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A B S T R A C T

Oryza sativa is a globally recognized staple food, rich in essential phyto-phenolic compounds such 
as γ-Oryzanol (OZ), Ferulic acid (FA), and Ellagic acid (EA). These phytochemicals are known for 
their potential to beneficially modulate molecular biochemistry. The present investigation aimed 
to evaluate the neuroprotective and cognitive enhancement effects of Oryza sativa phyto- 
phenolics in a model of early-onset Alzheimer’s disease (EOAD) induced by Aβ (1-42) in ani-
mals. In-silico studies suggested that FA, OZ, and EA have target specificity for Aβ, with EA being 
further selected based on its potent in-vitro Aβ anti-aggregatory effects for exploring neurode-
generative conditions. The in-vivo experiments demonstrated that EA exerts therapeutic effects in 
Aβ-induced EOAD, modulating both biochemical and behavioral outcomes. EA treatment at two 
dose levels, EA70 and EA140 (70 μM and 140 μM, respectively, administered i.c.v.), significantly 
counteracted Aβ aggregation and modulated the Ca2⁺/Calpain/GSK-3β/CDK5 signaling pathways, 
exhibiting anti-tauopathy effects. Additionally, EA was shown to exert anti-inflammatory effects 
by preventing astroglial activation, modulating FAIM-L expression, and protecting against TNF- 
α-induced apoptotic signals. Moreover, the neuromodulatory effects of EA were attributed to the 
regulation of CREB levels, Dnm-1 expression, and synaptophysin levels, thereby enhancing LTP 
and synaptic plasticity. EA also induced beneficial cytological and behavioral changes, improving 
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both long-term and short-term spatial memory as well as associative learning behavior in the 
animal model, which underscores its cognitive enhancement properties.

1. Introduction

Alzheimer’s disease (AD) is a global threat, associated with progressive and continuous retardation in cognitive function which 
involves loss of the functional neurons (i.e. cholinergic neurons) and associated communicating synapses along with the existence of 
specific pathological markers i.e. senile plaques, neuropil threads, and neurofibrillary tangles incorporated with phosphorylated tau 
[1]. The aggravators involve a modified lifestyle, deceitful social habits, anomalous peripheral or central metabolism, and mutagenesis 
in functional genes. Moreover, chemical exposure and psycho-physiological stress are also major risk factors for AD-associated de-
mentia. AD abnormalities are accompanied by intrusion in the cerebral downstream secondary messenger system associated with the 
regulation of synaptic plasticity, neuronal firing, and neural architecture [2] along with the accumulation of detrimental neuronal 
byproducts i.e. extracellular amyloid beta (Aβ) and intracellular neurofibrillary tangles (NFT) [3]. AD is accountable for about 50 % of 
age-associated pathology of dementia and its outbreak is raised from 1 to 5% in people aged above 65 years, and up to 20–25 % in the 
80-year-old population [4].

Ferulic acid (FA), an aromatic phenolic phytoconstituent of Oryza sativa is the most potential molecule that exists in an esterified 
form i.e. γ-Oryzanol (OZ) by establishing an ester bond with cyclopentanperihydrophenanthrene [5]. Fundamentally, OZ is constituted 
of cycloartenyl ferulate, campestryl ferulate, 24-methylene cycloartanyl ferulate, and sitosteryl ferulate [6]. OZ is reported for 
anti-oxidative, anti-AchE [7], anti-inflammatory [8], immunomodulatory [9], anti-atherosclerotic, anticancer [10], and anti-diabetic 
[11] properties. Scientific evidence based on recent research by different investigators has revealed lucrative properties of FA against 
cognitive inadequacies in Aβ (1-40), scopolamine, and central neurotoxin i.e. ethylcholine mustard aziridinium ion (AF64A) treated 
experimental animals at a dose of 100 mg/kg [12]. Chemically ellagic acid (EA) is a phytopolyphenolic lactone (C14H6O8) [13] and has 
been known to alter profuse signaling inside cells to pauperize progression of diverse neurodegenerative abnormalities. Its neuro-
protective effectiveness is attributable to its ROS scavenging, iron chelating properties, positive regulation of energetics of mito-
chondrial respiratory complex, and abundant modulation of neuronal molecular signaling pathways [14].

Present work reports screening of the most potent phytoconstituent from OZ, FA, and EA after in-silico docking and in-vitro Aβ (1-42) 
(Aβ) antiaggregatory assay followed by in vivo investigation of EA in Aβ induced amyloidopathy in experimental rodents.

2. Materials and methods

2.1. Chemicals

EA was procured as the gratis sample from Sami Labs Ltd, India, OZ was procured from TCI Chemicals (India) Pvt. Ltd., and DONO 
was provided by Troikaa Pharmaceuticals Limited, Ahmedabad, India. Aβ (1-42) (A9810–0.1 mg) and Rat Aβ (1-42) (SCP0038-1 MG) 
were procured from Sigma, USA. 1, 1, 1, 3, 3, 3-hexafluro-2-propanol (HFIP) was purchased from CDH. DMSO was procured from 
Himedia Labs, Mumbai, India. Prime script first strand cDNA synthesis kit, triazol (RNAiso Plus), and PCR master mix (Clontech) were 
procured from Takara, USA. ELISA kits for Aβ, p-Tau, CREB, and calpain-1 as well as Ca2+ assay kits were purchased from Elabscience, 
USA. TNF-α ELISA kit was procured from Krishgen, USA.

2.2. Molecular docking

Since no inbuilt ligand was available in RCSB-PDB and neither the information regarding the active site for Aβ was available, 
interactions study with the test molecules was carried out using the psim findcav method in SYBYL X of Tripos Associates, St. Louis, 
MO, USA and the ProtoMol was created followed by energy minimization. Previously this method has been reported for successful 
identification of ligand binding sites in targeted proteins [15]. After the creation of ProtoMol the prepared protein and the 
energy-minimized investigational molecules were saved in .PDB and .SDF format respectively and uploaded to Pose View Center for 
Bioinformatics: Universität Hamburg [16] to get 2-dimensional images of protein-ligand interaction and the hydrogen bond, π-π, and 
hydrophobic interactions between amino acid and investigational molecules were analyzed. The crash score and polar score were 
taken under consideration to evaluate the degree of interaction concerning the appropriateness of penetration in the binding cavity as 
well as hydrogen-bond interaction. The higher hydrogen-bond interaction was more emphasized to assess the superior ligand likeliness 
of the test molecule.

2.3. In vitro Aβ antiaggregatory assay

Aβ was dissolved in 888 μL 100 % HFIP to get 25 μM of effective concentration and sonicated for 10 min. Then the solution was 
allowed to be kept at RT for 1 h. With a gentle flush of nitrogen stream, the HFIP was evaporated to obtain a thin transparent film of Aβ. 
Until utilization the prepared vial was stored in dry ice. At the time of use, the dried film was reconstituted with 10 % DMSO in 7.4 pH 
PBS. In Black corning 96 well plate, 9 μL Aβ (Control) and Aβ with 5 μL of the test molecules i.e. OZ, FA, EA, and DONO were dispensed 
in the respective wells at different concentrations and incubated at 37 ◦C in the incubator for 48 h. After completion of incubation, 200 
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μL of 5 μM ThT in glycine buffer (pH 8.0) was administered in each of the wells. After stabilization of ThT, the fluorescent intensity was 
measured at 446 nm excitation and 490 emission wavelengths through a fluorescent plate reader (TECAN). The % reduction in Aβ 
aggregation was calculated from the following formula [17–20] and the images were taken at 250× magnification under the fluo-
rescent microscope. 

% Aβ (1 − 42) antiaggregatory activity=

(Intensity of control − Intensity of blank)−
(Intensity of test − Intensity of blank)

(Intensity of control − Intensity of Blank)
X 100% 

2.4. Animals

6–9 months old male Wistar rats weighing 300–470 g were taken from the animal house facility of the Institute of Pharmacy, Nirma 
University. The experimental protocol was approved by the Institutional Animal Ethics Committee of the Institute of Pharmacy, Nirma 
University. Project No. IP/PCOL/PHD/21/013. The animals were accustomed to a 12-h day/night cycle at 22 ± 2o C and were allowed 
free access to food pallets (Pranav Agro Foods Pvt. Ltd., Vadodara) and water.

2.5. Animal grouping and treatment protocols

The animals utilized in the protocol were acclimatized for 7 days in laboratory conditions and trained 5 days before the experiment 
for evaluation of behavior paradigms associated with cued/delayed avoidance test. A priori power analysis was conducted using 
G*Power software to determine the appropriate sample size for the study. A total sample size of 84 animals, divided into four groups (n 
= 21 per group) namely, Sham control (SH), Aβ + Vehicle (AB), Aβ + EA70 (EA70), and Aβ + EA140 (EA140). The analysis assumed a 
large effect size (f = 0.8), an alpha error probability of 0.05, and one covariate. The analysis indicated a noncentrality parameter (λ) of 
53.76, a critical F-value of 2.72, denominator degrees of freedom of 78, and a power (1-β error probability) of 0.9999976. These results 
suggest that the study is highly powered to detect significant differences between the groups. Neurodegeneration was induced in all the 
groups except the SH group by 10 μL rat Aβ monomer (AMO) (10 μL of 1 μg/μL (221.5 μM), i.c.v.).

2.5.1. Surgical method
With quite modifications in the published methods, the surgical process was performed. Animals were anesthetized by ketamine 

(100 mg/kg, i.m.) and diazepam (5 mg/kg, i.p.) [21]. With the help of a dental drill (Marathon), a bur hole was made in the skull at the 
coordinate of − 1.0 mm A/P, 1.5 mm M/L, and 3.5 mm D/V from the bregma. A clean sterilized guiding cannula was mounted and 
lowered slowly at the specified ventral coordinate. The anchor screw was inserted ipsilateral and contralateral to the burr hole. A thick 
layer of dental cement (Zinc F+, Zinc phosphate cement) was applied to cover the screw to secure the guiding cannula at the place. The 
incision was disinfected with povidone-iodine ointment (10 %). Before the attainment of consciousness, the animals were housed 
individually in different cages. The guiding cannula was sealed by a dummy cannula.

2.5.2. Aβ monomer (AMO) preparation
AMO was formulated by the formerly described method [22]. With slight modification, the Rat Aβ solution was prepared in 1 mL 

HFIP. After 10 min of sonication in ice-cold conditions, the solution was divided into 20 aliquots with 50 μL each. After 15 min of 
air-drying on an ice bath, the HFIP was removed by gentle nitrogen flush. The microcentrifuge tubes containing thin film were kept at 
− 30o C for further usage. Before initiation of the surgical procedure monomer peptide was reconstituted with 10 μL DMSO followed by 
sonication for 10 min and diluted by 40 μL of 10 mM 7.4 pH PBS to get a final concentration of 221.5 μM (1 μg/μL). The resultant 
solution was sonicated again for 1 min and used immediately.

2.5.3. AMO and drug administration
AMO (10 μL, 1 μg/μL) was administered in all the groups except the SH group through an insertion cannula at the flow rate of 1 μL/ 

min. In the EA70 and EA140 groups, 10 μL EA (70 μM and 140 μM; prepared in 10 % DMSO in 7.4 pH PBS) were administered i.c.v. once 
180 min before administration of AMO at the flow rate 1 μL/min. Animals of the AB group were treated with 10 % DMSO in 7.4 pH PBS. 
The dose of ellagic acid (EA) was selected based on an in vitro Aβ oligomer inhibition test and safety assessment by resazurin assay.

2.6. Behavioral assessment

At the end of the study behavioral assessment was carried out by water maze to determine spatial working and reference memory 
and a cued/delayed conditional avoidance test was carried out using Cook’s pole climbing apparatus to test the associative memory.

2.6.1. Morris water maze task (MWM)
Three start locations were set in three different quadrants of the water maze and labeled as B, C, and D. In the A quadrant the escape 

platform was placed. To each of the animals, 1 min of a single trial was given from every starting point. One minute of resting period 
was given to each animal between every trial from different starting points. Those animals that took more than 1 min to reach the 
escape platform were guided to the platform and allowed to stand on the platform for 1 min and their escape latency was recorded as 
60s. The study was conducted for 5 days and on the 6th day a probe trial was performed to evaluate spatial reference memory and 
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learning behavior. The swimming pattern and speed of swimming were recorded through Intex Webcam with the help of video 
tracking software [23].

2.6.2. Cued/delayed conditioned avoidance behavior test for learning and memory (CCA)
Animals were acclimatized for 7 days before baseline evaluation of the Cued/delayed avoidance behavior test in animals. After 

acclimatization, for the next 5 consecutive days, animals were trained for cued/delayed avoidance tasks to assess the learning ability of 
animals against unconditional stimuli (shock). For this on the first day of training animals were exposed to experimental apparatus (i.e. 
Cook’s Pole climbing apparatus) for 2 min. After 25 s of conditional stimuli (sound) 20–25 shocks (200-V 2 mA 50 Hz) were given for 1 
s at the interval of 2 s. The lag phase between conditional and unconditional stimuli was reduced gradually as described in the training 
scheme (Fig. 1). The study was terminated on the fifth day. The average latency for pole climbing and the percentage of cued/delayed 
conditional avoidance were calculated. After completing the treatment protocol, the ability of trained animals to differentiate between 
conditional and unconditional responses was assessed. Additionally, to confirm that the increase in latency was due to the toxic effects 
of Aβ, the test was performed on the third day, following a one-day rest phase.

2.7. Tissue homogenate preparation

The brain was removed from each animal (n = 12) after reperfusion with 7.4 pH PBS on the 30th day. The hippocampus, amygdala 
(AMD), and prefrontal cortex (PFC) were isolated from each rat brain as per the reported method [24] on ice chilled metal plate. Lysis 
buffer (0.1 M Tris, 150 mM NaCl, 1 % Triton-X, 0.5 % sodium deoxycholate, 1 mM EGTA was stored at 2–4 ◦C until use and just before 
preparation of homogenate protease inhibitor cocktail, phosphatase inhibitor cocktail, and 1 mM PMSF were added freshly in 100 mL 
lysis buffer. The tissue homogenates of isolated regions of each brain (n = 6) were prepared in a 1:10 ratio of tissue: Lysis buffer in an 
ice bath. The homogenate was stored immediately at − 80 ◦C until use. During evaluation, the homogenates were thawed at RT and 
centrifuged at 10,000 RPM for 10 min at 4 ◦C. The clear supernatants were used to quantify p-tau, Aβ, CREB, calpain-1, and TNF-α. The 
remaining brain sections were homogenized in ice-cold deionized water to estimate the Ca2+ level in brain tissue. For this tissue and 
deionized water were mixed in a 1: 9 ratio and homogenized in an ice water bath and centrifuged at 2500 RPM for 10 min and su-
pernatant was taken for calcium level assessment.

2.8. Biochemical parameters

2.8.1. Blood collection
Blood samples were obtained from each animal via retro-orbital puncture and were left undisturbed for 30 min to allow clot 

formation. The serum was separated at 4 ◦C at 7500 RPM for 7 min. The serum was utilized to measure serum Aβ, p-tau, and TNF-α 
levels.

Fig. 1. Acclimatization and training scheme for conditional fear avoidance prior to induction. This figure illustrates the acclimatization process, and 
the training scheme used to condition the animals for the conditional fear avoidance task before the induction phase. The protocol includes a period 
of environmental acclimatization, followed by a series of training sessions designed to establish a learned fear response to conditional stimuli. The 
schematic outlines the timeline and key steps in preparing the animals for the experimental procedures, ensuring consistency and effectiveness in 
the behavioral conditioning required for the study.

A.B. Jha et al.                                                                                                                                                                                                          Heliyon 10 (2024) e37372 

4 



2.8.2. ELISA
100 μL of standards Aβ, p-tau, CREB, Calpain-1, and TNF-α were used to prepare the calibration curve (Concentrations were taken 

as per the manufacturer’s manual of ELISA). Homogenates’ supernatant and serum were added to the rat anti-Aβ antibody pre-coated 
96 wells and allowed to be incubated for 90 min at RT. The contents from each well were decanted by gentle tapping on absorbing blot 
paper but not washed by washing buffer. 100 μL of biotinylated detection antibody was dispensed to each well and allowed to incubate 
at RT for 60 min. Each well was washed 3 times at intervals of 1 min of soak time by 300 μL 1× washing buffer. 100 μL streptavidin- 
coated HRP conjugate was added and incubated for 30 min at RT. Each well was washed 5 times with 1 × washing buffer at the interval 
of 1 min soak time. The plate was incubated with 90 μL TMB for 15 min at RT in dark conditions. At the end 50 μL stop solution was 
added immediately and the plate was read at 450 nm in Readwell touch ELISA plate reader. The concentration of Aβ, p-tau, and TNF-α 
in brain tissue homogenates was reported as pg/mg protein. While CREB and Calpain-1 were reported as pmol/mg protein and ng/mg 
protein respectively. Serum levels of Aβ, p-tau, and TNF-α were reported as pg/mL.

2.8.3. Brain calcium
Brain calcium (Ca2+) level was estimated by the colorimetric method through a calcium assay kit. For this 2.5 μmol/mL calcium 

standard solution was diluted to 1 μmol/mL by deionized water. The detection solution was prepared by mixing MTB reagent, alkaline 
solution, and protein clarifier in a 10:20:1 ratio. Immediately 10 μL deionized water, 10 μL standard, and 10 μL supernatant were 
dispensed in the respective wells and mixed with 250 μL of detection solution then incubated for 5 min. The absorbance was measured 
at 630 nm in a well plate reader. The Ca2+ level was estimated from the following formula. The level was represented as μmol/mg 
protein. 

Calcium level=
(Absorbance of sample − Absorbance of blank)
(Absorbance of standard − Absorbance of Blank)

x Concentration of standard
÷Protein concentration 

2.9. Gene expression study

Gene expression studies for FAIM-L, Dnm-1, GSK-3β, and CDK5 were carried out from rat brain hippocampus and PFC (n = 3). 
Primers with the sequence provided in Table 1 were designed with the help of the NCBI primer designing tool. The RNA isolation was 
carried out using triazole (RNAisoplus) and subsequent cDNA was synthesized by prime script 1st strand cDNA synthesis kit, Takara. 
The genes were amplified at the Tm given in Table 1. The extent of amplification for each amplicon was analyzed through a gel 
documentation system (Biotop, florshot EVO, Shanghai Bio-Tech Co. LTD) after gel electrophoresis. The intensity of bands was 
quantified using ImageJ software.

2.10. Fixation of brain sections

The brain was fixed using whole-body perfusion while the rats were anesthetized with 100 mg/kg ketamine and 5 mg/kg diazepam. 
The brain was then isolated, post-fixed, and stored according to the previously described method [25].

2.11. Histopathological changes

Histopathological analyses were conducted following a previously published method [26] with reference to the Brain Explorer-2 
software, version 2.3.5, a digital rat brain atlas. The reperfused rat brains were fixed in Bodian’s fixative for 48 h, sectioned into 5 mm 
thick coronal slices, and embedded in paraffin wax. Thin coronal sections, 5 μm in thickness, were then obtained using a microtome. 
Hematoxylin-eosin (HE) staining was performed according to the reported protocol [27]. The anatomical structures of the hippo-
campus proper, including the CA1, CA2, and CA3 regions, and the DG, as well as the interconnecting areas such as the ERC and PFC, 
were analyzed under a light microscope (Olympus America Inc.) at 250× magnification. The AMD was examined at 400×
magnification.

Table 1 
Gene specific primers for RT-PCR and Tm.

Genes Primers Tm

GAPDH F 5′- ATGTTCGTCATGGGTGTGAACCA-3′ 62.64
R 5′- TGGCAGGTTTTTCTAGACGGCAG-3′ 63.23

FAIM-L F 5′-TAAGAAGAGAGTGGATGTTCAAGC-3′ 58.52
R 5′- GTAACAGTCGTGGTTCCCCA-3′ 59.61

Dnm-1 F 5′- ACTGACCAACCACATCCGGGA 63.48
R 5′-AAGCGTTCGTGGAAGATCCGG-3′ 63.01

GSK-3β F 5′- GGAGAACTGGTGGCCATCAAGAAAG -3′ 63.79
R5′- GCTTTGCACTTCCAAAGTCGCAG-3′ 63.44

CDK5 F 5′- AGCCGTAACGTGCTGCACAG-3′ 63.64
R 5′- AGCTGGTCATCCACATCATTGCC -3′ 63.38
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2.12. Silver stain

The silver staining was performed by Bielschowsky’s method [28]. The deparaffinized brain sections (n = 3) from each group were 
hydrated with double distilled water, placed on slides, and stained with 2 % silver nitrate under a dark chamber for 2 days. Next, the 
sections were rinsed with double distilled water several times and placed in the chamber having ammoniacal silver nitrate solution for 
20 min. The sections were again rinsed and treated with 0.2 % gold chloride solution for 1 h. The sections were washed to remove 
excess stain and processed with 5 % sodium thiosulfate for 1 min. Sections were washed again, dehydrated by xylene, and fixed on the 
slide with DPX: xylene mounting solution. The slides were studied for silver-stained plaques and NFT in similar regions of all brain 
sections i.e. CA1, CA2, CA3, DG, ERC, and PFC at 250× and AMD at 400× magnification under phase contrast microscope (Olympus 
America Inc.).

2.13. Immunohistochemistry

The deparaffinized brain sections were gently cleaned under running tap water, autoclaved at 121 ◦C for 20 min, and soaked in 
distilled water for 1.5 h. After treatment with 3 % H2O2 solution, the sections were again washed with PBS. The thin coronal sections 
were allowed to react with the primary antibody of GFAP and synaptophysin for 35 min at RT. After the removal of unbound antibodies 
by washing with PBS, the HRP-conjugated secondary detection antibodies were added and allowed to react for 30 min at RT. The 
sections were again washed with PBS to remove residual secondary antibody. 3, 3′- diaminobenzidine (DAB), the HRP substrate was 
added to develop color. The residual unreacted DAB was removed by washing with running water. Nucleus were stained by coun-
terstaining with hematoxylin. The residual stain was removed by washing under running warm water and dehydrated with blotting 
paper. The stained sections were mounted permanently on the slide with the DPX: xylene mixture. The slides were studied for the 
immunoreactivity of GFAP (100×) and synaptophysin in similar regions of all brain sections i.e. CA1, CA2, CA3, DG, ERC, and PFC) at 
250 × and AMD at 400× (for both GFAP and synaptophysin) magnification under phase contrast microscope (Olympus America Inc.). 
The images were prepared for analysis by Digimizer version 5t.4.2. Mean GFAP count and mean synaptophysin count were performed 
by Image J software version 1.46r.

2.14. Statistical analysis

Statistical analyses and graph generation were performed using GraphPad Prism software, version 10 (GraphPad Software, San 
Diego, CA, USA). Data are presented as Mean ± SEM, and a p-value of <0.05 was considered statistically significant. To evaluate the 
interaction between treatment and brain regions in ELISA, gene expression, and immunohistochemistry analyses, a two-way ANOVA 
was initially conducted. Differences among all groups (SH, AB, EA70, and EA140) were then analyzed using one-way ANOVA, followed 
by Dunnett’s multiple comparison test.

For behavioral assessments, including the Morris Water Maze (MWM) test (acquisition trials) parameters (escape latency, swim-
ming velocity, and total distance) and the Cued/Delayed Conditional Avoidance (CCA) test (training) parameters (% cued/delayed 
conditional avoidance and average latency for pole climbing), treatment × day interactions were evaluated using repeated measures 
(RM) two-way ANOVA. Significant differences among the groups, including outcomes of the MWM probe test and CCA retrieval 
evaluations, were further analyzed using one-way ANOVA followed by Dunnett’s multiple comparison test.

3. Results

3.1. Interaction of drugs with Aβ

Molecular docking revealed different binding interactions of investigational compounds with Aβ at the generated protomol at the 
chain–A in its α-helical form. The amino acid interactions of Aβ with DONO, FA, OZ, and EA components are shown in Fig. 2(A–F).

DONO (crash score: − 1.0611, polar score: 1.0483) exhibited hydrogen bond interaction with His13, hydrophobic interaction with 
Phe20, Val24, Ile31, and Leu34 as well as π-cation interaction with NH3+ of Lys16. 4-OH, group of FA (crash score: − 0.3819, polar 
score: 1.1933) forms hydrogen bond interaction with Leu17. Furthermore, its benzene ring forms a hydrophobic interaction with 
Leu17. The carbonyl group of ferulate ester in 24-methylene cycloartanyl ferulate (crash score: − 1.2011, polar score: 1.3717) forms 
classical hydrogen bonding with NH3+ of Lys16 whereas the rest of the sterolic counterpart revealed hydrophobic interaction with 
Met35. The campestryl ferulate (crash sore: − 1.1674, polar score: 0.0170) revealed a similar classical hydrogen bond as well as hy-
drophobic interaction as revealed by 24-methylene cycloartanyl ferulate with additional Phe20 hydrophobic interaction. Cycloartenyl 
ferulate (crash sore: − 0.7834, polar score: 0.0000) revealed neither hydrogen bond nor hydrophobic interactions with Aβ (Fig. 2 G). 
Sitosteryl ferulate (crash score: − 2.1056, polar score: 1.3297) exhibited hydrogen bond interaction with Lys16 through the oxygen of 
ferulate which takes part in esterification with sterol. The remaining sterolic portions revealed hydrophobic interactions with Leu17, 
Lys28, and Phe20. EA (crash score: − 0.9662, polar score: 2.6946) showed π-π staking interaction with Phe20, hydrogen bond 
interaction with Leu17 and Lys16. Interestingly, EA revealed two hydrogen bond interactions: one with the NH₃⁺ group and another 
with the carbonyl group (C=O) of Lys16, through its carbonyl (C=O) and hydroxyl (-OH) groups, respectively, suggesting potent H- 
bonding of EA at the Aβ interaction site.
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3.2. Aβ anti-aggregatory assay

To validate the in silico docking results, the in vitro Aβ anti-aggregatory potentials of DONO, FA, OZ, and EA were evaluated. 
Several phenolic acids have been reported to exhibit anti-amyloidogenic effects [29]. Our investigation demonstrates the percentage of 
Aβ anti-aggregatory effects of DONO (IC50 > 1000 μM), FA (IC50 > 1000 μM), OZ (IC50 = 30.81 ± 3.64 μM), and EA (IC50 = 8.01 ± 0.5 
μM) as shown in Fig. 2H–K, respectively, against 25 μM of Aβ (Fig. 2 L). A dose-dependent increase in the percentage of Aβ 
anti-aggregatory effect was observed with all the compounds.

3.3. Effects of EA on AB-induced plaque formation and tau phosphorylation

AD reveals the existence of various pathological hallmarks i.e. extra neuronal oligomeric plaque due to Aβ deposition, intra 
neuronal NFTs due to tau hyperphosphorylation, and substantially active glial cells involved in gliosis inside the cerebral realm [30]. 
The current study signified the existence of all these classical biochemical alterations in rat brains more precisely in the hippocampus, 
PFC, and AMD in association with the activation of several upstream and downstream signals after i.c.v. AB administration which 
contributes to the progression of AD pathogenesis.

3.3.1. Aβ level
A significant elevation in Aβ levels was observed in the brain, specifically in the hippocampus (DF = 3, F (3, 20) = 8.509, p =

0.0011), PFC (DF = 3, F (3, 20) = 11.49, p = 0.0003), and AMD (DF = 3, F (3, 20) = 39.00, p < 0.0001), as well as in the serum (DF = 3, 
F (3, 20) = 22.29, p < 0.0001) of the AB group animals compared to the SH group. The EA70 group showed a significant decline in Aβ 
levels in the brain (hippocampus: p = 0.0103; PFC: p = 0.0035; AMD: p < 0.0001) as well as in serum (DF = 3, F (3, 20) = 22.29, p =
0.0001). EA140 treatment group also showed significantly reduced Aβ levels in the brain (hippocampus: p = 0.0028; PFC: p = 0.0005; 
AMD: p < 0.0001) as well as in serum (p < 0.0001) compared to the AB group (Fig. 3 B).

3.3.2. Calcium/Calpain-1 levels
Animals from the AB group showed a significant elevation in Ca2⁺ levels (hippocampus: DF = 3, F (3, 20) = 10, p = 0.0032; AMD: 

DF = 3, F (3, 20) = 3.628, p = 0.0215) as well as in calpain-1 levels (hippocampus: DF = 3, F (3, 20) = 8.312, p = 0.0006; PFC: DF = 3, 
F (3, 20) = 4.761, p = 0.0127; AMD: DF = 3, F (3, 20) = 28.07, p < 0.0001) when compared with the SH group. EA70 treatment 
significantly reduced calpain-1 levels in the PFC (p = 0.0069) and AMD (p < 0.0001), while EA140 treatment revealed significant 
reductions in calpain-1 levels in the PFC (p = 0.0110) and AMD (p = 0.0051). Changes in the hippocampus were statistically insig-
nificant at both dosages compared to the AB group (EA70: p = 0.9040; EA140: p = 0.1177). A significant reduction in cerebral Ca2⁺ 
levels was observed in the hippocampus (EA70: p = 0.0009; EA140: p = 0.0001) and PFC (DF = 3, F (3, 20) = 5.151; EA70: p = 0.0069; 
EA140: p = 0.0089) at both concentrations. In the amygdala (AMD), only the EA70 group showed a significant reduction in Ca2⁺ levels 
compared to the AB group (p = 0.0446). (Fig. 3C and D).

3.3.3. Expression of GSK-3β and CDK5
Gene expression studies revealed significantly increased expression of GSK-3β (hippocampus: DF = 3, F (3, 8) = 35.92, p = 0.0007) 

and CDK5 (hippocampus: DF = 3, F (3, 8) = 107.6, p < 0.0007; PFC: DF = 3, F (3, 8) = 85.80, p < 0.0001) in cerebral regions of the AB 
group compared to the SH group. The EA70 and EA140 groups showed significant reductions in the GSK-3β expression (hippocampus: 
EA70: p = 0.0004, EA140: p < 0.0001 and PFC: EA70: DF = 3, F (3, 8) = 9.456, p = 0.0140, EA140: p = 0.0064) and CDK5 expression 
(hippocampus: EA70: p < 0.000, EA140: p < 0.0001; PFC: EA70: p < 0.0001, EA140: p < 0.0001) compared to the AB group (Fig. 3 E).

3.3.4. Phospho-tau level (p-tau)
The AB group showed a significant rise in p-Tau levels in the cerebral regions (hippocampus: DF = 3, F (3, 20) = 23.06, p < 0.0001; 

PFC: DF = 3, F (3, 20) = 96.80, p < 0.0001; AMD: DF = 3, F (3, 20) = 64.48, p < 0.0001) as well as in serum (DF = 3, F (3, 20) = 49.82, 
p < 0.0001) compared to the SH group. The EA70 and EA140 groups showed a significant reduction in p-Tau levels in both the cerebral 
regions (hippocampus: EA70: p = 0.0012, EA140: p < 0.0001; PFC: EA70: p < 0.0001, EA140: p < 0.0001; AMD: EA70: p < 0.0001, EA140: 
p < 0.0001) and serum (EA70: p = 0.0048, EA140: p < 0.0001) compared to the AB group (Fig. 3 F).

3.3.5. Detection of Aβ plaque and tangles
Silver staining of the rat brain sections revealed the presence of amyloidopathy and NFTs in the cerebral regions. The SH group 

showed clear and silver stain-negative representations, indicating the absence of amyloidogenic pathology. In contrast, brain sections 
from the AB group exhibited pathologically abundant senile plaques, including both compact amyloid cores and diffused plaques, 

Fig. 2. Docking interactions of A) DONO; B) FA; C) 24-methylene cycloartanyl ferulate; D) Campestryl ferulate; E) Sitosteryl ferulate, and F) EA 
with Aβ. Black dashed lines exhibit hydrogen bonds. Green solid lines represent hydrophobic interactions, and green dashed lines show π-π and 
π-cation interactions. *No hydrogen-bond or other interactions were shown by Cycloartenyl ferulate; hence, no 2-D pose view image was created. G) 
3-D graphical representation of Cycloartenyl ferulate position revealing no interaction with Aβ. The graph of % Antiaggregatory effect on % Aβ Vs 
Concentrations (μM). % Aβ (1-42) anti-aggregatory effects of H) DONO; I) FA; J) OZ, and K) EA. All data are represented as Mean ± SEM (n = 6). L) 
Effects of investigational molecules on Aβ aggregation pattern at 62.5 and 500 μM. Magnification: 250×, scale bar: 10 μm.
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Fig. 3. A) i. Total protein estimation for cerebral peptide levels; ii. Total protein quantification for Ca2⁺ estimation procedure (n = 6). B) Effects of 
EA treatments on i. hippocampus, ii. PFC, iii. AMD, and iv. serum Aβ levels (n = 6). C) Effects of AB and EA treatments on calcium levels in i. 
hippocampus, ii. PFC, and iii. AMD (n = 6). D) Effects of AB and EA treatments on brain calpain levels in i. hippocampus, ii. PFC, and iii. AMD (n =
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along with NFTs, and amyloidogenic angiopathy. In the EA70-treated group, brain sections showed an absence of amyloidopathy near 
the SGZ of the DG. However, amyloidogenic necrosis was observed near the CA1 region. CA2 and CA3 regions displayed NFTs, though 
their abundance was less than in the AB group. The ERC and PFC regions of EA70-treated brains showed a reduction in diffused plaque 
and NFTs, whereas AMD showed an absence of such pathology compared to the AB group. Similarly, all brain regions in the EA140- 
treated group showed a significant reduction in AD pathology compared to the AB group (Fig. 4A–C).

3.4. Effects of EA in AB-induced inflammatory cascade

3.4.1. Astroglial cell activation and GFAP levels
Immunoreactivity with GFAP in rat brain sections indicated the activation of astroglial cells in various cerebral regions. Brain 

sections from the AB group exhibited a strikingly significant elevation in GFAP-positive cells across all examined areas (DG: DF = 3, F 
(3, 20) = 106.9, p < 0.0001; CA1: DF = 3, F (3, 20) = 20.71, p < 0.0001; CA2: DF = 3, F (3, 20) = 69.19, p < 0.0001; CA3: DF = 3, F (3, 
20) = 218.7, p < 0.0001; ERC: DF = 3, F (3, 20) = 250.6, p < 0.0001; PFC: DF = 3, F (3, 20) = 319.9, p < 0.0001; AMD: DF = 3, F (3, 
20) = 68.84, p < 0.0001) compared to the SH group. The EA70 and EA140 groups revealed significantly reduced levels of active 
astroglial cells in these brain regions (DG: EA70: p < 0.0001, EA140: p < 0.001; CA1: EA70: p = 0.0026, EA140: p < 0.0001; CA2: EA70: p 
= 0.0012, EA140: p < 0.001; CA3: EA70: p < 0.0001, EA140: p < 0.0001; ERC: EA70: p = 0.0002, EA140: p < 0.0001; PFC: EA70: p <
0.0001, EA140: p < 0.0001; AMD: EA70: p < 0.0001, EA140: p < 0.0001), as indicated by a reduction in mean GFAP count (Fig. 5C).

3.4.2. TNF-α levels
TNF-α levels were significantly elevated in the cerebral regions (PFC: DF = 3, F (3, 20) = 29.57, p < 0.0001; AMD (DF = 3, F (3, 20) 

= 4.366, p = 0.0292) as well as in the serum (DF = 3, F (3, 20) = 26.56, p < 0.0001) of the AB group compared to the SH group. A 
significant reduction in inflammation was indicated by a decrease in TNF-α levels in the cerebral areas (PFC: EA70: p < 0.0001, EA140: 
p < 0.0001; AMD: EA70: p = 0.0239) and in the serum (EA70: p < 0.0001, EA140: p < 0.0001) following treatment with EA, compared to 
the AB group (Fig. 6 A).

3.4.3. Expression of FAIM-L
Gene expression analysis revealed a downregulation of FAIM-L in the hippocampus (DF = 3, F (3, 8) = 0.584, p = 0.6286) and 

prefrontal cortex (PFC) (DF = 3, F (3, 8) = 1.459, p = 0.3282) in the AB group compared to the SH group. Although treatment with 
EA70 and EA140 resulted in an observed increase in FAIM-L expression, the changes did not reach statistical significance (hippocampus: 
EA70: p = 0.9896, EA140: p = 0.9954; PFC: EA70: p = 0.9998, EA140: p = 0.7938) when compared to the AB group (Fig. 6 B).

3.5. Effects on neuroregulatory markers

3.5.1. CREB levels
The AB group showed a significant reduction in CREB levels in the hippocampus (DF = 3, F (3, 20) = 28.30, p = 0.0147) compared 

to the SH group. Although the visible declination was also seen in PFC (DF = 3, F (3, 20) = 1.395, p = 0.7827) and AMD (DF = 3, F (3, 
20) = 1.970, p = 0.5921), these alterations were statistically insignificant. EA treatment showed an elevation in CREB levels across all 
three brain regions compared to the AB group. However, a statistically significant elevation was met only in the hippocampus (hip-
pocampus: EA70: p = 0.4335, EA140: p < 0.0001; PFC: EA70: p = 0.9906, EA140: p = 0.2650; AMD: EA70: p = 0.7110, EA140: p = 0.9660) 
(Fig. 6C).

3.5.2. Dnm-1 expression
The hippocampus (DF = 3, F (3, 8) = 38.46, p < 0.0001) and PFC (DF = 3, F (3, 8) = 21.21 p = 0.0002) regions of the AB group 

animals showed a significant downregulation of Dnm-1 levels compared to the SH group. EA treatment significantly upregulated Dnm- 
1 level in both the hippocampus (EA70: p = 0.0033, EA140: p = 0.0003) and PFC (EA70: p = 0.0059, EA140: p = 0.0285) at both dosage 
levels compared to the AB group (Fig. 6 D).

3.5.3. Synaptophysin levels
Neural synaptic plasticity was markedly reduced in the brains of the AB group, as evidenced by a significant decrease in mean 

synaptophysin levels across multiple regions (DG: DF = 3, F (3, 20) = 6.613, p = 0.0204; CA1: DF = 3, F (3, 20) = 15.87, p < 0.0001; 
CA2: DF = 3, F (3, 20) = 23.09, p = 0.0091; CA3: DF = 3, F (3, 20) = 10.16, p = 0.0167; ERC: DF = 3, F (3, 20) = 13.18, p = 0.0380; 
PFC: DF = 3, F (3, 20) = 10.63, p = 0.0032; AMD: DF = 3, F (3, 20) = 16.89, p < 0.0001), indicating Aβ-induced cognitive impairment, 
reduced learning capacity, and impaired memory retrieval. In the EA70-treated group, a significant increase in mean synaptophysin 

6). E) Effects of AB and EA on the gene expression profile of GSK-3β and CDK5. i) SH: a) Hippocampus, b) PFC; AB: c) Hippocampus, d) PFC; EA70: 
e) Hippocampus, f) PFC; EA140: g) Hippocampus, h) PFC. mRNA expression of GSK-3β: ii. hippocampus; PFC and CDK5: iii. Hippocampus; PFC, 
after AB and EA treatments. The relative intensity for each group was calculated relative to the expression profile of the SH group (n = 3). F) Effects 
of AB and EA treatments on cerebral i. hippocampus, ii. PFC, iii. AMD, and iv. serum p-Tau levels (n = 6). All data are represented as Mean ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical analysis was conducted by one-way ANOVA followed by Dunnett’s multiple 
comparison test.
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levels was observed in the ERC (p = 0.0011), PFC (p = 0.0281), and AMD (p = 0.0009). The EA140-treated brains demonstrated a 
significant elevation in mean synaptophysin levels across all analyzed brain regions (DG: p = 0.0026; CA1: p = 0.0329; CA2: p <
0.0001; CA3: p = 0.0003; ERC: p < 0.0001; PFC: p = 0.0001; AMD: p = 0.0002), suggesting a dose-dependent enhancement of synaptic 
connectivity and neural plasticity with EA treatment (Fig. 7C).

3.6. Effects of EA against Aβ induced cerebral damage and behavioral changes

3.6.1. Protective effects of EA on Aβ induced cerebral damage
Histopathological evaluation revealed a normal cytological profile in the hippocampus, ERC, PFC, and AMD of SH group brains. No 

signs of pathological deformities, such as cellular atrophy, apoptotic cells with condensed nuclei, or cellular disarrangements, were 
observed in any of the analyzed regions. The cellular architecture in all the examined areas appeared free from any sign of pathology. 
In contrast, brain sections from the AB group showed strikingly noteworthy disorganization of GCL in SGZ of DG. The granular cells in 
DGEC and DGEN were irregularly altered and misaligned compared to the SH group brains. The CA1, CA2, and CA3 regions showed a 
predominance of apoptotic events and atrophic pyramidal cells. Moreover, The ERC and PFC showed an evident neuronal atrophy and 
the presence of apoptotic cells with condensed nuclei. Similarly, the AMD in the AB group revealed atypical structural deterioration of 
intercalated cells. In contrast, brain sections from the EA70 and EA140 treatment groups revealed strikingly noticeable retardation in 
pathological changes, including disorganization of cytological architecture, neuronal loss, and apoptosis inside the hippocampus 
proper, ERC, PFC, and AMD, indicating the neuroprotective virtue of EA (Fig. 8).

3.6.2. Morris Water Maze (MWM)
An RM two-way ANOVA revealed a significant treatment × time interaction effect on escape latency during the acquisition trial 

phase (DF = 3, F (12, 220) = 1.823, p = 0.0459). Aβ-treated animals demonstrated impaired learning during the acquisition trial, as 
indicated by an increase in escape latency from day 1 to day 5. On the 4th (p < 0.0001) and 5th (p = 0.0002) days of the acquisition 
trial, the AB group showed a significant increase in escape latency, indicating substantial impairment in spatial learning compared to 
the SH group. In contrast, the EA70 (day 4: p < 0.0001; day 5: p < 0.0001) and EA140 (day 4: p < 0.0001; day 5: p < 0.0001) groups 
exhibited a significant reduction in escape latency. A significant treatment effect on swimming velocity was also observed between the 
groups (DF = 3, F (3, 220) = 7.115, p = 0.0001). The AB group did not show any significant changes in swimming velocity at any time 
point during the acquisition trial phase compared to the SH group. However, animals treated with EA70 (day 1: p = 0.0290) and EA140 
(day 5: p = 0.0262) displayed significant variations in swimming velocity. Despite these variations, within-group comparisons (day 1 
to day 5 of the acquisition trial) revealed no fluctuations in velocity (F (3.516, 154.7) = 1.462, p = 0.2217), indicating that treatment 
did not affect motor coordination throughout the study period. The nonsignificant fluctuations in swimming velocity observed in the 
AB group during inter-day comparisons suggest that no adverse changes in motor coordination occurred during the trial phase. No 
significant treatment × time interaction effect (DF = 12, F (12, 220) = 1.520, p = 0.1181) was observed on the distance traveled by 
animals during the acquisition trial phase. However, significant effects of treatment (DF = 3, F (3, 220) = 10.96, p < 0.0001) and day 
(DF = 4, F (4, 220) = 67.17, p < 0.0001) were observed on the traveled distance. The AB group showed a significant increase in the 
distance traveled on day 1 (p = 0.0069) and day 4 (p < 0.0001) compared to the SH group. In contrast, the distance traveled by the 
EA70 (day 4: p < 0.0001) and EA140 (day 4: p < 0.0001) groups was reduced throughout the trial phase, indicating that these animals 
took less time to reach the platform (Fig. 9A–B).

The locomotion path maps generated during the probe trial provided valuable insights into the animals’ spatial memory and 
retention abilities within the target quadrant. After the 5-day acquisition trial, the AB group demonstrated a significant reduction in 
time spent in the target quadrant- A (DF = 3, F (3, 44) = 5.597, p = 0.0013), reflecting impaired retrieval of information related to the 
escape platform. This impairment was further evidenced by a significant increase in escape latency (DF = 3, F (3, 44) = 6.510, p =
0.0130) compared to the SH group. Additionally, the AB group exhibited a marked decrease in the number of crossings over the target 
quadrant (DF = 3, F (3, 44) = 7.585, p = 0.0038) and a significant decline in memory score (DF = 3, F (3, 44) = 5.289, p = 0.0037). In 
contrast, animals treated with EA70 (p = 0.0055) and EA140 (p = 0.0015) demonstrated a significant reduction in escape latency. EA 
treatment also led to a significant increase in retention time (EA140: p = 0.0076), the number of crossings over the target quadrant 
(EA140: p = 0.0005), and an improvement in memory score (EA140: p = 0.0146) compared to the AB group. However, the effects of 
EA70 on retention time (p = 0.1347), the number of crossings over the target quadrant (p = 0.2698), and memory score (p = 0.2184) 
were not statistically significant. The variations in average swimming velocity (DF = 3, F (3, 44) = 2.059, p = 0.1194) and total 
distance traveled (DF = 3, F (3, 44) = 2.088, p = 0.1155) were statistically insignificant across all groups (Fig. 9C–D).

3.6.3. Cued/delayed avoidance behavior test for learning and memory
No significant treatment × time interaction effect was observed during the training phase for either cued/delayed conditional 

Fig. 4. A) Silver staining of rat brain hippocampus proper (DG, CA1, CA2, and CA3), ERC, and PFC. The analysis compares the presence of amyloid 
plaque (thick black arrow), NFT (thin black arrow), and amyloidogenic necrosis (dotted arrow) in several regions. Magnification: 250×, scale bar: 
10 μm. B) Silver staining of rat brain AMD. The analysis compares the presence of amyloid plaque (thin black arrow). Magnification: 400×, scale 
bar: 10 μm. C) Silver staining of ERC and PFC regions of AD brain. The analysis displays the presence of condensed amyloid plaque (black arrow), 
diffused plaque (red arrow), NFT (yellow arrow), and amyloidogenic angiopathy (blue arrow). Magnification: 250×, scale bar: 10 μm. D) Silver- 
stained PFC region of rat brain. i) Black arrow: accumulation of Aβ surrounding the blood vessel; ii) Red arrow: damage of blood vessel and 
deposition of amyloid plaque within. Magnification: 250×, scale bar: 10 μm.
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avoidance (DF = 12, F (12, 220) = 1.718, p = 0.0644) or latency for pole climbing (DF = 12, F (12, 220) = 0.7196, p = 0.7311). 
However, a significant effect of time was evident during both tests: cued/delayed conditional avoidance (DF = 4, F (4, 220) = 33.99, p 
< 0.0001) and latency for pole climbing (DF = 12, F (4, 220) = 61.92, p < 0.0001). These results indicate that animals across all groups 
successfully learned to avoid the cued/delayed conditioned stimuli and were able to distinguish between conditioned and uncondi-
tioned stimuli throughout the training schedule, as reflected by a reduction in latency to climb the pole in response to the sound 
(conditioned stimulus) (Fig. 10 A).

After induction of AD, in 2 days of retrieval task with the one-day gap, animals from the AB group showed a significant reduction in 
% cued/delayed conditioned avoidance (day 3: DF = 3, F (3, 44) = 6.259, p = 0.0028), increase in latency to climb pole (day 1: DF = 3, 
F (3, 44) = 5.125, p = 0.0044; day 3: DF = 3, F (3, 44) = 33.47, p < 0.0001) and increase in the response to unconditional stimuli (day 
1: DF = 3, F (3, 44) = 4.535, p = 0.0085; day 3: DF = 3, F (3, 44) = 4.780 p = 0.0048) when compared to the SH group. EA70 treatment 
resulted in a significant increase in the percentage of cued/delayed conditioned avoidance (day 3: p = 0.0026), a decrease in climbing 
latency (day 3: p < 0.0001), and a marked reduction in responsiveness to the unconditioned stimuli (day 3: p = 0.0198) compared to 
the AB group. Similarly, EA140 treatment significantly enhanced memory retrieval from the training phase, as indicated by an increase 
in the percentage of cued/delayed conditioned avoidance (day 3: p = 0.0010) and a reduction in the percentage of responses to 
unconditioned stimuli (day 3: p = 0.0113). Notably, EA140 also significantly reduced climbing latency on both day 1 (p < 0.0001) and 
day 3 (p < 0.0001) compared to the AB group (Fig. 10 B).

4. Discussion

Several studies have reported the lethal effects of i.c.v. administration of Aβ in rats, highlighting oxidative neuronal decay [31], 
downregulation of cholinergic receptors, elevated astroglial inflammatory signals [32], and the impairment of both short-term and 
long-term memory [33] through various molecular mechanisms at different dose levels. Despite the availability of FDA-approved 
drugs for AD, their severe physiological side effects, variability of efficacy across different individuals, high cost, and modest acute 
benefits have driven the search for safer alternatives to combat such devastating anomaly. In this regard, several phytochemical-
s/herbal supplements, nutraceuticals, minerals, vitamins, and hormones have been explored for their relative safety and effectiveness 
[34,35]. Herein, we studied the effect of EA administered i.c.v. at two dose levels - EA70 (70 μM) and EA140 (140 μM) against Aβ (10 μL, 
1 μg/μL, i.c.v.)- induced amyloidogenic neuropathy. We selected brain regions like the hippocampus, ERC, PFC, and AMD due to their 
critical role in memory formation and their involvement in AD-like pathophysiology. Our research emphasizes four major aspects: a.) 
Aβ-induced amyloidopathy, subsequent tauopathy, and the involved pathways, b.) neuroinflammatory changes, c.) alteration in 
neuromodulator pathways, and d.) Histological changes in neural architecture and their impact on the behavioral alterations observed 
in experimental animals.

The in-silico molecular interactions of investigational molecules were compared with the previous findings [29,36–39]. Among all 
the investigational molecules, EA emerged as the most superior from a polar score perspective, demonstrating the highest polar score 
and greater affinity at the target site, along with an optimal crash score [40,41]. Although the crash scores of other investigational 
molecules, such as FA, and cycloartenyl ferulate counterparts of OZ, were closer to zero compared to EA, their lower polar score 
suggested weaker affinity and interactions with Aβ peptide. Furthermore, EA showed molecular interactions with Lys16, Leu17, and 
Phe20, which have been reported as the prime cleavage site within the Tyr10-Val24 α-helix of Aβ. These interactions are consistent 
with previously reported data [37,42], reinforcing the target selectivity of EA against Aβ-induced amyloidopathy. DONO, on the other 
hand, showed hydrogen bond interaction at His13, a critical residue that, along with Lys16 and other amino acids, forms the 
Tyr10-Val24 α-helix of Aβ [43]. This interaction is crucial for stabilizing the α-helix and preventing its conversion into the more 
aggregatory β-sheet form, as previously observed with nicotine [44]. However, DONO’s weaker hydrogen-bond interaction renders it 
less effective as a ligand for Aβ inhibition. The EA showed 507.04, 241.40, and 3.86-fold higher anti-aggregatory effects against Aβ 
compared to DONO, FA, and OZ respectively, which supports our in-silico outcomes. The fundamental mechanism behind the potential 
of these phenolic moieties to prevent Aβ aggregation lies in their ability to inhibit the latter stages of aggregation, where the oligomeric 
β sheet (converted from α-helical structure by HFIP treatment) transition into protofibrils and ultimately mature fibrils [29], which is 
considered as a critical stage in plaque formation in AD. Consequently, the overall evaluation of these investigational therapeutics 
highlights EA as the most promising molecule of choice for further in-vivo studies against Aβ-induced toxicity.

Disturbance in the clearance process of APP-derived Aβ can lead to elevated neuropathological events. In our experiment, 
biochemical estimation of Aβ in cerebral regions of the SH group unveiled substantial basal levels of Aβ, consistent with the previously 
published reports [45]. In contrast, the Aβ group exhibited significantly higher deposition of Aβ in both cerebral regions and serum. 
This cerebral deposition was strongly associated with alterations in the chemical conformation of Aβ by HFIP treatment, transitioning 
from an α-helical coil to a β-sheet conformation [46], which is more prone to oligomerization, protofibril, and subsequent mature fibril 
formation [29]. Oligomeric Aβ can either modulate NMDA and VDCC activity, altering the intracellular Ca2+ pool or elevate intra-
neuronal cytoplasmic Ca2+ levels by interfering with the ER pool through IP3/RyR signaling [47,48]. In both cases, this leads to 
elevated glutaminergic drive and subsequent excitotoxicity. Growing evidence suggests that Aβ-mediated rise in calpain-1 levels and 

Fig. 5. A) GFAP immunolabeling in rat brain hippocampus proper, including DG, CA1, CA2, CA3; ERC, and PFC. Magnification: 100×. B) GFAP 
immunolabeling in rat brain AMD. Red arrows indicate active astroglial cells. Magnification: 400×, scale bar: 10 μm. C) Mean GFAP count in i) DG, 
ii) CA1, iii) CA2, iv) CA3, v) ERC, vi) PFC, and vii) AMD regions. All data are represented as Mean ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. Statistical analysis was conducted using one-way ANOVA followed by Dunnett’s multiple comparison test.
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Fig. 6. A) Effects of AB and EA on cerebral i) hippocampus, ii) PFC, iii) AMD, and iv) serum TNF-α levels (n = 6). B) Effects of AB and EA treatments 
on the i) gene expression profile of FAIM-L. SH: a) Hippocampus, b) PFC; AB: c) Hippocampus, d) PFC; EA70: e) Hippocampus, f) PFC; EA140: g) 
Hippocampus, h) PFC. mRNA expression of FAIM-L genes in ii) hippocampus and iii) PFC after AB and EA treatments. The relative intensity for each 
group was calculated relative to the expression profile of the SH group (n = 3). C) Effects of AB and EA treatments on brain CREB levels; i) hip-
pocampus, ii) PFC, and iii) AMD (n = 6). D) Effects of AB and EA on the i) gene expression profile of Dnm-1. SH: a) Hippocampus, b) PFC; AB: c) 
Hippocampus, d) PFC; EA70: e) Hippocampus, f) PFC; EA140: g) Hippocampus, h) PFC. mRNA expression of Dnm-1 genes in ii) hippocampus and 
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activity plays a critical role in AD. There is a bidirectional interplay between Ca2+ and calpain-1, as each mutually contributes to 
altering the other’s pool and signaling during neural stress. Aβ-triggered elevation of calpain-1 activity promotes the breakdown of 
sodium-calcium exchanger-3, augmenting the neurocytoplasmic Ca2+ pool, which in turn triggers several cytotoxic events [49,50]. 
Augmented Ca2+ levels also induce conformational changes in calpain-1 proteomics, enhancing its proteolytic activity [51]. Addi-
tionally, elevated expression of GSK-3β and activation in the neuronal system is inked with Aβ activity through the downregulation of 
PI3K signaling [52,53]. Ca2+/calpain-1 activity further truncates GSK-3β at either its C-terminus [54] or N-terminus, removing its 
inhibitory domain [55] and augmenting its kinase activity. Furthermore, increased CDK5 expression in the AD brain is 
well-documented [56], with evidence showing its aberrant activation in AD through p25, a truncated product of p35. Calpain-1 
promotes the truncation of p35 at its N-terminus and releases p25, which hyperactivates CDK5. Activated GSK-3β has been impli-
cated in the hyperphosphorylation of the microtubule-associated protein tau, elevated Aβ formation, augmented inflammatory events, 
and memory impairment by disrupting cholinergic signaling [57]. Besides, GSK-3β activity, deregulation of CDK 5 also contributes to 
hyperphosphorylated tau (p-Tau) formation, with CDK5 phosphorylating tau at multiple Ser/Thr sites [58]. Normally, tau binds to 
tubulin proteins in microtubules, contributing to neuronal cytoskeleton formation. However, abnormally phosphorylated tau proteins 
detach from tubulin, misfold, polymerize into paired helical filaments, and ultimately form NFTs [59]. The accumulation of NFTs 
within neurons potentiates caspase-3-induced apoptosis, leading to neuronal death, a hallmark of AD-associated dementia [60]. Our 
findings support the cerebral and systemic rise of Aβ and p-Tau levels, followed by vascular trafficking of Aβ in the AB group animals. 
This may be attributed to reduced concentrations of sLRP1, which sequesters Aβ and alters BBB permeability [61,62]. Accordingly, 
significantly elevated levels of Ca2+/Calpain-1 and increased expression of GSK-3β and CDK-5 mRNA were observed in the AB group 
compared to the SH group [63–66]. Silver-stained brain sections provided visual evidence of condensed as well as diffused plaque and 
the existence of NFTs in the AB group, in contrast to the SH group [67–69].

Astrocytes play a critical role in maintaining cerebral homeostasis by clearing different forms of Aβ through various mechanisms, 
including transporters like LRP-1, RAGES, and SCARB1, as well as endosomal-lysosomal pathways involving neprilysin, IDE, and 
MMP9. The clearance pathway selected depends on the phase of transformation in which Aβ exists such as whether monomer, olig-
omer, or fibril. Aβ plaque deposition makes astroglial cells more reactive, leading to increased inflammation and structural remod-
eling, characterized by the classic star-shaped morphology of activated astrocytes. These cells begin producing inducible nitric oxide 
synthase, triggering the formation of nitric oxide and contributing to the synthesis of GFAP [70,71]. Histological analysis of brain 
sections from Aβ-treated rats revealed a significant number of reactive astroglial cells, evidenced by higher GFAP expression in the 
hippocampus and AMD compared to SH brain sections. This reflects an inflammatory brain state induced by Aβ-associated amy-
loidopathy and tauopathy [72]. Upon activation by Aβ-mediated neuropathic biochemical signals, astroglial cells release various 
inflammatory and pro-inflammatory cytokines into the cerebral environment through activation of astroglial NFκB and FLIP-L 
dependent ERK/p38MAPK pathways [73,74]. These pathways are associated with increased expression of TNF-α related mRNA 
and TNF-α production [75–77]. In turn, TNF-α plays a significant role in NFκB and ERK/MAPK-associated survival mechanisms 
following Aβ overload. While TNF-α has protective roles against Aβ toxicity under homeostatic conditions, in pathological states, its 
protective effects shift towards degenerative outcomes by promoting apoptotic pathways. The Fas apoptotic inhibitory molecule-L 
(FAIM-L) is believed to regulate this dual nature by binding to the Fas receptor, antagonizing TNF-α-Fas-driven activation of cas-
pase cascades and preventing apoptotic neuronal death [78]. However, Aβ overload reduces FAIM-L expression, likely due to the 
formation of Aβ-derived diffusible ligands (ADDLs) during Aβ transformation [79]. Our study aligns with previous findings, showing 
reduced FAIM-L mRNA expression and increased TNF-α mediated cytotoxicity, alongside elevated numbers of active astroglial cells as 
evidenced by GFAP immunolabeling in Aβ-treated animals.

LTP and synaptic plasticity depend on the strength and duration of synaptic firing, which are regulated by synaptic vesicle 
remodeling and replenishment through Dnm-1 mediated GTPase activity. This process promotes the structural and functional retrieval 
of vesicles through synaptic endocytosis, replenishing the synaptic vesicle pool for subsequent neuronal firing in response to stimuli 
[80–82]. Previous studies have demonstrated that Dnm-1 depletion occurs following Aβ administration in hippocampal synaptic 
vesicles [83], and our findings similarly show marked Dnm-1 expression depletion in the hippocampus and PFC compared to the SH 
group. The role of CREB in LTP, synaptic plasticity, memory consolidation, and neurogenesis is well established [84]. Thus, the 
reduced CREB expression observed following Aβ exposure likely contributes to compromised neuronal function and is strongly 
associated with memory dysfunction [85]. Synaptophysin, prevalent in presynaptic nerve endings and incorporated into vesicular 
membranes, serves as a marker of synaptic plasticity and connectivity [7,86]. In our experiments, cerebral CREB levels were depleted 
in the AB group compared to the SH group, and this depletion was accompanied by a reduction in synaptophysin count in the hip-
pocampus, ERC, PFC, and AMD, indicating loss of synaptic strength and plasticity essential for memory processes [87]. These findings 
unequivocally suggest that alterations in synaptic transmission contribute directly to impairments in memory formation [88].

During the 5-day acquisition task in the MWM, the AB group exhibited a significant increase in escape latency and total distance 
traveled, indicating a failure to learn the navigation path to the target platform [89,90]. This learning impairment was attributed to 
dysfunction in the ERC [91] and disrupted spatial map development due to a lack of synchronization between the prefrontal cortex PFC 
and hippocampal functions [92], suggesting a disorganized strategy for finding the escape site. Probe trial evaluations provided 
additional evidence for the precision and strength of long-term memory formation during the 5-days of acquisition trial phase [93]. 

iii) PFC after AB and EA treatments. The relative intensity for each group was calculated relative to the expression profile of the SH group (n = 3). 
All data are represented as Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical analysis was conducted using one-way 
ANOVA followed by Dunnett’s multiple comparison test.
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Neuronal decay in the PFC was associated with a loss of retrieval ability for learned spatial memory during both the acquisition and 
probe trials, as evidenced by swim path observations [92,94]. These anomalies manifested as increased latency to reach the target 
quadrant, reduced time spent, and fewer crossings in the target quadrant during the probe trial. The swimming velocity and distance 
traveled by AB animals did not significantly alter, suggesting that cognitive impairments were independent of changes in swimming 
ability and reflected a loss of spatial-cognitive memory rather than functional memory [95]. The associative learning task helped to 
ascertain the mechanisms involved in discrete learning processes, particularly the roles of the hippocampus, PFC, and AMD. Asso-
ciative learning, an adaptive behavior that enables the subject to anticipate and respond to expected upcoming events [96], was 
impaired in Aβ-treated animals, as they failed to retrieve conditional cue-linked memories during the 1st and 3rd day retrieval tasks. 
This failure suggests an inability to recognize CS and associate them with aversive UCS such as shocks. Beyond hippocampal [97] and 
PFC [98] damage, histopathological disorganization in intercalated cells, amyloid plaque formation, and positive alterations in 
biochemical, genetic, and immunohistochemical parameters were observed in the AMD [99,100], likely contributing to impaired 
associative learning-dependent plasticity.

The effects of EA in reducing Aβ-associated pathology are well-documented [101], but its role in preventing tau hyper-
phosphorylation, which follows amyloidopathy and leads to neuronal death, remains unclear. Previous studies have shown that EA has 
a Ca2+-chelating effect [102], which may influence the intracellular Ca2+- gradient and modulate interactions between Ca2+ and 
related proteins by inducing conformational changes. EA can also affect receptor and ion channel conformation, regulating Ca2+ entry 

Fig. 8. A) H&E staining of hippocampus proper, including DG, CA1, CA2, CA3, ERC, and PFC regions. Histopathological analysis reveals live cells 
(yellow arrow), significant alterations in the thickness of the pyramidal cell layer and neuronal loss/dead cells (black arrows) in CA regions, altered 
granular cell arrangement in the DG area of the hippocampus (red dotted box), and apoptotic cells (red arrow). The orange rectangle highlights 
comparisons between DGEC, and the blue rectangle highlights comparisons between DGEN of the DG arm, magnification 250×. B) H&E staining of 
the rat amygdala, magnification 400×, scale bar: 10 μm.

Fig. 7. A) Synaptophysin immunolabeling in rat brain hippocampus proper, including DG, CA1, CA2, CA3, ERC, and PFC regions. Magnification: 
250×. B) Synaptophysin immunolabeling in the rat brain AMD region. Magnification: 400×, scale bar: 10 μm. C) Mean synaptophysin count in i) 
DG, ii) CA1, iii) CA2, iv) CA3, v) ERC, vi) PFC, and vii) AMD regions. All data are represented as Mean ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. Statistical analysis was conducted using one-way ANOVA followed by Dunnett’s multiple comparison test.
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Fig. 9. A) Navigation path during the acquisition trial after treatment with AB, EA70, and EA140 from day 1 to day 5. B) i. Escape latency (s); ii. 
Swimming velocity (cm/s); and iii. Total distance traveled during the acquisition trial phase. All data are presented as Mean ± SEM (n = 12). 
Statistical differences between groups were evaluated using one-way ANOVA followed by Dunnett’s multiple comparison test for each day. *p <
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into cells and subsequent signaling cascades [103]. Additionally, EA has been documented to retard intracellular Ca2+ levels in rat 
peritoneal mast cells [104] and selenite-induced cataract lenses [105] by inhibiting Ca2+ release from endoplasmic/sarcoplasmic 
reticulum stores and attenuating voltage-gated Ca2+ influx [104]. Our study supports these findings, demonstrating that EA70 and 
EA140 treatments retard cerebral Ca2+ levels in rats compared to the AB group. Furthermore, calpain-1 levels were reduced in the 
analyzed cerebral regions at both doses, and decreased GSK-3β and CDK-5 expression were observed, leading to reduced p-tau levels in 
both cerebral regions and serum. This reduction in NFTs across explored brain regions supports EA-mediated neuroprotection against 
neuronal death following tauopathy, likely due to initial inhibition of Aβ and Ca2+-derived signaling cascades. The anti-inflammatory 
effects of EA, which are known to protect against neurodegenerative events by downregulating NFκB/MAPK/TNF-α signaling, are well 
established [106–109]. Treatment with EA70 and EA140 significantly reduced cerebral and serum TNF-α levels and elevated FAIM-L 
mRNA expression in the hippocampus and PFC. Additionally, the reduction in active astroglial cells, evidenced by decreased GFAP 
count in the hippocampus, PFC, ERC, and AMD, confirmed EA-mediated protection against inflammatory signals and subsequent 
prevention of neurodegeneration in response to Aβ. This was achieved through the reduction of TNF-α levels, correction of irregular 
astrocyte signaling, elevation of FAIM-L mRNA expression, and retardation of apoptotic signaling.

The protective role of EA in LTP, synaptic plasticity, and cognitive function restoration has become increasingly evident, partic-
ularly following its evaluation in experimental traumatic brain injury models [110]. Treatment with EA, at both dose levels, resulted in 
a marked elevation in CREB levels, an increased mean synaptophysin count, and upregulation of Dnm-1 gene expression. These 
findings strongly support the hypothesis that EA mitigates neuronal dysfunction following Aβ exposure. Treatment with EA70 and 
EA140 significantly reduced structural disorientation and cellular decay within the hippocampal formation. This preservation of 
hippocampal integrity suggests that memory acquisition, LTP, memory retention, synaptic plasticity, and relearning abilities were 
maintained, as evidenced by the animals’ behavioral performance during assessment [111]. Moreover, enhanced navigational per-
formance mediated by the ERC and improved memory recall mediated by the PFC were observed. These improvements were 

0.05 vs SH and $p < 0.05 vs AB. C) Navigation path during the probe trial after treatment with AB, EA70, and EA140. D) Effects of EA treatment on 
spatial reference memory and motor functionality in AB-induced AD. i. Escape latency; ii. Total distance; iii. Swimming velocity; iv. % time in each 
quadrant; v. Number of crossings over in the target quadrant (A); and vi. Memory score during the probe trial. All data are presented as Mean ± SEM 
(n = 12). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical analysis was conducted using one-way ANOVA followed by Dunnett’s 
multiple comparison test.

Fig. 10. A.) Conditional Avoidance Behavior of Animals During Training Period. i.) % Cued/Delayed Conditional Avoidance and ii.) Average 
Latency for Pole Climbing. Statistical differences between groups were evaluated using one-way ANOVA followed by Dunnett’s multiple comparison 
test for each day. *p < 0.05 vs SH and $p < 0.05 vs AB. B.) Effects of AB and EA Treatments on Conditioned Avoidance Behavior of AD Rats During 
Retrieval Task. i.) % Cued/Delayed Conditional Avoidance; ii.) Average Latency for Pole Climbing; and iii.) % Response to Unconditional Stimuli. 
All data are represented as Mean ± SEM (n = 12). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Statistical analysis was conducted using 
one-way ANOVA followed by Dunnett’s multiple comparison test for each day.
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demonstrated by a reduction in path length and latency to reach the target during the acquisition task, as well as increased time spent 
and entries into the target quadrant during the probe trial. These outcomes suggest the utilization of a more effective spatial orien-
tation strategy to locate the target platform, aligning with findings from previous studies [112–115]. Additionally, the EA70 and EA140 
groups exhibited a significantly shorter latency to climb the pole and a higher percentage of avoidance responses following conditioned 
stimuli, indicating an enhanced ability to recall the association between the CS and UCS compared to the AB group. These effects are 
likely due to the enhancement of LTP and synaptic connectivity, achieved through the preservation of both structural and functional 
aspects of the hippocampus, PFC, and AMD. Previous studies have also supported the neuroprotective effects of EA [116].

5. Research limitations

While this study provides valuable insights into the effect of EA on the symptoms of early-onset Alzheimer’s disease through 
behavioral and physiological correlation, several limitations must be acknowledged. These include limited no of sample size, 
experimental conditions, or methodological constraints. These factors may influence the generalizability of the results, and further 
research can be conducted to address these limitations and build upon the findings presented here.

6. Conclusion

Administration of EA at two dose levels demonstrated significant positive effects on cytoprotection, biochemical alterations, gene 
expression, and behavioral outcomes. These effects were linked to the inhibition of Aβ (1-42) aggregation, Ca2+ scavenging, reduction 
of calpain-1 activity, and regulation of GSK-3β and CDK5 gene expression, which collectively contributed to anti-tauopathy effects. 
Additionally, EA modulated inflammatory pathways by inhibiting astroglial activation, regulating FAIM-L gene expression, and 
reducing TNF-α levels. Moreover, EA influenced neuroregulatory pathways, particularly through the Dnm-1/CREB signaling axis, 
leading to improved synaptic connectivity and enhanced LTP. These neuroprotective effects were evident in the animals’ performance 
during memory acquisition and retrieval tasks in the MWM and in cued/delayed conditioned fear avoidance tasks.
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