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Abstract

Background: Mallotus oppositifolius leaf extract (MOE) has potential neuroprotective effects, but no scientific investigation validates its use
in mouse models of Alzheimer’s disease (AD).

Objective: The study evaluated the effects of an optimised formulation of MOE in aluminium chloride (AICIs)-induced AD-like dementia.

Methods: Mice were randomly assigned to 6 groups (n = 10), and AD was induced in groups 2-6 using AlICl; (175 mg/kg), with group 1
representing the negative control. Optimised formulation of MOE (10, 30 and 100 mg) was administered orally to groups 3, 4 and 5,
respectively, while group 2 represented the disease control. The Morris water maze (MWM) test was used to assess cognitive impairment,
and the open-field test (OFT) for locomotor and anxiety behaviour. Biochemical and histological changes were also assessed.

Results: AICI; caused significant memory and learning disruption in the MWM test, but MOE formulation (10, 30, and 100 mg/kg) reversed
these deficits. MOE formulation attenuated the reduction in both locomotion and time spent in the centre of the OFT in comparison to the
AlClz-diseased untreated group. Brain superoxide dismutase (SOD) content was significantly increased while brain and serum
malondialdehyde (MDA), as well as acetylcholinesterase (AChE), were reduced by the formulation treatment when compared to the AICl;-
diseased untreated group. The administration of MOE formulation (30 and 100 mg/kg) resulted in a significant reduction in brain
concentrations of IL-1f, IL-6, and TNF-a and a significant decrease in serum IL-6 and TNF-a concentrations when compared to the AICI;-
diseased untreated group. Congo red-stained hippocampus CAL showed that the formulation (30 and 100 mg/kg) significantly decreased
amyloid deposition in comparison to the AlCI;-diseased untreated group.

Conclusion: This study reports that an optimised formulation of MOE improves learning and memory, attenuates anxiety, and reduces pro-
inflammatory cytokines and oxidative stress associated with AD-like dementia. The formulation also ameliorates amyloid deposition.
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INTRODUCTION diseases (NDs) due to its debilitating nature [1,2]. The exact
cause and associated factors that underlie individual

Izheimer’s disease (AD) has become a global variations regarding the disorder and related symptoms are

health menace among various neurodegenerative  still unknown [3]. The neurodegeneration associated with

AD advances latently and persistently until symptoms such
* Corresponding author as challenges in memory retention and cognitive abilities

Email: kkekukuia@ug.edu.gh, oadi-dako@ug.edu.gh that include orientation, problem-solving, and personality
changes become evident. AD is distinguished by the
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presence of extracellular neurofibrillary tangles (NFTs) and
intracellular amyloid accumulations [4]. Of these, beta-
amyloid (AP) and hyperphosphorylated tau (p-tau) are
major pathological markers found in AD brain tissues [5,6].
Additional features include mitochondrial dysfunctionality,
synaptic destruction, neuroinflammation, dysregulation in
neurotransmission, changes in hormonal levels, and
dysregulation in the cell cycle [7]. Oxidative stress, a key
element in the initiation and progression of AD, is also
crucial for the development of Ap and NFTs [6]. By 2018,
dementia, a key AD symptom, had reached a pandemic
level, affecting 50 million individuals globally with an
estimated yearly economic cost of $1 trillion [8]. Ageing is
projected to significantly contribute to a threefold increase
in dementia cases by 2050 [8,9]. For most dementia
patients, therapeutic options are limited, and there is no
effective cure [2]. In this regard, evaluating the therapeutic
effects of medicinal plants against dementia may be a viable
option.

Mallotus oppositifolius (M. oppositifolius) extract has
significant CNS depressant, analgesic, and anticonvulsant
effects [10]. It improved spatial memory and learning tasks
in mice [11] and reduced MDA levels in liver homogenate
tissues of alloxan-induced diabetic rats, suggestive of anti-
peroxidative  potential  [12].  Moreover, many
phytochemicals such as diterpenoids, triterpenoids,
cardenolides, benzopyrans, flavonoids, coumarinolignoids
and phloroglucinol derivatives, (+)-a-tocopherol (vitamin
E), lupeol, stigmasterol, phytol, bergenin, squalene, and
methyl gallate, and vitamin C with possible beneficial
neuroactive effects have been found in the plant [13].
Recently, we reported the presence of methyl laurate, ethyl
palmitate, ethyl stearate, benzoic acid derivatives and
phenolic compounds in M. oppositifolius [14]. Methyl
laurate, the most abundant constituent, reduces LPS-
induced nuclear factor k-B levels, while ethyl palmitate, the
most abundant fatty acid in the brain, caused a reduction in
tumour necrosis factor-a and interleukin-6 in rats [15].
Ethyl stearate blocked a-synuclein in rats, suggesting a
possible neuroprotective effect in Parkinson’s disease [16].
These pharmacological properties make the plant a viable
candidate in managing AD, although this has not been
scientifically validated.

Despite these advantages, the effectiveness of plant-based
therapies can be limited by poor solubility and instability in
gastric and colonic juices, poor absorption, and reduced
penetration across the blood-brain barrier [17,18,19]. To
address this, the development of novel drug transport
systems as carriers for plant extracts can facilitate efficient
drug delivery to target sites at an optimal rate. In this regard,
chitosan nanoparticles can be used as drug carriers because
of their excellent biocompatibility and ease of creating
sustained-release formulations [20]. Thus, our study used
chitosan nanoparticles to incorporate M. oppositifolius leaf
extract into a modified-release formulation and evaluated
its effect in an AD-like model of dementia.

MATERIALS AND METHODS

Extraction of M. oppositifolius leaf extract

M. oppositifolius leaves were obtained from and
authenticated at the Centre for Plant Medicine Research
(CPMR), Mampong-Akuapem, Ghana. The extraction
method followed a similar procedure according to Kukuia
et al., 2022 [13]. The air-dried and pulverised leaves
underwent cold maceration in 70% ethanol and 30% water
for three days. The resultant extract was then concentrated
under reduced pressure and at 60°C using a rotary
evaporator. The extract was further dried at 45°C, yielding
31.5 g (1.05%) and stored in a desiccator for subsequent
use.

Preparation of formulation of M.
oppositifolius

Formulations of M. oppositifolius extract (MOE) were
obtained from the Pharmaceutics Lab, School of Pharmacy,
University of Ghana. The extraction of pectin from cocoa
pod husk [21] and formulation of the oral modified release
Mallotus oppositifolius multi-particulate matrix were done
according to the method used by [22,23,24] with minor
modifications. Table 1 shows the proportions used in the
formulation of MOE extract in doses of 10, 30, and 100 mg,
respectively.

optimised

Table 1. Proportions of MOE and excipients in formulation

MOE : Dicalcium - Total
SN extract (Cnf]ut)osan phosphate ?;Ct;n weight
(mg) g (mg) Y (mg)
F1(10) 10 50 240 50 350
F1(30) 30 50 220 50 350
F1(100) 100 50 150 50 350
Chemicals

Aluminium chloride (AICIs) and chitosan were obtained
from Central Drug House (India); ketamine hydrochloride
from Swiss Parenterals Ltd (India); Sodium phosphate
buffer from Thermo Fisher Scientific (USA).

Experimental animals and housing

Institute of Cancer Research (ICR) mice (n = 60) were
purchased from the Noguchi Memorial Institute for
Medical Research, University of Ghana, and acclimatised
for 7 days. Mice aged 24 weeks were grouped in sets of 10
and placed in six stainless cages, each measuring 47 cm x
34 cm x 18 cm (length, width, and height, respectively),
containing softwood shavings. Temperature conditions of
25 - 28°C with a 12-hour light/12-hour dark cycle were
maintained throughout the study. Mice had unrestricted
access to both food and water during the study, except for
periods when they were undergoing tests.

Experimental design
A randomised sampling technique was used to group all
animals (n = 60). Randomisation was performed by
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numbering (marking) the animals from 1 to 60. These
numbers were entered into Microsoft Excel and randomised
into six groups. Induction of AD followed a method similar
to that employed by Chen et al. [25] with slight
modifications. Group 1 was treated as the vehicle control
group (VEH) and was given a regular diet and oral normal
saline (0.9%) only. Group 2 was given 175 mg/kg of
aluminium chloride by oral route for 25 days to induce AD,
followed by administration of 0.9% (5 ml/kg) oral normal
saline from the 26th day to the 35th day (AICI; group).
Groups 3, 4, and 5 received the same dose of AICl; as those
in group 2 for 25 days, followed by treatment with 10, 30,
and 100 mg/kg of optimised MOE for each group,
respectively, from the 26th day to the 35th day (+MOE
group). Group 6 received the same dose of AICI; as those
in group 2 for 25 days, followed by administration of 3
mg/kg donepezil from the 26th day to the 35th day as a
reference drug group (+DPZ group). While transgenic
models offer advantages such as reproducibility,
consistency, and genetic relevance to human subjects, the
AICl; model effectively mimics key features of AD, hence
its application in this study.

Morris water maze (MWM) test

The MWM test was used to evaluate the animal’s spatial
memory and learning. Escape latency and probe memory
trials were carried out as they are important for assessing
cognitive function in rodent models of neurodegenerative
diseases such as AD [26]. The MWM involved a circular
pool (1.8 m diameter, 0.4 m height) divided into four
quadrants, with a hidden escape platform (0.1 m diameter)
in one quadrant. Mice were trained to find the platform
within 60 seconds before inducing AD-like dementia. Post-
induction, their ability to find the platform was tested to
establish a baseline for learning impairment. Treatment
with MOE or donepezil (DPZ) started 24 hours later and
lasted 10 days. From days 6 to 10, the water level was raised
to 0.01 m above the platform, and non-dairy milk was
added to obscure it.

Escape latency was recorded to assess spatial learning and
memory. During the training trials, each mouse was placed
in the pool from different starting positions and allowed to
swim for a maximum of 60 seconds to locate the hidden
platform. If successful, the time taken to reach the platform
was recorded as the escape latency; if unsuccessful, a
maximum latency of 60 seconds was assigned, and the
mouse was guided to the platform and allowed to remain
there for 15 seconds to aid learning. Four trials per day were
conducted over the 5-day testing period.

A probe trial was conducted 24 hours after the last test,
measuring time spent in the target quadrant without the
platform. For the probe trial, the platform was removed, and
each mouse was allowed to swim freely for 60 seconds. The
amount of time spent in the quadrant where the platform
was previously located and the number of times the mouse
crossed the former platform location were recorded as

measures of spatial memory retention. All observations
were made by a blinder.

Open-field (OF) test

The OF locomotion test was employed to examine motor
function and to assess anxiety behaviour. The OF was made
of a wooden box measuring 100 cm (length) x 100 cm
(width) x 25 cm (height). The box was divided into lines of
equal distance (20 cm apart). The centre square of the box
measured 60 cm (length) x 60 cm (width). In the test, a
behavioural tracker was used to assess animal behaviour for
5 minutes. At the beginning of the test, the mouse was
positioned in the centre of the open field. Total distance
travelled, which was measured by the number of lines
crossing, time spent in the centre area, and the frequency of
grooming, was evaluated.

Biochemical analysis - Serum collection

Mice were anesthetised with 100 mg/kg ketamine
hydrochloride and sacrificed. Blood sample of 0.5 ml was
collected from each mouse through cardiac puncture and
allowed to clot for 20 minutes. After centrifugating the
samples at 4000 rpm for 10 minutes, the serum was
obtained and kept at -2° 0C for measurement of superoxide
dismutase (SOD.), malondialdehyde (MDA),
acetylcholinesterase  (AChE), interleukin-18  (IL-1pB),
interleukin-6 (IL-6), and tumour necrosis factor-a. (TNF-a).

Brain tissue processing

Using sterile instruments, the brain was quickly removed
from each mouse’s skull after anaesthesia and placed in a
pre-chilled dish. The hippocampal, entorhinal, striatum,
and cerebral cortex tissues obtained from 6 animals in each
group were microdissected, weighed and transferred to
microcentrifuge tubes. The brain tissue homogenates of 100
mg/ml were created by adding sodium phosphate buffer
(pH of 7.4), using a homogeniser. After homogenisation,
the samples were centrifuged at 3500 rpm for 20 minutes at
atemperature of 4 °C. The resulting transparent supernatant
was obtained and preserved at -20 °C for the measurement
of SOD, MDA, AChE, IL-1B, IL-6, and TNF-a.

Determination of biochemical markers
Acetylcholinesterase (AChE) levels, which frequently
increase around amyloid plaques and neurofibrillary
tangles, are prevalent in AD pathology [28]. Brain and
serum AChE, malondialdehyde (MDA), the antioxidant
superoxide dismutase (SOD), inflammation-related
markers, IL-1B, IL-6 and tumour necrosis factor-o. were
measured using the sandwich ELISA purchased from the
Sunlong Biotech Co., Ltd, China.

Histopathological Analysis

The hippocampal brain tissues were carefully excised from
the control and treatment groups (four mice per group),
sliced into smaller pieces, and immersed in Bouin’s fixative
solution for 24 hours. After fixation, the tissues were
subjected to paraffinisation and sectioned (5 um thickness)
with a microtome. The sections were stained with Congo
red to identify amyloid protein deposits and examined
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under microscopy. Three (3) micrographs from each group
were used for amyloid quantification.

Statistical analysis

GraphPad Prism for Windows version 10.0.2 (GraphPad
Software, San Diego, CA, United States) was used for data
and statistical analysis. All data were expressed as the mean
+ standard error of the mean (SEM). The statistical analysis
involved either one-way or two-way analysis of variance
(ANOVA), followed by Tukey’s post-hoc test. P value <
0.05 among means was considered statistically significant.

RESULTS

Effects of optimised leaf extract of M. oppositifolius
formulation on AlCls-induced AD mice by MWM test

Results are shown as time course curves (Figure 1A) and
violin plots (Figure 1B, C). In comparison to VEH, AICl;
treatment increased (F (4,38) = 6.579; p = 0.0003) the
latency to locate the platform (escape latency) throughout
the experimental period (Figure 1A). Similarly, AICIl;s
increased (F (5,58) = 45.65; p < 0.0001) the overall escape
latency (depicted as the AUC, Figure 1B) while decreasing

A.

& o-

g —— VEH

w 20 — KICI,

R

® - —

2 -40 MOE 10+
9 g0 MOE 30+
@ —— IMOE 100+
5 -so-

= DPZ+

= -100-

Time (Days)

B. — C.
6 0 % 80—
E e 5
5 — -20 I
° § 40 T i B -
I é L g 40
‘5 @ -
Eied & v : |
% %u 20 '
-80- E
T T T T T T '[_"" 0-
D O & AN | I D R — —
& S PSS g
~
Q:;OQ;(»OQO < 461’ C’\%\Qx ‘ng ng Q“’x
& PRI 9
KICl;-treated S S g{9

IDru.g's (mg/kqg) AlCl;-treated

1
Drugs (mg/kg)

Effects of optimised formulation from the leaf extract of M. oppositifolius on AICI; induced AD-like dementia in the Morris water maze
test (MWT): (A) Percentage change in escape latency; (B) total percentage change in escape latency, calculated as area under the curve
(AUC), and (C) Probe memory trial. All data were presented as mean + SEM (A) time course curve, (B) violin plot of its AUC, and (C)
violin plot of its probe memory trail. (A): ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; compared to vehicle—control group: (two-
way ANOVA followed by Tukey’s post hoc test). (B), (C): Significantly different from vehicle-control group (n = 5): ****P < 0.0001:
(One way ANOVA followed by Tukey’s post hoc test). Significantly different from disease-control (AICIs) group (n = 5): T11tp < 0.0001,
t11p <0.001, T1p <0.01: (One way ANOVA followed by Tukey’s post-hoc test).
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significantly (F (5,54) = 10.56; p < 0.0001) the time spent
in the target quadrant (probe trial, Figure 1C).
Administration of MOE formulation improved escape time
throughout the test days (Figure 1A), reduced total escape
time (Figure 1B) and increased the time spent in the target
quadrant when compared to the AICI3 group (Figure 1C).
The standard drug, donepezil (DPZ), also ameliorated the
deficits induced by AICI3 in the AD mice (Figure 1A, B,
C). Interestingly, the improvement in learning and memory
by MOE formulation and DPZ, as depicted by the MWM
test, was similar to the vehicle group (VEH) with no AICI3
AD induction.

Effects of optimised MOE formulation on AICI3-induced
AD mice by OF test.

The outcomes of the behavioural alterations evaluated in
the OF test are illustrated in Figure 2. The AICI3 AD mice
showed a significant reduction (F (5,24) = 6.620; p =
0.0005) in the frequency of line crossing (Figure 2A) and
time spent in the centre of the open field (F (5,24) = 4.867;
p = 0.0033) (Figure 2B) when compared to the VEH group.
However, there was no statistically significant difference (F
(5,24) = 0.6312; p = 0.6778) observed in grooming
frequency when compared to the VEH group (Figure 2C).
In contrast, MOE formulation (10, 30, 100 mg/kg) or DPZ
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Figure 2. Effect of the optimized M. oppositifolius formulation on AlICls-induced AD-like dementia in the open field (OF) test: (A)
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Figure 6. AICI; induction and optimised formulation of MOE treatment effects on brain neurochemicals: (A) Brain IL-1f, (B) Serum IL-18,
(C) Brain IL-6, (D) Serum IL-6, (E) Brain TNF-a, (F) Serum TNF-o. Data were presented as mean = SEM. ****p < 0.0001, ***p <
0.001, **p < 0.01, *p < 0.05; significantly different from vehicle—control group: (One way ANOVA followed by Tukey’s post hoc
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ANOVA followed by Tukey’s post-hoc test).
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administration to the AICI3-induced AD mice significantly
increased (p < 0.05) the frequency of line crossing (Figure
2A) and time spent in the centre square (Figure 2B), but not
the grooming frequency when compared to the AICI3 group
(Figure 2C). The concentrations of the antioxidant SOD
associated with AD pathology in the brain tissues and
serum of mice are illustrated in Figure 3A and B,
respectively. Brain and serum SOD were significantly
decreased (F (5, 30) = 11.86; p < 0.0001); (F (5,18) = 18.83;
p < 0.0001) in AICI3-induced AD mice compared to the
vehicle control group (Figure 3A and B, respectively).
Conversely, MOE formulation (10, 30, and 100 mg/kg) and
DZP (3 mg/kg) reversed (p < 0.05) the decrease in brain
SOD concentration caused by AICIl; (Figure 3A). Unlike
the brain SOD concentrations, MOE formulation and DPZ
failed to reverse the AlICIs-induced decrease in serum SOD
(Figure 3B).

Effect of MOE formulation on brain tissue and serum
concentration of MDA in AICls-induced AD mice.

The oxidative stress marker, MDA, frequently observed in
AD pathological findings was significantly elevated (F (5,
30) = 182.4; p < 0.0001); (F (5, 18) = 16.59; p < 0.0001)
respectively by AICI; in both the brain tissues and serum
when compared to the vehicle control group (Figure 4A, B).
In contrast, MOE formulation (10, 30, 100 mg/kg) just as
DZP (3mg/kg) reversed (p < 0.05) the AICIs-associated
increase in brain and serum MDA. Interestingly, MOE but
not DZP reduced the brain MDA concentration to a level
similar to vehicle control. In serum, however, both MOE
formulation and DZP failed to reverse the MDA
concentration to the vehicle control state (Figure 5B).
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Effect of MOE formulation on brain tissue and serum
content of AChE in AlCls-induced AD mice

AChE concentrations in brain tissue and serum were
significantly elevated (F (5, 30) = 11.29; p < 0.0001); (F (5,
18) = 12.45; p < 0.0001) in the AICIs-induced AD mice
compared to the vehicle control group (Figure 5A, B).
Treatment with MOE formulation (10, 30, 100 mg/kg) and
DZP (3 mg/kg) significantly reversed (p < 0.05) the AICl;-
induced increase in both brain and serum AChE
concentrations (Figure 5A, B). It is worth noting that the
effect of MOE formulation on brain AChE was comparable
to DPZ, the reference drug, and similar to the vehicle
control group. However, the effect of MOE formulation on
serum AChE was slightly lower compared to DPZ.

Effect of MOE formulation on brain tissue and serum
cytokines (IL-1p, IL-6 and TNF-a) in AICIs-induced AD
mice.

The concentrations of IL-1B, IL-6, and TNF-a in brain
tissue were all significantly increased respectively (F (5,
30) = 6.937; p = 0.0002); (F (5, 30) = 11.44; p < 0.0001);
(F(5,30)=3.722; p=0.0097) in AD mice induced by AICl;
(Figure 6A, C, E). Treatment with 10 mg/kg MOE
formulation significantly reduced the level of IL-6 (Figure
6C), but not IL-1B and TNF-a (Figure 6A, E). Both 30 and
100 mg/kg formulation of MOE treatment significantly
decreased the IL-1B, IL-6 and TNF-a concentration. The
reference drug, donepezil (3 mg/kg) treatment, significantly
reduced the concentration of 1L-6 and TNF-a (Figure 6C,
E). Serum contents of the inflammation-related markers,
IL-1B, IL-6, and TNF-a, in AlCls-induced AD mice were
significantly elevated (F (5, 18) = 15.73; p < 0.0001); (F (5,
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Figure 7. Effects of optimized M. oppositifolius formulation on Congo red staining of the hippocampus CA1 (400x) displayed as micrographs

(left) and its amyloids quantification (right).
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18) = 16.62; p < 0.0001), (F (5, 18) = 14.96; p < 0.0001)
when compared to vehicle control group respectively
(Figure 6B, D, F). Treatment with all three doses (10, 30,
100 mg/kg) of M. oppositifolius significantly decreased (p
< 0.05) the concentrations of IL-6 and TNF-o. (Figure 6D,
F), but not IL-1p (Figure 6B), when compared to the
diseased group. Treatment with the standard drug donepezil
(3mg/Kg) also significantly reduced (p < 0.05) the
concentrations of IL-6 and TNF-a (Figure 6D, F), but not
IL-1B when compared to the diseased group (Figure 6B).

Effects of MOE formulation on Congo red-stained CAl
regions of the hippocampus

The Congo red-stained CA1 regions of the hippocampus in
the control and treated groups are shown in Figure 7. The
hippocampus of the vehicle control group shows typical,
with almost no amyloid deposition (blue arrow) (Figure
7A). The disease control (AICI3) group had the most
amyloid aggregation, indicated as a black arrow (Figure
7B). There was no decrease in amyloid deposition in the
MOE formulation (10 mg/kg) treatment group, as observed
and quantified in the micrograph (Figure 7C). Both 30 and
100 mg/kg formulation of MOE treatment decreased
amyloid deposition considerably (Figure 7D, E). The
standard drug, donepezil, also greatly reduced the number
of amyloids observed in the micrograph (Figure 5F). Data
from amyloid quantification are presented as mean + SEM.
***p < 0.001; significantly different from vehicle—control
group: (One-way ANOVA followed by Tukey’s post hoc
test). Significantly different from disease-control (AIClIs)
group: t1p <0.01: (One way ANOVA followed by Tukey’s
post-hoc test). (A) Vehicle control: showing normal
histology (blue arrow), (B) Disease control (AICls group):
showing p-amyloid deposition (black arrow), (C) M.
oppositifolius (MOE 10 mg/kg group): showing p-amyloid
deposition similar to disease control group (black arrow),
(D) M. oppositifolius (MOE 30 mg/kg group): showing
reduced B-amyloid deposition (black arrow), (E) M.
oppositifolius (MOE 100 mg/kg group): showing reduced
B-amyloid deposition (black arrow), (F) Donepezil (DZP 3
mg/kg group): showing reduced B-amyloid deposition
(black arrow) in the hippocampus.

DISCUSSION

This study evaluated an optimised formulation of M.
oppositifolius leaf extract (MOE) in an AICls-induced
mouse model of Alzheimer’s disease-like dementia. The
study utilised chitosan and pectin to incorporate M.
oppositifolius  leaf  extract into  modified-release
formulations in order to optimise its CNS effect. Modified-
release drug delivery approaches are designed to meet
specific clinical goals by adjusting drug release rates and
sites while providing benefits that include better efficacy,
fewer side effects, ease of use, and compliance among
patients [29]. Herein, we report that MOE formulation
reversed AlCls-associated cognitive deficits, neuro-
inflammation, anxiogenic behaviour, impaired locomotion,
and oxidative stress. In addition, MOE formulation reduced

beta-amyloid deposition while preserving hippocampal
neurons from degeneration. Dementia, which is
characterised by learning and memory impairment, is one
of the central features of AD [30,31,32]. This study used the
Morris water maze (MWM) test to assess hippocampally
dependent spatial learning and memory performance.
Escape latency (i.e. the time required to locate the hidden
platform) and probe trial (i.e. active exploration of the
quadrant where the secret platform was previously
positioned) were used to assess mouse spatial learning and
memory retention. Here, we show that MOE formulation
reversed the AlCls-associated decline in spatial learning by
reducing the time it took for mice to find the platform.

In addition, MOE-treated mice performed better in the
probe trial, suggesting that it was able to attenuate the
AIClz-induced decline in memory retention. Consistent
with our findings, previous studies with AICl; have
reported a marked decrease in spatial learning and probe
trial memory performance in the MWM test [25,33]. The
dentate gyrus (DG), CA3 and CA1l areas of the
hippocampus are crucial in short-term and episodic learning
and memory [34]. For instance, the ablation of granule cells
in the DG caused deficits in spatial learning [35]. Also,
inhibitory interneurons and excitatory pyramidal neurons in
the CALl region contribute to the regulation of spatial
learning [36]. Since AICIl; causes neurodegeneration of
several hippocampal regions with accompanying learning
and memory deficits [25], MOE’s ability to attenuate
AICl3’s effect may suggest possible neurogenesis in the
hippocampus. Though this assertion is yet to be proven,
several lines of evidence have linked MOE’s neuroactive
effect to serotonin and brain-derived neuroprotective factor
(BDNF), which are known to play pivotal roles in
neurogenesis [37,13]. For instance, a study has proven that
MOE improves depression-related aggressive behaviour in
mice by increasing 5-HT levels and dendritic spine density
in the prefrontal cortex [13]. Apart from this, various
neurotransmitter imbalances, particularly acetylcholine
(ACh), contribute to AD [38]. ACh is instrumental in
learning and memory; thus, its hydrolysis by
acetylcholinesterase (AChE) may cause learning and
memory impairment. Indeed, ACh deficiency has been
associated with AD-related dementia [39]. One of the
mechanisms by which AICl; causes memory impairment is
via elevation in AChE activity, which leads to ACh
deficiency [40]. In this study, MOE formulation reversed
the AICls-related increase in ACh, suggesting that the
action of MOE formulation in improving learning and
memory may be related to increased cholinergic
neurotransmission.

Studies show a positive correlation between AD and
anxiety behaviour as well as motor impairment [41,42]. In
this study, mice exposed to AICI; exhibited anxiety-like
behaviour and reduced locomotor activity in the open field
test. Consistent with previous reports where MOE
improved anxiety behaviour and locomotor activity in the
open field test, MOE formulation reversed the deficits
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induced by AICI; [14,13]. The anxiolytic effect of MOE
may be due to its GABA-enhancing effect previously
reported by our lab [11]. Neuroinflammation, characterised
by increased IL-1B, IL-6, and TNF-a, contributes to the
onset and progression of AD [44]. These cytokines
compromise neurogenesis and cause dysfunction in the
neurotrophic system [45]. AICls-induced AD promotes
neuroinflammation through persistent activation of
microglia, which releases IL-1p, IL-6, and TNF-a. The
actions of these cytokines further contribute to beta-
amyloid deposition, a primary feature of AD.

In our study, MOE formulation significantly reversed the
AlICls-induced increase of IL-1p, IL-6, and TNF-a in the
brain. In the serum, however, MOE formulation
significantly reduced the IL-6 and TNF-a levels but not IL-
1B. These findings suggest that MOE may reduce
inflammation both peripherally and centrally. Indeed,
previous studies reported that MOE exhibited an anti-
inflammatory effect in carrageenan-induced paw oedema
[46] and decreased activated microglia count in a
lipopolysaccharide-induced  neuroinflammation  model
[14]. Thus, the findings in this current study may suggest
decreased microglial activation, as previously reported. The
inception of AD is characterised by the build-up and
clustering of beta-amyloid (AB) peptides, which may be
occasioned by either an excess production or disruptions in
the clearance mechanism [47]. Congo red staining
techniques established that AICI; induced the deposition of
AP peptides in the hippocampus.

Conversely, MOE-treated mice displayed reduced
neurodegeneration and exhibited minimal B-amyloid
deposition, suggesting a protective effect against AlCls-
induced neurotoxicity in mice [48,25]. Furthermore, the
MOE-associated reduction in AP peptides in the
hippocampus may further support the assertion that MOE
reduces pathological activation of microglia in a manner
that inhibits the release of pro-inflammatory cytokines and
their involvement in amyloid formation and deposition
[14]. A deficient antioxidant defence system in the brain
leads to disequilibrium in initiating and eliminating reactive
oxygen species, disruption of cellular pathways and lipid
peroxidation. Similarly, oxidative stress is recognised as a
significant etiological factor for the gradual deterioration of
cognitive, memory, and motor functions [49]. Upon
traversing the blood-brain barrier, aluminium promotes the
generation of free radicals, which in turn impair
mitochondrial function across various brain regions and
cause neurodegeneration [50].

In the context of this study, MOE increased the antioxidant
enzyme SOD in the brain tissue, while MDA, an indicator
of lipid peroxidation, was significantly decreased in the
serum and brain. The MDA result is consistent with a
previous study that observed the anti-peroxidative effect of
MOE in the liver [46]. In contrast, MOE failed to reverse
the effect of AICI; on serum SOD. The apparent
discrepancy in serum SOD levels when compared to the

study by [51] may be due to differences in solvent for
extraction, impact of in vivo versus in vitro conditions, and
differences in doses and species (mice versus rats) used.

Study limitation

The study was conducted on an animal model (mice) of AD
induced by AIClI;. This model may not fully represent AD
pathology in humans. This limits the direct applicability of
the results to human patients. With just six groups (n = 10)
of mice, the sample size may be limited for detecting
smaller but possibly significant effects of the treatment.
Moreover, the duration of the study may not capture long-
term outcomes or delayed effects of the optimised MOE
formulation. The study concentrated on specific biomarkers
such as SOD, MDA, AChE, and pro-inflammatory
cytokines. However, it did not assess other crucial AD
markers, such as p-tau or glutathione levels, which could
have provided a more complete picture of the treatment’s
effects.

Future Research

The extract should be evaluated further by measuring other
AD markers like AP, phosphorylated-tau, reduced
glutathione (GSH), and catalase. Future research should
also consider measuring other antioxidant markers such as
glutathione S transferase, glutathione peroxidase and
glutathione reductase associated with AICI3-induced
neurotoxicity. The neuroprotective effect of the extract
should be further investigated in animal models that
replicate human AD pathology using transgenic models.
The optimised formulation used chitosan and pectin as
carriers to enhance CNS delivery. While this method
showed effectiveness in mice, further research is needed to
evaluate whether these carriers would perform similarly in
humans, especially regarding the permeability of the blood
brain barrier (BBB)

Conclusion

The research findings suggest that an optimised formulation
of M. oppositifolius improves learning and memory
impairment and reduces anxiety-like behaviour, oxidative
stress, and neuroinflammation in AICIls model of
Alzheimer’s disease. The formulation also reduced AR
peptide deposition in the CA1 region of the hippocampus
of mice.
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