,
2009; Biessels et al., 1998; Stranahan et al., 2008) disrupted by injecting
streptozotocin are evidence of complex signalling. However, preliminary
deductions can be made by empirically deploying a range of behavioural
paradigms.

Using the Y-Maze test, the current study showed that treatment with
streptozotocin induced spatial memory deficit and decreased the total
percentage alternation (Fig. 3). We believe that this finding stems from
reduced neuronal glucose uptake, consequently hampering actual firing
capacity and creating a neurotransmitter blockade to minimise meta-
bolism within the hippocampus. To further deepen understanding, we
also used open field tests to demonstrate anxiogenesis – as indicated by
deficits in exploration observed in the group of mice administered STZ.
The mechanism underlying the anxiogenic potential of STZ involves
elevated activity in the hypothalamic-pituitary-adrenal axis and changes
in serotonergic and dopaminergic neurotransmitters in the hypothalamus
(Kumar and Singh, 2017; Qi et al., 2021). On the other hand, the
administration of myrtenal significantly reduced the frequency of rear-
ing, indicating a potential anxiolytic effect, suggestive of a modulatory
influence of myrtenal on glutamate and GABA-ergic neurotransmission
processes (Li et al., 2016). Interestingly, previous studies have reported
ted mice (Mean � SEM, n ¼ 7/group).

Serotonin (ng/g) Glutamate (ug/g) GABA (ug/g)

551.8 � 51.2* 1667.2 � 119.4** 2705.1 � 123.5**
438.5 � 69.2 1201.8 � 171.2 2397.4 � 111.4
502.2 � 53.8 1389.4 � 210.6 2574.2 � 223.5

565.8 � 39.6** 1458.5 � 217.9** 2658.8 � 312**

568.4 � 57.3** 1591.4 � 198.2*** 2692.8 � 340.2**



Fig. 9. Schematic representation of the possible underlying mechanism of memory enhancement by myrtenal.
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that the antioxidant potential of myrtenal on cognitive functions corre-
lates significantly with increased locomotion (Dragomanova et al.,
2018), as observed in the current study. Similarly, increased locomotion
is associated with improved levels of corticosterone and
corticotrophin-releasing hormone (Babu et al., 2012). It is therefore
plausible that myrtenal may modulate neurobehavioral patterns in ro-
dents by reducing the secretion of corticotropin-releasing hormone and
modulating oxidative processes.

The dynamics of oxidants and antioxidants in neural anabolic and
catabolic processes are well documented. However, investigations into
agents that disrupt these processes remain ongoing. Here, we observed
that treatment with streptozotocin induced a significant reduction in the
activities of the endogenous antioxidants and impaired the function of
the antioxidant defence machinery (Fig. 5). This finding suggests that
myrtenal possesses biologically active molecules capable of donating
electrons to free radicals to neutralize them and consequently inhibit
cellular damage via their free radical scavenging property. Notably, the
administration of myrtenal restored the activities of endogenous anti-
oxidant enzymes in the hippocampus to normal levels (Fig. 5). Besides,
treatment with myrtenal mitigated oxidative stress by stabilising the
levels of lipoperoxidation (MDA) and nitric oxide in the hippocampus.
Perhaps the decrease in NO concentration by myrtenal is due to its po-
tential to modulate the expression of inducible nitric oxide synthase
(iNOS) and downregulate its levels in the hippocampus (Dragomanova
et al., 2018; Gonz�alez-Burgos and G�omez-Serranillos, 2012). Thus, we
infer that myrtenal possesses properties that could be beneficial for the
management of disorders associated with the central nervous system,
particularly neurodegenerative diseases. However, to explore this po-
tential further, the reactions deployed by myrtenal to interfere with
neurotransmission processes must be explored further.

Notably, AChE primarily metabolises acetylcholine, and hence, in-
hibitors of AChE are potent therapeutic agents for the mitigation of
cognition deficits (Kumar and Singh, 2017; Qi et al., 2021). Data from the
current study revealed an inhibition in the cholinergic neurotransmission
functions with increased AChE activity in mice brains following strep-
tozotocin injection. Conversely, treatment with myrtenal inhibited the
AChE activity in the hippocampal tissues, thus, enhancing cholinergic
neurotransmission function. The alteration in AChE activity may be due
to the underlying hyperglycaemia in the brain, associated with strepto-
zotocin administration (Kouhestani et al., 2018). The ability of myrtenal
to restore the activity of AChE may be ascribed to its potential to
modulate insulin signalling, stabilise glucose metabolism and improve
memory deficits induced by streptozotocin (Babu et al., 2012; Drag-
omanova et al., 2018; Venkatachalam et al., 2014).

Relatedly, dopamine also plays a crucial role in learning and memory
(Edelmann and Lessmann, 2018; Small, 2017). Specifically, D1 and D2
dopamine receptors play crucial roles in activating nuclear factors,
including CREM and CREB (Dudman et al., 2003). Learning and memory
consolidation in the Y-maze behavioural paradigm requires an intact
neurotransmitter system to activate CREB protein which is critical for
memory retrieval and consolidation (Edelmann and Lessmann, 2018).
Also, specific inflammatory markers, including TNF-α, have been
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reported to enhance insulin resistance and further impair the activation
of CREB (Verdile et al., 2015). In the current study, the administration of
myrtenal significantly restored the levels of neurotransmitters, conse-
quently enhancing spatial memory in the treated animals. This finding
indicates that myrtenal enhanced the neurotransmitter patency of local
neuronal circuits and enabled the activation of CREB protein. Addition-
ally, the increased levels of TNF-α (a pro-inflammatory cytokine) in the
brains of mice treated with streptozotocin indicated an increased level of
inflammation (Gonz�alez-Burgos and G�omez-Serranillos, 2012). Howev-
er, the administration of myrtenal mitigated oxido-inflammatory stress
by decreasing lipid peroxidation, nitric oxide levels, and concentrations
of TNF-α via upregulation of the activities of endogenous antioxidants in
the mice brain. This action protects the brain from oxidative damage and
improves spatial memory performance (Kouhestani et al., 2018). The
histopathological result from this study further substantiates the poten-
tial of myrtenal to improve the structural integrity of neuronal cells in the
hippocampus, possibly by modulating the cholinergic system, improving
antioxidant activities, and ameliorating inflammation in
streptozotocin-treated mice brains (Tancheva et al., 2020; Xourgia et al.,
2019) (Fig. 9).

6. Conclusion

Data from the present study demonstrates that the administration of
streptozotocin impairs spatial memory in mice and induces alterations in
markers of oxido-inflammatory response, cholinergic function, histo-
architecture, and neurotransmitter levels in the hippocampus. However,
the administration of myrtenal enhances spatial memory performance in
streptozotocin-demented mice by improving the activities of endogenous
antioxidant enzymes to protect the brain from oxido-inflammatory stress.
Also, we show that treatment with myrtenal restores cholinergic function
and stabilizes the homeostasis of neurotransmitters in streptozotocin-
demented mice. Based on the latitude of neuro-biochemical factors
considered in the current study, the authors infer that myrtenal plays a
crucial role in modulatingmemory signalling. Therefore, it is conceivable
that the consumption of fruits rich in myrtenal may be beneficial for the
treatment of patients living with dementia associated with Alzheimer's
disease.
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