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Alzheimer’s disease (AD) is a disorder associated with continuing deterioration of neurons in the brain and is
characterised by aggregation of neurotoxic amyloid beta (Af) plaques. It is also accompanied by increased oxidative
stress, cholinergic impairment, and remarkably reduced brain-derived neurotrophic factor (BDNF). The net result is
progressive loss of memory and cognitive abilities. The study aims to explore the anti-AD profile of magnolol. AD
was induced in adult Swiss albino mice by simultaneously administering aluminium chloride at a dose of 5 mg/kg/

i(/{ey wolrtis: tioxidant day; p.o. and D-galactose at a dose of 60 mg/kg/day; i.p. for a period of 90 days. The dose dependent ameliorative
phi/%ggo?ls’t?ti;g? ant, effect of magnolol (20 and 40 mg/kg/day; p.o.) was assessed with the help of behavioural, biochemical and Enzyme-

Linked Immunosorbent Assay (ELISA) analyses. Magnolol was shown to ameliorate memory and cognitive
insufficiencies as assessed from Morris Water Maze, Elevated Plus Maze and Novel Object Recognition paradigms.
It also elicited a remarkable antioxidant effect, as evidenced by analysing various parameters like thiobarbituric
acid reactive substances, glutathione, and catalase. Magnolol also had an inhibitory activity on acetylcholinesterase,
-secretase and caspase-3. Disintegration of AP plaques and improvement of BDNF levels were also reported in the
present study. Magnolol presents a multifactorial approach, beyond its conventional antioxidant mechanism, against

neuroprotective, traditional.

experimentally induced AD in mice.

1. INTRODUCTION

According to The Centers for Disease Control and
Prevention in the United States, Alzheimer’s disease (AD)
is listed among the top 10 primary reasons for mortality. It
represents the most prevalent variant of dementia, marked by
diminishing levels of cortical and hippocampal acetylcholine,
increased acetylcholinesterase (AChE) expression, buildup of
amyloid beta (AB) plaques, tau neurofibrillary tangles (NFTs),
and accompanying neuroinflammation [1] (Fig. 1). In AD, the
journey begins with minor lapses in short-term memory and
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progresses to a state where the individual becomes reliant on
others for daily functioning, ultimately leading to mortality.
Oxidative stress plays a crucial role in both the initiation
and development of AD owing to its capacity for causing
neurodegeneration [2]. The pharmacological treatments utilised
to address AD mostly include drugs like donepezil, galantamine,
and rivastigmine (AChE inhibitors), as well as memantine
(NMDA glutamate antagonist). However, these medications
offer only symptomatic alleviation [3,4]. Crucially, these
agents do not halt or reverse the underlying neurodegenerative
processes, leaving patients to face continued cognitive decline
and progression of the disease. There is a strong pursuit for
reliable, disease-altering and safer agents to treat and/or manage
AD across various stages of the disease. Many traditional
medicinal plants and herbs have been used historically for
cognitive enhancement and neuroprotection. Scientific studies
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Figure 1. Pathophysiological hallmarks of AD.

have confirmed that components from these plants share
physicochemical properties with approved drugs and exert
beneficial effects in preclinical models of AD. Examples
include Ginkgo biloba, Bacopa monnieri, and compounds like
rosmarinic acid with demonstrated efficacy in experimental
and limited clinical settings [5—8]. Natural compounds, such
as magnolol, which is a polyphenol extracted from Magnolia
officinalis, have shown promise because of their wide ranging
pharmacological characteristics. This study examines magnolol
in an established aluminium chloride (AICL) + D-galactose
induced AD mice model.

In this research study, AD was simulated in rodents
(Swiss albino mice) by concurrent administration of AICI,
and D-galactose. Aluminium easily penetrates the brain,
disturbing the slow axonal transport, prompting inflammation,
causing morphological and synaptic irregularities, eventually
leading to neuronal aberrations [9]. D-galactose, classified as
a reducing sugar, swiftly undergoes chemical reactions with
free amines to produce Advanced Glycation End Products.
Extended administration of D-galactose induces alterations
mimicking natural ageing in animals, such as impaired
cognition, oxidative stress, reduced immunological function,
and genetic modifications. In addition, it results in dysfunction
of the mitochondria and an increase in brain AChE levels
[9-11]. Simultaneous dosing of AICI, and D-galactose for a

duration of 90 days has been documented to induce AD related
features in rodents. These characteristics include increased
levels of B-secretase, aggregation of A} plaques, and activation
of caspase-3, while simultancously decreasing brain-derived
neurotrophic factor (BDNF) [12—15].

Magnolol is a polyphenol (neolignan) obtained from
the extract of M. officinalis bark. The trees are mainly found
in Eastern and South—Eastern regions of Asia [16]. There are
several traditional Chinese and Japanese herbal formulas that
contain Magnolia such as Banxia Houpo Tang and Saiboku-
To [17,18]. Magnolia officinalis has been used in Asian
traditional medicine for treating anxiety, sleep disorders,
nervousness, and so on. It implies that magnolia bark extract
holds the capability to elicit central effects. It has been
listed in the Japanese Pharmacopoeia XIV (English Edition,
2001) and Pharmacopoeia of the People’s Republic of China
(English Edition, 2005) [19]. In an ir vitro study involving
PC12 cell lines magnolol was reported to reduce AP induced
cell death [20]. Magnolol was also reported to attenuate
an AD-like pathology in a transgenic C. elegans model. It
was also reported to reduce AP deposition and enhance the
phagocytosis and breakdown of AB in microglia cells [21].
In addition, magnolol has been reported to have an oral LD,
value of 2,200 mg/kg (in mouse). Several in silico models
have also predicted appreciable anti-AD effects of magnolol
[22]. In this study, the doses of magnolol, i.e., 20 mg/kg
(p.o.) and 40 mg/kg (p.o), have been based on established
literature [23,24].

According to the established endpoints in well-
established literature sources, transfer latency (TL) in the
Elevated Plus Maze paradigm [25], escape latency (EL) in
the Morris Water Maze (MWM) paradigm [26,27], and novel
object recognition (NOR) [28,29] behavioural assessments
were utilised to evaluate the effects of magnolol on memory
enhancement and disease amelioration. To assess the potential
of magnolol in mitigating markers of oxidative stress,
thiobarbituric acid reactive substances (TBARS), glutathione
(GSH), and Catalase (CAT) assays were performed [30,31].
Moreover, to comprehend the impact of magnolol on different
pathological pathways associated with AD, its potential was
evaluated for inhibitory effect against enzymes, including
AChE, B-secretase, and caspase-3. In addition, the capacity of
magnolol to decrease the buildup of AB,_,, and increase BDNF
levels was examined.

Although earlier research has reported antioxidant,
anti-amyloid, and caspase-3 inhibitory effects of magnolol
based on in vitro studies and has predicted potential effects
using in silico models, the efficacy of magnolol has not been
validated in a comprehensive in vivo model of AD. To the best
of our knowledge, this study presents the first report to assess the
effect of magnolol in a long-term, AICI, + D-galactose model of
AD in mice that exhibits a close similarity to the multifactorial
AD pathology. Furthermore, this work simultaneously studies
key mechanistic endpoints such as AChE activity, B-secretase
and caspase-3 inhibition, AB,_, aggregation, oxidative stress
markers, and BDNF levels to give an integrated in vivo
evaluation of magnolol’s disease-modifying potential.
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2. MATERIALS AND METHODS

This study hypothesises that magnolol will
ameliorate memory and cognitive deficits, reduce oxidative
stress, inhibit key AD-related enzymes (AChE, B-secretase,
caspase-3), decrease AP aggregation, and restore BDNF
levels in a long-term AICI, + D-galactose-induced AD mouse
model.

2.1. Experimental animals

NIPER, SAS Nagar, Punjab (a CCSEA-registered-
registered breeding facility) provided adult Swiss albino
mice (either sex; weighing 20-30 g each). The animals were
accommodated in the central animal house facility at Lovely
Institute of Technology (Pharmacy), Lovely Professional
University (Phagwara, Punjab), which is registered with
the CCSEA. Food and water were available ad [libitum. All
procedures were conducted in compliance with regulations
laid down by CCSEA. The study protocol was approved by the
Institutional Animal Ethics Committee of Lovely Professional
University, India (Approval No.: LPU/IAEC/2020/75).

2.2. Chemicals and drugs

AlCI, was sourced from Molychem, and D-galactose
was sourced from LobaChemie. Magnolol was purchased
from Xi’an Pincredit Bio-tech Company Ltd., Shaanxi, China.
Donepezil hydrochloride was procured ex gratia from Sun
Pharmaceutical Industries Ltd., Gurugram (India).

2.3. ELISA Kkits

Mouse AP, _,, and Mouse Caspase-3 ELISA kits were
procured from Cusabio Biotech Company Ltd. (Wuhan, China),
while Shanghai Korain Biotech Company Ltd. (Shanghai,
China) provided Mouse Beta Secretase and Mouse BDNF Kkits.
In India, the procurement of all ELISA kits was facilitated by
Everon Lifesciences.

2.4. Design of experiment

The rodents were segregated into six groups, each
consisting of six animals (n = 6). The protocol outlined in
Figure 2 was adhered to accordingly. Magnolol was formulated
into a suspension using 0.5% w/v sodium-carboxymethyl
cellulose. Groups 1, 3, 4, and 5 were included in a similar study

Group

Treatment

Group 1: Vehicle Control (VC)

Vehicle (10 ml/kg; p.o., S ml/kg; i.p.)

Group 2: Magnolol per se

Normal saline (5 ml/kg; i.p.), Magnolol (40
mg/kg; p.o.)

Group 3: Disease Control (DC)

Aluminium chloride (5 mg/kg; p.o.), D-
galactose (60 mg/kg; i.p.)

Group 4 Standard Treatment (DT)

Aluminium chloride (5 mg/kg; p.o.), D-
galactose (60 mg/kg; i.p.), Donepezil
(Smg/kg, p.o.)

Treated Group

Group 5: Magnolol Low Dose (MLD)

Aluminium chloride (5 mg/kg; p.o.), D-
galactose (60 mg/kg; i.p.), Magnolol (20
mg/kg; p.o.)

Group 6: Magnolol High Dose (MHD)

Aluminium chloride (5 mg/kg; p.o.), D-

Treated Group galactose (60 mg/kg; i.p.), Magnolol (40
mg/kg; p.o.)
Day 0 Day 1 | Day 60 | Day 61 | Day 85 | Day 86 | Day 87 | Day 88 I Day 89 I Day 90 Day 91
Aluminium chloride + D-galactose
Donepezil and Magnolol (as per protocol)
Morris Water
Morris Water Maze (Acquisition trials) Maze (Probe
Trial)
Transfi
Transfer Latency bl
- Latency
(Acquisition ,
2 (Retention
Trial) i
Trial)
zzb't(:a::’oe': Training Day Testing Day
v A (Novel Object |(Novel Object
Object i i
) R ition) | R ion)
Recognition)
Locomotor Locomotor
Activity Activity

Figure 2. Study protocol.
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to evaluate the potential anti-AD effects of vanillin [32] and a
commonly used probiotic bacteria (Lactobacillus rhamnosus),
either individually or in different combinations, following the
same protocol (data not yet published) so as to reduce the number
of animals to be sacrificed. Parallel studies were conducted to
achieve three objectives, i.¢., a. Evaluation of the neuroprotective
effect of vanillin, b. Evaluation of the neuroprotective effect
of magnolol. c. Evaluation of the neuroprotective effect of L.
rhamnosus and various combinations of the above-mentioned
three interventions. In line with the principles of 3R, data
were shared among the studies for certain overlapping groups.
The doses were chosen on the basis of previously established
literature—AICI, and D-galactose [15], magnolol [23,24], and
donepezil [30,33].

2.4.1. Disease induction

The simultaneous dosing of AICI, and D-galactose has
been profoundly used to mimic non-transgenic AD. Separately,
these agents were known to mimic certain parameters of AD
pathogenesis. D-galactose was known to induce subacute
senescence [34] while Aluminium was known to be a
neurotoxin [35]. Both of these agents express the effect due to
oxidative damage, mitochondrial dysfunction, and elevation
of AChE. After oral administration of AICI,, xanthine oxidase
and GSH peroxidase activities have been demonstrated
to be increased and diminished, respectively, resulting in
aggregation of intermediate neurotoxic products like H O, and
OH- radicals, which might be essential for Aluminium toxicity
[36]. Following AICI, injection (intracerebroventricular),
immune activity in phagocytic microglia and astrocytes,
determined by estimation of glial fibrillary acidic protein
and EDI, respectively, exhibited a greater inflammation
in brains of rats. Increase in inflammatory parameters and
interactions with cholinergic neurons may contribute to
the Aluminium caused cognitive and memory lapses [37].
Aluminium causes specific toxicity to cytoskeletal structures
of brain neurons [38]. Aluminium can bind to AB-protein and
form cross-links between them, which causes the proteins
to aggregate into oligomers. These oligomers are toxic to
neurons [39]. Exposure to aluminium leads to advancement
of amyloidogenic pathway via activation of f-secretase and
gamma secretase. In addition, it leads to inhibition of alpha
secretase thereby retarding the non-amyloidogenic pathway
[40]. Administration of AICI, has also been reported to
enhance caspase-3 mediated neuronal apoptosis in brains of
rodents [41]. AICI, has also been linked to an increase in oxido-
inflammatory burden while reducing the levels of BDNF [42].
D-galactose can replicate the effects of natural senescence in
mice and Aluminium can stimulate the expression of Amyloid
Precursor Protein in neurons, which may promote generation
of AB. The individual effects of Aluminium and D-galactose
were well established by several experiments. However, the
combined effect was still not observed. A modified protocol
made the use of simultaneous administration of AICI, (p.o.)
and D-galactose (s.c.) for a period of 10 weeks. This method
used for Kunming mice resulted in development of AD like
lesions. Formation of structures similar to senile plaques and
NFTs was also reported. The behavioural and pathological

changes lasted for a minimum of 6 weeks post withdrawal
of AICI, and D-galactose administration [13]. Another
modified protocol made use of D-galactose (60 mg/kg day,
i.p.) and AICL, (5 mg/kg day, p.o.) once daily for 90 days to
develop AD like condition [15]. The concurrent use of these
substances is regarded as a simple and cost-effective method
for creating an animal model of AD [43].

2.5. Behavioural parameters

2.5.1. Locomotor activity

Locomotor activity of all mice was assessed using
an actophotometer on the Oth and 91st day of the study. It was
assessed to analyse the potential effects of various treatments
on the central nervous system. The protocol was followed as
established in previously published literature [29,44].

2.5.2. Transfer latency

The methodology, procedure, and endpoint were
followed by previously published studies [29,45]. The apparatus
used for the test was the Elevated Plus Maze. It consists of four
arms, two enclosed and two open, elevated from the ground,
and measures the rodent’s inclination to explore the open (well
lit) arms versus remaining in the closed (dark) arms. The test
measured the time the animal took (TL) to traverse inside either
of the enclosed arms of the apparatus. The decrease in TL during
the retention test, as compared to the TL on the previous day
(acquisition), indicated improvement in memory and cognition.

2.5.3. Novel object recognition

This examination relies on the natural inclination
of mice to allocate greater time in the exploration of an
unfamiliar/novel object when it is presented alongside both
a known and an unknown/novel object. The evaluation spans
3 days (habituation, training, and testing). The methodology,
procedure, and outcome measures were derived from earlier
investigations [27,28,46]. Investigation time was determined
by employing the formula given below:

(T -T/T)*100
where T, = time taken for exploration of the unfamiliar object,
T, = time taken for exploration of the known object, and T, = the
total time taken by the animals to explore both objects.

An exploration time <50% signifies a stronger
inclination of the rodent towards the familiar object, whereas
an exploration time of 50% indicates a comparable inclination
for both the known and unknown objects. A percentage >50%
indicates a greater inclination for the unknown/unfamiliar/
novel object.

2.5.4. Escape latency

Estimation of EL in the MWM paradigm was
implemented as a tool to evaluate the memory of test animals,
characterized as the duration that a rodent takes in the MWM
for swimming to the concealed platform and ascending onto
it [47]. The MWM test usually consists of trials conducted
over 6 days and is characterised by its simplicity. This
approach offers advantages such as the effective differentiation
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between “spatial” situations involving a hidden platform and
“non-spatial” situations with a visible platform, along with
a reduction in interference from odour trails. The methods,
procedures, and endpoints were derived from previous studies
[27,29,48]. The inclination of mice to escape from water
typically does not depend on the variations in activity level or
body mass, rendering it applicable across various experimental
models involving animals [27,48].

2.6. Biochemical parameters

At the conclusion of the protocol, euthanasia of
all animals was conducted through decapitation subsequent
to cervical dislocation. Following brain extraction, both the
cortical and hippocampal tissues were extracted and submerged
in ice-cold PBS , i.e., phosphate-buffered saline with a pH of
7.4, having the final concentration of 10%w/v. Subsequently, the
cortical and hippocampal regions underwent homogenisation in
Phosphate-Buffered Saline, after which the homogenate was
subjected to centrifugation (10,000g for 15 minutes at 4°C).
The supernatant was retrieved and utilised for the estimation
of TBARS [49], GSH [50], CAT [51], and AChE [52]. The
Biuret kit method was employed to estimate total protein. All
observations were recorded in triplicate.

2.7. ELISA

Molecular markers were assessed using ELISA. The
assays were performed using the commercially available Kkits,
following, following the manufacturer’s general framework. The
double enzyme sandwich method was used for all assays. Each
sample was run in triplicate to ensure analytical reliability. Standard
curves were generated for every assay using the kit-provided
calibrators, and only curves with an R? > 0.99 were accepted.

2.7.1. p-secretase

[B-secretase has emerged as a highly sought-after
focus for the screening of potential drugs aimed at combating
AD. This enzyme is responsible for cleaving the amyloid
precursor protein, initiating the creation of AP [53]. The
capability to inhibit B-secretase activity is greatly desirable in
the development of potential drugs for AD, as it may lead to
a modification in the progression of the disease. In the assay,
standard points were prepared by serially diluting the standard
stock solution (800 pg/ml) 1:2 with the provided diluent to
produce 400, 200, 100 and 50 pg/ml solutions. Standard diluent
served as the zero standard (0 pg/ml). The content of B-secretase
for all test groups was assessed using the protocol available in
the package insert [54].

2.7.2. Caspase-3

Caspase-3 plays a role in facilitating the apoptosis
pathway of cell death, which not only contributes to neuronal
degeneration but also accelerates the advancement of the key
pathological processes in AD. Numerous investigations have
documented elevated levels of caspase-3 in synapses of AD
patients. The inhibition of the caspase-3 enzyme presents a
promising and novel direction for research in the development
of anti-AD drugs development [55]. In the assay, standard
points were prepared by serially diluting the standard stock

solution (20 ng/ml) 1:2 with the provided diluent to produce 10,
5,2.5,1.25, 0.625, and 0.312 ng/ml solutions. Standard diluent
served as the zero standard (0 ng/ml). The content of caspase-3
for all test groups was assessed using the protocol available in
the package insert [56].

2.7.3.48,_,,

The buildup of AP, ,, in the brain results in the
disruption of synaptic plasticity, subsequently exacerbating
the decline in memory function [57]. The accumulation of
AP also induces mitochondrial dysfunction, contributing
to the advancement of AD [58]. The anti-Ap aggregatory
effect is ardently sought after for any potential anti-AD drug
candidate. In the assay, the standard solution of 1,000 pg/ml
concentration was diluted using the provided diluent. 2-fold
dilution series were prepared to achieve final concentrations
of 500, 250, 125, 62.5, 31.2, and 15.6 pg/ml. Standard diluent
served as the zero standard (0 pg/ml). The content of AB, . for
all test groups was assessed using the protocol available in the
package insert [59].

2.7.4. Brain-derived neurotrophic factor

BDNF plays a crucial role in maintaining mature
cortical neurons in adults, and its early dysfunction is linked
to the emergence of initial short-term memory deficits in
AD. A scarcity of BDNF is implicated in the progression
of neuronal degeneration in AD. Any prospective anti-AD
treatment capable of modulating BDNF levels could prove to
be a significant asset in therapeutic strategies [60]. In the assay,
standard points were prepared by serially diluting the standard
stock solution (6.4 ng/ml) 1:2 with the provided diluent to
produce 3.2, 1.6, 0.8, and 0.4 ng/ml solutions. Standard diluent
served as the zero standard (0 ng/ml). The content of BDNF for
all test groups was assessed using the protocol available in the
package insert [61].

2.8. Statistical tools

A two-way analysis of variance (ANOVA) was
employed to evaluate the data pertaining to locomotor activity
and EL (acquisition trials), whereas the remaining parameters,
including behavioural tests, biochemical assays, and ELISA
based tests, were analysed using one-way ANOVA. Statistical
significance was assessed at the levels of p < 0.001, p < 0.01,
and p < 0.05, utilizing post-hoc Tukey’s test. All statistical
analyses were performed using GraphPad Prism.

3. RESULTS

3.1. Presentation of results

The findings were presented as mean £ SEM. The
statistical significance in comparison with the group receiving
only the vehicle [vehicle control (VC)] has been denoted as
%k (p<0.001), **(p <0.01), and *(p < 0.05). The comparison
with the disease inflicted [disease control (DC)] group has been
represented as " (p < 0.001), ™ (p <0.01), and * (p < 0.05),
respectively. ### (p < 0.001), ## (p < 0.01), and # (p < 0.05),
respectively, have been used to denote the comparison with
standard drug (donepezil) treated group.
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3.2. Effect of magnolol on locomotor activity

Figure 3 illustrates the influence of magnolol and
the comparative treatments on locomotor behaviour. Across
all experimental groups, the total crossings recorded on both
the Oth day and the 91st day showed no appreciable variation.
Likewise, when each group’s performance on day 91 was
compared with its own baseline values, no meaningful change
in the number of crossings was detected.

3.3. Effect of magnolol on TL

Figure 4 shows the effects of magnolol and the
comparative treatments on TL. During retention test, magnolol
showed a significant decrease in TL (p < 0.05), as compared to
VC group, which indicated a potential improvement in cognitive
performance. TL was significantly (p < 0.001) higher in the DC
group compared to the VC group. Every therapeutic intervention
that included donepezil, low-dose magnolol, and high-dose
magnolol reported a significant reduction in TL (p <0.001) relative
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Figure 3. Impact of magnolol and other interventions on locomotor activity
(mean + SEM).
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to the DC group. Nevertheless, there was no significant difference
in TL between the animals that were treated with donepezil and
those that were treated with either dose of magnolol.

3.4. Effect of magnolol on investigation time

Figure 5 shows the effect of the different regimens of
magnolol and other treatments used on the time of investigation.
In the NOR task, the animals that were treated with magnolol
alone showed a significant increase in investigation time
(p<0.05), as compared to the VC group, and this is indicative
of the fact that magnolol may be acting as a memory booster.
The DC group showed a significantly (p < 0.001) lower
investigation time as compared to the VC group. The therapeutic
interventions, including donepezil, low-dose magnolol, and
high-dose magnolol, caused a significant enhancement of the
investigation time (p < 0.001) compared with the DC group.

3.5. Effect of magnolol on EL

Figure 6 shows the effects of magnolol and the other
treatments on acquisition time for the MWM and performance of
testanimals during the probetrial. On Day 1, the EL values between
all the groups were similar, with no significant differences. By
Day 2, the DC group presented with a significantly elevated EL
(p <0.001) compared with the VC group along with a significant
increase in comparison with its own baseline on Day 1 (p <0.01).
In contrast, the donepezil group had a meaningful reduction in
EL (p <0.05) as compared with the DC group, and the magnolol
high-dose group had an even greater reduction (p < 0.001).

On Day 3, magnolol per se showed a significant
reduction in EL (p < 0.05) as compared with the VC group. The
DC group again had much higher EL value (p < 0.001) than
did the VC group. All treatment groups - donepezil, magnolol
low dose, and magnolol high dose - had significantly lower EL
values compared to the DC group (p < 0.001 for all).

On Day 4, the VC group showed a significant reduction
in EL, as compared to its Day 2 reading (» <0.01). The DC group
continued to perform poorly with EL being markedly higher than

100+
AAA
g ¥ =
g AAA
E 60+ H Vehicle control
'% B Magnolol per se
2 40 - I Disease control
§ [ Donepezil treated
£ 3 Magnolol low dose
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3 Magnolol high dose
treated
0 = T T
K sgé QO 0" ‘yo \@0
Treatment

Figure 4. Effect of magnolol and other interventions on TL (mean + SEM).
**% k% and * have been used to represent p < 0.001, p < 0.01 and p < 0.05 in
comparison with the VC group, respectively. The comparisons with DC group
have been represented as ", ™ and * which signify p <0.001, p <0.01 and p <
0.05, respectively. To represent comparisons with the donepezil treated group,
#i#, ## and # have been used to represent p < 0.001, p < 0.01 and p < 0.05,
respectively.

Figure 5. Effect of magnolol and other interventions on investigation time
(mean = SEM). ***_** and * have been used to represent p < 0.001, p <0.01
and p < 0.05 in comparison with the VC group, respectively. The comparisons
with DC group have been represented as **, * and ~ which signify p < 0.001,
p<0.01 and p <0.05, respectively. To represent comparisons with the donepezil
treated group, ###, ## and # have been used to represent p < 0.001, p <0.01 and
p <0.05, respectively.
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Figure 6. Effect of magnolol and other interventions on EL during acquisition
trials and time spent in the target quadrant during probe trial (mean + SEM).
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in comparison with the VC group, respectively. The comparisons with
DC group have been represented as ", * and * which signify p < 0.001,
p<0.01 and p <0.05, respectively. To represent comparisons with the donepezil
treated group, ###, ## and # have been used to represent p < 0.001, p < 0.01
and p < 0.05, respectively. a represents p < 0.05 concerning the same group on
day 1, aa represents p < 0.01 concerning the same group on day 1. b represents
p <0.05 concerning the same group on day 2, bb represents p < 0.01 concerning
the same group on day 2. ¢ represents p < 0.05 concerning the same group on
day 3.

both the VC group (p <0.001) and its own Day 1 value (p <0.05).
All the drug treated groups showed significantly lower EL values
compared to the DC group.

By Day 35, the VC group demonstrated an additional
decrease in EL as compared to its own counterpart on Day 3 (p <
0.05). The DC group still had significantly higher EL values than
both the VC group (p < 0.001) and its Day 1 value (p < 0.05).
As shown above, donepezil treatment, magnolol low-dose, and
magnolol high-dose all had excellent reductions in EL compared
to the DC group (p < 0.001). In addition, both the donepezil and
magnolol low-dose groups had significantly lower EL values
than their own Day 2 values (p < 0.05).

During the probe trial, magnolol per se caused
a significant increase in time spent in the target quadrant
when compared with the VC group (p < 0.01). On the other
hand, the DC group spent significantly less time in the target
quadrant than the VC group (p <0.001). Treatment with either
donepezil or magnolol high dose resulted in a substantial
increase in time spent in the target quadrant compared with

the DC group (p < 0.001 for both). Similarly, magnolol low
dose was able to yield a meaningful improvement compared
to the DC group (p < 0.05). No significant differences were
found between the donepezil group and each of the magnolol-
treated groups.

3.6. Effect of magnolol on TBARS, GSH, CAT, and AChE

The effects of magnolol and other treatments on
TBARS, GSH, CAT, and AChE have been illustrated in Figure
7. In the cortex, the group treated with magnolol alone showed
a consequential reduction in TBARS levels (p < 0.001) as
compared to the VC group. Conversely, the DC group displayed
a consequential increase in TBARS levels contrasted with the
VC group (p < 0.001). All treatments, including donepezil,
low-dose magnolol, and high-dose magnolol, resulted in a
consequential reduction in TBARS levels contrasted with the
DC group (p < 0.001 for all treatments). Specifically, the low-
dose magnolol treatment led to a consequential reduction in
TBARS levels contrasted with the group treated with donepezil
(p <0.01), and the high-dose magnolol treatment resulted in a
consequential reduction in TBARS levels contrasted with the
group which received the standard drug, i.e., donepezil (p <
0.001). Comparable effect was observed in the hippocampus.
However, in the hippocampal tissue, both of the magnolol-
treated groups demonstrated a consequential reduction in
TBARS levels contrasted with the group treated with Donepezil
(p <0.001).

In the cortex, treatment with magnolol itself
resulted in a consequential (p < 0.001) elevation in
GSH levels when contrasted with the control group that
received the vehicle. Conversely, the DC group exhibited a
consequential (p < 0.001) reduction in GSH levels, contrasted
with the VC group. While treatment with donepezil demonstrated
a consequential (p < 0.05) increase in GSH levels, both the
magnolol treatment groups showed a consequential (p < 0.001)
rise in GSH levels, contrasted with the DC group. Notably,
the GSH levels in the low-dose magnolol-treated group were
remarkably (p < 0.01) higher than those in the standard drug
treated group, and the magnolol treatment (high-dose) resulted
inaconsequential (p <0.001) elevation in GSH levels contrasted
with the donepezil-treated group. In the hippocampus, treatment
with magnolol itself led to a consequential (p < 0.01) rise in
GSH levels contrasted with the VC group. The DC group, on the
other hand, exhibited a consequential (» < 0.001) reduction in
GSH levels contrasted with the VC group. Donepezil treatment
remarkably (p < 0.05) increased GSH levels contrasted with
the DC group. Both the magnolol treatment groups showed a
consequential (p < 0.001) elevation in GSH levels contrasted
with the DC group. When contrasted with the donepezil treated
group, the increase in GSH levels was consequential for both
the magnolol-treated groups (p < 0.05; low-dose) and (p <
0.001; high-dose).

In the cortex, the CAT in the magnolol per se treated
group showed an inconsequential increase when compared
with the VC group. Conversely, the DC group had a notably
lower CAT (p <0.001) contrasted with the VC group. While the
increase in CAT with donepezil treatment contrasted with the
DC group, this increase did not reach statistical significance.
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The low-dose magnolol treatment resulted in an inconsequential
elevation in CAT, whereas the magnolol treatment (high-
dose) yielded a consequential (p < 0.001) increase in CAT,
in contrast to the DC group. Notably, the magnolol-treated
group (high-dose) exhibited a consequential (p < 0.01) rise in
CAT contrasted with the group treated with the standard drug.
In the hippocampal tissue, the CAT in the magnolol per se
treated group showed an inconsequential increase contrasted
with the VC group. The DC group had a remarkably (p <
0.001) reduced CAT contrasted with the VC group. Treatment
with donepezil resulted in an inconsequential increase in
CAT contrasted with the DC group. In contrast, the magnolol
treatment (low-dose) yielded a consequential (p < 0.05) growth

in CAT, and the magnolol treatment (high-dose) resulted in
a consequential (p < 0.001) increase in CAT contrasted with
the DC group. When contrasted with the standard drug treated
group, the magnolol-treated group (high-dose) exhibited a
remarkably (p < 0.001) higher CAT.

In the cortex, the administration of magnolol alone
did not result in a consequential change in AChE activity
when contrasted with the VC group. However, the DC
group exhibited a consequential elevation in AChE activity
(p < 0.001), contrasted with the VC group. Treatment with
donepezil remarkably decreased AChE activity (p < 0.001)
contrasted with the DC group. The low-dose magnolol
treatment led to a consequential downregulation in AChE
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activity (p < 0.001), contrasted with the DC group, although
it was remarkably higher than the AChE activity observed in
the donepezil-treated group. On the other hand, the magnolol
treatment (high-dose) resulted in a consequential downregulation
in AChE activity (p < 0.001), contrasted with the DC group, and
it exhibited AChE activity comparable to that of the donepezil-
treated group. Inthe hippocampus, the administration of magnolol
alone showed an inconsequential reduction in AChE activity
contrasted with the VC group. In contrast, the DC group had a
consequential uptick in AChE activity (p < 0.001), contrasted
with the VC group. All treatments, including the standard drug
(donepezil) and magnolol (low-dose and high-dose, both),
remarkably decreased AChE activity (p < 0.001), contrasted
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with the DC group. The low-dose magnolol treatment group had
a remarkably higher AChE activity (p < 0.05) contrasted with
the standard drug-treated group, whereas the magnolol treatment
group (high-dose) exhibited AChE activity comparable to that
of the donepezil-treated group.

3.7. Effect of magnolol on B-secretase, caspase-3, Ap,_, and
BDNF

Figure 8 presents the influence of magnolol and the
other treatment groups on [-secretase, caspase-3, AB,_,,, and
BDNF levels. In the cortex, magnolol per se did not produce a
meaningful inhibition of B-secretase relative to the VC group. The
DC group, however, showed a pronounced elevation in -secretase

5001 154
_ 4001 "
TEI " AA iz
A T 2 10- T4 N g
—_ AAN
< 300- M B i =
b1 AAA AN =
3 ©
5 b3
& 200+ 2
: § 5
m
1004
0- T L T T 0_ T T T T
C 2 & & 9@ N0 L 2 LS9 C &2 L &K C 2 L L
T FTPELE F S T FTEIET L FTESE
L Cortex L Hippocampus ! . Cortex v i Hippocampus A
Treatment Treatment
1000+
000 0.8+
E 8001 T AAA an #
£ S = 0.6
N& 600 g‘; T AAA oy AAA Ans
¥ E T -
- o
8 £0.4- #
S w A AAA
5 4004 Z
2 a
13
< 2004 021 .
= O P G L O P L P L SO 0.0- o 9
I P SR S~ B - B S R & R R
4“300“‘\/*%4“3(‘)0*\«*% 4‘@00@\\«“94“900&\@
" Cortex Y Hippocampus s Cortex 2 i Hippocampus i
M Vehicle control Treatment Treatment
Il Magnolol per se
Il Disease control
I Donepezil treated
[ Magnolol low dose
treated
[ Magnolol high dose
treated

Figure 8. Effect of magnolol and other treatments on f-secretase, caspase-3, Ap

s> and BDNF expressed as mean + SEM . ***, ** and * have

been used to represent p <0.001, » <0.01 and p < 0.05 in comparison with the VC group, respectively. The comparisons with DC group have
been represented as ", ~ and * which signify p < 0.001, p <0.01 and p < 0.05, respectively. To represent comparisons with the donepezil
treated group, ###, ## and # have been used to represent p < 0.001, p <0.01 and p < 0.05, respectively.
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activity (p < 0.001) compared with VC group. Donepezil did not
markedly alter B-secretase levels, whereas both magnolol doses
produced strong inhibition of the enzyme (p<0.001) as compared
to the DC group. When compared with the donepezil group,
[B-secretase activity was significantly lower in the magnolol low-
dose group (p < 0.05) and even further reduced in the high-dose
group (p < 0.001). A similar pattern was seen in the hippocampus,
though the low-dose magnolol treatment produced a significant
reduction relative to the DC group (p <0.01).

For caspase-3 levels in the cortex, magnolol per
se resulted in a small, statistically non-significant decrease
compared with VC. The DC group showed a strong elevation in
Caspase-3 (p < 0.001) as compared to the VC group. Donepezil
significantly reduced caspase-3 (p < 0.05), and both magnolol
doses produced marked decreases (p<0.001) as compared to the
DC group. Relative to donepezil, the low dose of magnolol further
reduced caspase-3 (p < 0.05), while the high dose produced a
much stronger suppression (p < 0.001). In the hippocampus,
magnolol alone caused a non-significant reduction in caspase-3
as compared to the VC group. DC group showed a marked (p
< 0.001) elevation in caspase-3 as compared to the VC group.
Donepezil also produced a non-significant decline as compared
to the DC group. In contrast, both magnolol doses significantly
lowered caspase-3 (p < 0.001) when compared to the DC group.
Both magnolol treated groups showed a significant (p < 0.01 for
low-dose) and (p < 0.001 for high-dose) decrease in caspase-3
levels as compared to the donepezil treated group.

Regarding AB, . levels in the cortex, magnolol per se
produced a decrease that did not reach significance compared
with VC group. The DC group exhibited a sharp rise in A
(»<0.001) as compared to the VC group. Donepezil significantly
lowered AP, _,, relative to DC (p < 0.01), and both magnolol
doses produced even stronger reductions (p < 0.001). Notably,
the high-dose magnolol group showed significantly lower AB,
levels than the donepezil group (p < 0.001). The hippocampus
demonstrated similar trends, though the magnolol low-dose
group produced a significant decline in AB,_,, compared with
donepezil treated group (p < 0.05).

For BDNF levels in the cortex, magnolol alone produced
no meaningful change compared with VC. The DC group showed
a marked reduction in BDNF (p < 0.001) as compared to the VC
group.Donepezil significantly increased BDNF relative to DC (p
<0.001). The low-dose magnolol treatment also elevated BDNF
(»<0.05) as compared to DC group, though levels remained
significantly lower than those observed with donepezil (p <0.05).
The high-dose magnolol group demonstrated a strong increase
in BDNF (p <0.001) as compared to the DC group, comparable
to the group that was treated with the standard drug. In the
hippocampus, magnolol per se led to a small, non-significant
uptick in BDNF compared with VC, whereas the DC group again
showed a marked reduction (p < 0.001) as compared to the VC
group. Donepezil, magnolol low dose, and magnolol high dose all
significantly enhanced BDNF levels relative to DC (p < 0.001).

4. DISCUSSION

AD evolves and advances through various pathways,
with key pathological features including elevated expression
of AChE (resulting in decreased ACh levels), accumulation of

AP plaques (causing neuronal mitochondrial dysfunction), and
heightened levels of caspase-3 (triggering neuronal apoptotic cell
death) [2,62,63]. Oxidative stress remarkably contributes to the
onset and advancement of AD [64,65]. Present pharmacological
treatments fail to address the fundamental pathological
mechanisms of AD, offering only symptomatic alleviation.
Antioxidant compounds are being increasingly recognised for
their potential in managing the pathology of AD. Magnolol (as
a part of Magnolia bark extract) has been used by humans for
ages under Chinese and Japanese traditional medicine systems.
Magnolol has been reported to have a neuroprotective effect
in vitro by its antioxidant and caspase-3 inhibitory activities
[17,20]. In the present study, magnolol treatment has been shown
to have a remarkable in vivo antioxidant activity. The expression
of caspase-3 in cortical and hippocampal tissues of the mouse
brain was also found to be reduced with magnolol treatment.
Furthermore, magnolol has been reported to have an inhibitory
effect on the deposition of ABin a transgenic C. elegans [21]. In
our study, it was reported that magnolol decreases the production
of neurotoxic AP by inhibiting B-secretase enzyme and helps
in the disintegration of AP, _,, oligomers. This research reveals
that magnolol mitigates amnesia and cognitive insufficiencies
by affecting various pathological pathways associated with
AD. As a phenolic compound, its notable antioxidant properties
play a crucial role in alleviating AD symptoms. Its ability to
scavenge free radicals protects neurons from degradation,
thereby preserving their integrity. In addition, it inhibits the
AChE enzyme, leading to increased levels of acetylcholine in the
cortex and hippocampus. This neuronal protection, particularly
for cholinergic neurons, is enhanced by improved acetylcholine
levels, resulting in improved memory and cognitive function.
Moreover, magnolol’s effects on the amyloid route of
pathogenesis may offer disease-altering relief in AD-affected
brains. It also prevents neuronal apoptosis by inhibiting caspase-3
and remarkably elevates BDNF levels, indicating its role in
restoration of BDNF-dependent synaptic plasticity and neuronal
cell survival. The multifactorial effects observed with magnolol
are consistent with those reported in the pharmacological profile
of other neuroprotective compounds from plant sources. For
example, naringenin [9] and hesperidin [66] have been shown to
reduce AChE activity, reducing the markers of oxidative stress
and lower the AP burden in AlCl,/D-galactose models in rodents,
and vanillin [30,32,67] and epigallocatechin gallate [68,69]
possess AP disaggregating behaviour and caspase-3 inhibition
in a fashion similar to those observed with magnolol. Compared
with these compounds, magnolol shows a greater convergence of
action (including inhibition of -secretase, restoration of BDNF,
disintegration of A aggregates, and attenuation of caspase-3),
potentially suggesting that magnolol may have effects on
upstream pathways as well as downstream pathways relating to
neurodegeneration. This suggests magnolol as a potential multi-
target natural agent in this expanding class of anti-AD candidates
derived from plants. The restoration of BDNF levels observed
in this study also parallels reports from other polyphenols and
neolignans, many of which enhance synaptic plasticity through
CREB-BDNF signalling. However, the concurrent reduction
in B-secretase activity and AP,_,, aggregation distinguishes
magnolol from several natural compounds that predominantly
act as antioxidants. This dual impact on amyloid processing
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and neurotrophic support provides a mechanistic rationale for
magnolol’s ability to improve cognitive performance more
comprehensively than single-pathway agents. This study
underscores magnolol’s potential as an effective, safe, and cost-
efficient pharmacotherapeutic option for AD.

The present study corroborates the previously established
findings pertaining to magnolol, such as antioxidant effect [70,71],
ACHE inhibition [72,73], B-secretase inhibitory activity [74], anti-
AP aggregatory activity [21], BDNF upregulation activity [75,76],
and overall neuroprotective action by eliciting reduction of
apoptosis by inhibition of caspase-3 [20,77,78]. This investigation
has some limitations that should be acknowledged. First, the sample
size (n = 6 per group) was adequate for the behavioural and
biochemical analyses but limits the statistical power of the research
to detect subtle changes. Second, the absence of histological
or immunohistochemical confirmation reduces the ability to
visualise region-specific neurodegeneration. Consequently, future
studies that include histopathological assessment, other molecular
endpoints, and other models of AD will be indispensable in the
validation and extension of these findings.

5. SUMMARY AND CONCLUSION

This study presents a comprehensive evaluation
of the pharmacological potential of magnolol (a bioactive
neolignan isolated from M. officinalis) and highlights its
variety of pharmacological effects such as neuroprotective, and
antioxidant activities. Through detailed assessment, including
studies of behavioural parameters, biochemical parameters,
and molecular markers, magnolol consistently demonstrated
its potential anti-AD effect. It exhibited ability to mitigate
oxidative stress, subdue key factors of neurodegeneration, and
improve functional outcomes in relevant experimental models.
These experimental observations corroborate its acceptance in
traditional medicine systems and are further supported by its
high LD, value, which reassures its favourable safety profile.
On mechanistic basis, the neolignan exerts multi-targeted
actions which are relevant to AD, such as inhibition of AChE,
B-secretase, and caspase-3, reduction of AP aggregation,
mitigating oxidative stress, and restoration of BDNF levels.
This goes on to illustrate its capacity to target several connected
pathological pathways simultaneously. In the context of the
persistent scarcity of effective disease-altering therapeutic
interventions for AD, the multi-targeted and biologically
robust nature of magnolol indicates its promise as a natural
therapeutic candidate that could meaningfully supplement the
existing anti-AD armamentarium. Collectively, these findings
provide compelling justification for further exploration of
magnolol for development of safer, more comprehensive
interventions for neurodegenerative disorders.

6. KEY TAKEAWAYS

* Magnolol showed clear neuroprotective benefits in the AICI,
+ D-galactose AD model, with noticeable improvements in
learning and memory.

* Its effects seem to come from several pathways working
together, i.e., strong antioxidant action, along with lowering
AChE, B-secretase, and caspase-3 activity.

* Magnolol helped in the breakdown of Af, . plaques.

1-42

* Treatment restored BDNF levels, supporting healthier
synaptic function and better neuronal survival.

e Behavioural performance in MWM, EPM, and NOR
improved.

* Magnolol has a favourable safety background, supported by
long-standing traditional use.

* This work marks the first comprehensive in vivo study to
show magnolol influencing several AD-related pathways at
once.

* The main limitations were the small sample size and the
absence of histopathological evidence, which future studies
should address.

* Overall, magnolol represents a promising, multi-target,
natural compound candidate for AD therapy with potential
advantages over current symptomatic treatments.

7. LIST OF ABBREVIATIONS

AChE, Acetylcholinesterase; AD, Alzheimer’s disease;
AP, Amyloid beta; BDNF, Brain-derived neurotrophic factor;
CAT, Catalase activity; CCSEA, Committee for Control and
Supervision of Experiments on Animals; DC, Disease control;
EL, Escape latency; ELISA, Enzyme-Linked Immunosorbent
Assay; GSH, Glutathione; IAEC, Institutional Animal Ethics
Committee; MWM, Morris Water Maze; NOR, Novel object
recognition; TBARS, Thiobarbituric acid reactive substances;
TL, Transfer latency; VC, Vehicle Control.
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