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Abstract 
Objective: Alzheimer’s disease (AD) is characterized by amyloid-β (Aβ) 

plaques and Tau hyperphosphorylation, processes regulated by key 

enzymes including β-site amyloid precursor protein-cleaving enzyme 1 

(BACE1), presenilin-1 (PSEN1), and glycogen synthase kinase-3β 

(GSK3β). This pathology is further aggravated by insulin resistance which 

disrupts neuronal signaling and metabolism. However, current therapies 

face significant challenges in targeting these interconnected mechanisms 

simultaneously. This study investigated the modulatory effects of 

Tinospora crispa (L.) Hook.f. & Thomson (T. crispa) extract on Aβ 

deposition, Tau hyperphosphorylation, and cognitive function in an AD-

like pathological model induced in insulin-resistant rats.  

Materials and methods: Rats were subjected to a high-fat high-fructose 

(HFHF) diet combined with streptozotocin (STZ) to induce AD-like 

pathology. Cognitive performance was evaluated using the Y-maze, while 

Aβ and phosphorylated Tau (p-Tau) were assessed by 

immunohistochemistry (IHC). In silico docking was also performed to 

evaluate interactions between T. crispa compounds and BACE, PSEN1, 

and GSK3β. 

Results: Treatment with T. crispa (400 mg/kg) improved spatial memory 

by 93.5% and reduced Aβ by 49.3% and p-Tau by 36.3%, with greater 

effects than metformin across all three parameters. Docking revealed strong 

affinities of borapetoside B for BACE and tinoscorside A for PSEN1 and 

GSK3β, supporting their multi-target activity in AD pathways. 

Conclusion: These findings suggest that T. crispa and its active 

constituents exert multi-target neuroprotective effects by simultaneously 

modulating amyloidogenic and Tau-related mechanisms. This work 

advances knowledge by identifying a natural extract with potential to fill a 

critical therapeutic gap, though further studies are needed to confirm safety, 

long-term efficacy, and clinical relevance in humans.
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Introduction 
Alzheimer’s disease (AD) is a 

progressive neurodegenerative condition 

and the most common cause of dementia 

worldwide. It is marked by memory loss, 

cognitive decline, and the abnormal 

accumulation of Amiloid βeta (Aβ) and 

hyperphosphorylated Tau in the brain 

(Knopman et al. 2021). In recent years, 

increasing attention has been directed to the 

role of lifestyle and diet in its development. 

Diets rich in fat and fructose disrupt 

metabolic balance. Moreover, they impair 

insulin signaling in the brain, trigger 

oxidative stress, and promote inflammation 

(Mietelska-Porowska et al. 2022; Zhao et 

al. 2022). Together, these changes create 

conditions that accelerate Aβ deposition 

and Tau pathology by reinforcing the close 

connection between metabolic dysfunction 

and AD (Mietelska-Porowska et al. 2022). 

Despite decades of research, there is 

still no effective cure for AD. Available 

drugs provide only temporary symptom 

relief and do not address the underlying 

disease process. Metformin, a widely used 

antidiabetic drug, has attracted particular 

interest because of its reported ability to 

improve brain insulin signaling, reduce 

inflammation, and lower Aβ and phospo-

Tau (p-Tau) levels (Oliveira et al. 2021). 

Nevertheless, despite its well-established 

metabolic efficacy, long-term metformin 

therapy has been associated with 

gastrointestinal side effects and vitamin 

B12 deficiency, raising concerns about 

tolerability and prolonged use  (Nabrdalik 

et al. 2024; Shurrab and Arafa 2020 Chen 

et al. 2023; Diakité et al. 2025). These 

safety concerns emphasize the need for 

alternative therapies that are both effective 

and safer for long-term use. 

 Natural compounds offer a promising 

path forward, as they often act on multiple 

disease pathways with fewer side effects. 

Tinospora crispa (T. crispa), a traditional 

medicinal plant used across Southeast Asia, 

possesses well-established antidiabetic, 

antioxidant, and anti-inflammatory 

properties (Xu et al. 2017; Zuhri et al. 

2022). However, its potential benefits for 

the brain—particularly in slowing or 

preventing AD pathology—remain largely 

unexplored. Given its strong metabolic 

activity, T. crispa may affect Aβ and p-Tau 

accumulation as well as cognitive function.  

This study aimed to investigate the 

neuroprotective potential of T. crispa, both 

alone and in combination with metformin, 

in a rat model of High Fat High Fructose 

(HFHF)-induced AD. By evaluating its 

effects on Aβ and p-Tau accumulation, 

oxidative stress, and cognitive function, this 

work offers fresh insights into the potential 

of T. crispa as a safer, natural therapeutic 

candidate, either as a stand-alone treatment 

or as an adjunct to metformin. 

 

 

Materials and Methods 
Preparation of T. crispa extract  

The stem simplicia of T. crispa was 

confirmed as Tinospora. crispa (L.) Hook.f. 

& Thomson by the Tawangmangu 

Traditional Health Service Unit, Ministry 

of Health, Indonesia (certificate number: 

TL.02.04/D.XI.6?11535.653/2024). A total 

of 3 kg of dried stems of T. crispa was 

pulverized into powder and extracted 

through maceration using 70% ethanol 

(Merck, Darmstadt, Germany) in a 1:3 

(w/v) ratio. Each 500 g batch was soaked at 

room temperature for 24 hr, followed by 

two successive re-extractions with the same 

solvent and ratio for 48 and 72 hr. The 

combined filtrates were concentrated at 

±50°C with a rotary evaporator (Eyela, 

281208, Tokyo, Japan) to yield a viscous 

extract. 

 

Animals and housing conditions 

Male Wistar rats (Rattus norvegicus), 

6–8 weeks old (late adolescent to young 

adult) and weighing 150–200 g, were 

obtained from CV. Dunia Kaca, Kemuning, 

Central Java, Indonesia. All subjects were 

confirmed to be healthy and physically 

active prior to inclusion. The rats were fed 

a high-fat high-fructose (HFHF) diet to 

induce metabolic alterations associated 
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with accelerated aging. The study protocol 

was approved by the Health Research 

Ethics Committee, Faculty of Medicine, 

Universitas Indonesia (Number: KET-

1752/UN2.F1/ETIK/PPM.00.02/2023). 

Rats were housed at the IMERI Animal 

Research Facility in polypropylene cages 

(50 × 40 × 20 cm, 2–3 rats per cage) with 

wood-shaving bedding, under controlled 

conditions (12 hr light/dark cycle, 21–

22°C, 60–70% humidity). Standard chow 

and water were provided ad libitum. 

 

Experimental design   

Thirty-five rats were acclimatized for 

seven days with standard chow and water 

provided ad libitum. They were then 

randomly assigned into two groups: a 

normal group (N; n = 5), maintained on a 

standard rodent diet with water ad libitum 

for 16 weeks, and a HFHF group (n = 30), 

fed an HFHF diet for the same duration 

(Figure 1). The high-fat diet was prepared 

by supplementing the standard diet with 

quail egg yolk at 10% of the total weight, 

with a daily ration of 10 g. The high-

fructose diet was administered by 

intragastric gavage twice daily, each dose 

consisting of 825 mg of 55% fructose in 1.5 

ml.  

After 8 weeks on the HFHF diet, rats 

were fasted overnight and injected 

intraperitoneally with a single dose of 

streptozotocin (STZ, 22 mg/kg body weight 

(Gunawan et al. 2023)) on day 58. 

Streptozotocin (CAS 18883-66-4) was 

purchased from Santa Cruz Biotechnology, 

Texas, USA. Upon confirmation of insulin 

resistance, HFHF-fed rats were randomly 

divided into six treatment groups: HFHF, 

MET, TC200, TC400, TC200MET, and 

TC400MET, with five rats in each group (n 

= 5). Thus, the study was divided into a total 

of seven groups, as detailed in Table 1. 

Animals then received their respective oral 

treatments—metformin (100  mg/kg/day 

(Kim et. al 2020; Mobasheret et al. 2020; 

Mohammad et al. 2023), T. crispa extract at 

200 or 400 mg/kg body weight per day 

(Ahmad et al. 2015; Firdausa et al. 2020), 

or the combination of extract and 

metformin—while continuing on the HFHF 

regimen, consisting of high-fat diet and 

fructose administration, for an additional 8 

weeks. Animal health was monitored daily, 

and any rats that died during the study were 

excluded from further analysis.  

 

Assessment of insulin resistance 

Insulin resistance was confirmed prior 

to treatment allocation by measuring fasting 

blood glucose (FBG), fasting insulin (FI), 

and Homeostatic Model Assessment of 

Insulin Resistance (HOMA-IR), following 

the protocol established in our previous 

study (Rahma et al. 2026). This ensured that 

all animals exhibited comparable insulin 

resistance before receiving treatment. 

 

Behavioral assay for cognitive 

performance 

The cognitive abilities of the rats were 

evaluated in three stages. The first 

assessment was conducted at baseline (day 

0) before the study began. The second 

evaluation took place after 8 weeks of 

HFHF diet feeding followed by a single 

dose of STZ, to confirm the development of 

cognitive and memory deficits. The final 

assessment of spatial and memory function 

was performed at the end of the study, after 

8 weeks of treatment with the extract (week 

16). The maze consists of a black plastic 

structure with three arms (50 cm long, 32 

cm high, and 16 cm wide) arranged at 120° 

angles. This behavioral test was performed 

three times: before and after the rats were 

fed an HFHF diet, and after therapy. Rats 

were placed at the end of one arm and 

allowed 10 minutes to freely explore the 

maze (Akbarizadeh-Mashkani et al. 2025). 

Entries into all arms were recorded (with 

valid entry requiring all four paws inside 

the arm), and spontaneous alternation 

(SPA) was noted if the rat entered three 

consecutive arms. SPA percentage was 

calculated using the following equation (1) 

(J. Kim et al. 2023; Mohamed et al. 2020):                                          
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% 𝑆𝑃𝐴 =
𝑡𝑜𝑡𝑎𝑙 𝑎𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑜𝑛

( 𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑡𝑟𝑦−2)
 𝑥 100                  

                                (1) 

Immunohistochemical analysis of Aβ 

and p-Tau expression in brain tissue 

At the end of the study, rats were 

anesthetized using ketamine (50mg/kg 

body weight) and xylazine (5mg/kg body 

weight), administered intraperitoneally and 

were then sacrificed for brain collection. 

The tissue was fixed in 10% neutral 

buffered formalin, embedded in paraffin, 

and sectioned coronally at a thickness of 8 

μm. Sections were mounted on poly-L-

lysine–coated slides, deparaffinized, 

rehydrated, and processed following 

protocol of Novolink™ Polymer Detection 

System kit (Leica Biosystems, Newcastle 

upon Tyne, UK). Immunostaining was 

performed using anti-beta amyloid 1–42 

monoclonal antibody [mOC64] (Abcam, 

ab201060, Cambridge, UK) (1:500), or 

with anti-Tau (phospho T231) monoclonal 

antibody [EPR2488] (Abcam, ab151559, 

Cambridge, UK) (1:300). Negative controls 

were prepared by omitting the primary 

antibody. After counterstaining, sections 

were dehydrated, cleared, and mounted. 

Histological analysis was conducted under 

a light microscope equipped with an 

Optilab camera system (Miconos, 

Indonesia). Images were captured at 400x 

magnification, and a 100 µm scale bar was 

applied using the accompanying software. 

For quantitative assessment of 

Immunohistochemistry (IHC) staining, ten 

randomly selected fields per slide were 

analyzed to ensure representative 

measurements. The percentage area of Aβ 

and p-Tau in the hippocampus and cortex 

was quantified using ImageJ software. 

 

In silico analysis of T. crispa compounds 

with related Aβ and p-Tau target 

proteins  

The interactions between the bioactive 

compounds of T. crispa and the target 

proteins were evaluated using molecular 

docking analysis. Five bioactive 

constituents of T. crispa— tinoscorside A, 

β-sitosterol, borapetoside A, borapetoside 

B, and makisterone C— were selected for 

their reported roles in modulating insulin 

resistance (Zuhri et al. 2022). Their 2D 

structures were retrieved from PubChem 

(https://pubchem.ncbi.nlm.nih.gov/) in 

Structure Data File (SDF) format and 

subsequently prepared and converted to 

Protein Data Bank (PDB) format using 

MarvinSketch 23.11.  

Molecular docking was performed on a 

Windows 10 computer equipped with an 

Intel® Core™ i5-760 processor and at least 

4 GB RAM, using AutoDock 4.2 software. 

Proteins selected for the docking 

simulations included BACE (PDB ID: 

2VKM), PSEN1 (PDB ID: 6LR4), and 

GSK3β (PDB ID: 8FF8), since BACE and 

PSEN1 play key roles in the production of 

amyloid-β plaques (Gene at al. 2022; Hajdú 

et al. 2023), whereas GSK3β 

overexpression leads to Tau 

hyperphosphorylation (Chakraborty et al. 

2024). Metformin was used as a positive 

control for its known effects on brain 

insulin resistance, Tau pathology, and 

cognitive deficits in Alzheimer’s models 

(Oliveira et al. 2021). The 3D structures in 

PDB format were downloaded from the 

RCSB PDB (https://www.rcsb.org/). The 

active sites of the proteins, defined by their 

native ligands, were identified as BSD, 

ESF, and XFV0 for each respective protein 

according to the Research Collaboratory for 

Structural Bioinformatics (RCSB) 

database. 

Proteins were prepared by removing 

water molecules, adding hydrogens, and 

assigning Gasteiger charges. Co-

crystallized ligands were then separated 

from the protein structures. For docking, 

the most complete protein chain was 

selected. 

Docking simulations were performed 

within an optimized grid box aligned with 

the coordinates of the co-crystallized ligand 

to ensure correct binding site orientation. 

Subsequently, the grid box dimensions 

were further refined along the x-, y-, and z-

axes for each protein, and the configuration 

https://pubchem.ncbi.nlm.nih.gov/
https://www.rcsb.org/
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exhibiting the lowest binding energy was 

selected for further analysis. Test ligands 

were docked in the optimized grid, and 

binding affinities (ΔG) were calculated. 

More negative ΔG values indicated 

stronger and more spontaneous 

interactions. Docking visualization and 

residue mapping were conducted using 

AutoDock 4.2, while protein–ligand 

interactions were further analyzed using the 

Protein–Ligand Interaction Profiler (PLIP; 

https://plip-tool.biotec.tu-dresden.de/), 

which provided detailed visualizations and 

tabulated interaction data. 

 

Statistical analysis 

Statistical analyses were conducted 

using GraphPad Prism version 10.4.0. 

Results are presented as mean ± standard 

deviation (SD). Data distribution and 

homogeneity of variance were assessed 

using the Shapiro–Wilk and Levene tests to 

determine the appropriate statistical 

approach. For normally distributed data 

with equal variances, one-way ANOVA 

was performed, followed by Tukey’s post 

hoc tests. The correlations were analyzed 

using Pearson’s correlation test. 

Descriptive analysis is presented in Tables, 

graphical or scatter plots formats. Statistical 

significance was defined as ##p<0.001 and 
###p<0.0001 vs. the N group; §p<0.05, 

*p<0.01, **p<0.001, and ***p<0.0001 vs. 

the HFHF group.  

 

 
Figure 1. Experimental protocol diagram 

https://plip-tool.biotec.tu-dresden.de/
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 Table 1. Experimental groups 

 

Results 

Prior to treatment allocation, insulin-

resistant animals exhibited fasting glucose 

levels ranging from 148–172 mg/dl, fasting 

insulin levels of 0.61–0.84 ng/ml, and 

HOMA-IR values of 5.22–8.38, consistent 

with previously reported data (Rahma et al. 

2026). These measurements confirm that all 

animals in the HFHF group developed 

comparable insulin resistance after 8 weeks 

of HFHF diet induction followed by a 

single dose of STZ, prior to intervention. 

 

Attenuation of Aβ deposition in the rat 

hippocampus and cortex 

The results of IHC staining of the 

hippocampus and cortex using anti–Aβ (1-

42) are presented in Figures 2 and 3. Clear 

deposition of Aβ was observed in both the 

hippocampus and cortex following 

HFHF+STZ administration. This was 

characterized by brown staining localized 

around the neuronal nucleus within the 

cytoplasm along the CA1 region of the 

hippocampus in HFHF group (Figure 2A). 

The mean Aβ area in the HFHF group was 

6.83 ± 1.55%, which was significantly 

higher than that in the N group (0.53 ± 

0.04%; p<0.0001) (Figures 2A-B). 

Treatment with metformin significantly 

reduced Aβ plaque compared with the 

HFHF group. Interestingly, the TC200, 

TC400 and TC400MET groups showed 

greater reductions in Aβ deposition, with 

values approaching those of the N group 

(p<0.0001 vs HFHF), compared with MET 

and TC200MET (p<0.01 and p<0.001 vs 

HFHF, respectively).  

This phenomenon was also evident in 

sections of the cortex. Brown staining 

within the neuronal cytoplasm indicated Aβ 

deposition which was markedly increased 

in the HFHF group compared with the N 

group (p<0.0001; Figure 3A). These 

findings are consistent with the observed 

reduction of hippocampal Aβ pathology 

following treatment. Administration of 

metformin, T. crispa at 400 mg/kg, and 

their combination significantly decreased 

cortical Aβ accumulation. Notably, the 

TC400 group exhibited the most 

pronounced reduction (p<0.0001 vs. 

HFHF) (Figure 3B). 

 

Reduction of p-Tau expression only in 

the cortex of rat brain 

Immunohistochemical analysis of the 

cortex with the anti-p-Tau (Thr231) 

antibody revealed distinct group 

differences (Figure 4). In the normal (N) 

group, Tau protein displayed the expected 

labeling pattern, localized within the 

cytoplasmic layer surrounding the neuronal 

nucleus. By contrast, the HFHF group 

exhibited intense p-Tau (Thr231) staining, 

present both in neuronal cell bodies and 

along nerve fibers, reflecting abnormal Tau 

distribution that likely indicates 

microtubule destabilization and impaired 

neuronal integrity (Figure 4A). A similar 

pattern was also observed in the TC200, 

TC200MET, and TC400MET groups. 

Conversely, rats treated with either 

metformin (MET) or the higher dose of T. 

crispa (TC400) demonstrated a marked 

reduction in p-Tau levels compared with 

the HFHF group (p<0.05 and p<0.01, 

respectively; Figure 4A-B), highlighting 

their protective role against Tau pathology. 

Meanwhile, the results of the p-Tau 

analysis in the hippocampus are not 

reported, as no Tau hyperphosphorylation 

was observed in either the N group, the 

HFHF group, or any of the treatment 

groups. 

Group names Description 

N Normal control group 

HFHF HFHF-induced group without treatment (negative control) 
MET Metformin-treated group 

TC200 Monotherapy with T. crispa extract at 200 mg/kgBW 

TC400 Monotherapy with T. crispa extract at 400 mg/kgBW 
TC200MET Combination of T. crispa 200 mg/kgBW and metformin 

TC400MET Combination of T. crispa 400 mg/kgBW and metformin 
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Figure 2. Deposition of Aβ in the hippocampus of rat brain. Differences in the appearance of Aβ plaque deposition 

(presence of brown color) in each group (A). Quantification of Aβ plaque area in the hippocampus (B). Data are 

expressed as mean ± standard deviation. Magnification:  400x.  ###p<0.0001 vs. N group; *p<0.01, **p<0.001 

and ***p<0.0001 vs. HFHF group. Red arrows () indicate Aβ-positive staining.  
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Figure 3. Deposition of Aβ in the cortex of rat brain. Differences in the appearance of Aβ plaque deposition 

(presence of brown color) in each group (A). Quantification of Aβ plaque area in the cortex (B). Data are expressed 

as mean ± standard deviation. Magnification:  400x. ###p<0.0001 vs. N group; §p<0.05 and ***p<0.0001 vs. 

HFHF group. Red arrows () indicate Aβ-positive staining. 
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Figure 4. Representative microphotographs of p-Tau in the cortex of Wistar rat. The appearance of p-Tau in all 

treatment groups (A) was characterized by the presence of brown layers surrounding the nuclei and brownish 

nerve fibers. Quantification of p-Tau area in the cortex region (B). Data are expressed as mean ± standard 

deviation. Magnification:  400x. ###p<0.0001 vs. N group; §p<0.05 and *p<0.01 vs. HFHF group. Red arrows 

() indicate p-Tau–positive staining in neuronal cell bodies; orange arrows () indicate p-Tau–positive staining 

in nerve fibers. 
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Effect of T. crispa extract on spatial and 

cognitive memory in rats 

As baseline data, the initial SPA of rats 

at the beginning of the study was 71.79 ± 

4.62%. After 8 weeks of HFHF diet 

feeding, the percentage of SPA declined 

significantly compared to the N group 

(p<0.001; Figure 5A). The findings from 

this study demonstrated that HFHF 

combined with STZ induction successfully 

impaired spatial and working memory, as 

reflected by the significant reduction in 

SPA in the Y-maze test. At the end of the 

study, prior to termination, spatial and 

memory function was reassessed (Figure 

5B). Statistical analysis showed that the 

HFHF group exhibited a marked reduction 

in SPA (26.49 ± 16.10%) compared to the 

N group (72.35 ± 7.85%; p<0.001). The 

greatest improvement was observed in the 

TC400 group (p<0.001), while the MET 

group alone showed no significant 

difference compared with the HFHF group. 

 

Correlation of cognitive decline with the 

emergence of Aβ and Tau 

hyperphosphorylation 

Pearson correlation analysis revealed a 

strong negative association between 

spontaneous alternation performance and 

Aβ levels in the hippocampus (r = –0.7970, 

p<0.0001). A moderate negative correlation 

was also observed in the cortex (r = –

0.5068, p=0.0059) (Figure 6A-B). In 

addition, spontaneous alternation was 

moderately and significantly correlated 

with p-Tau levels in the cortex (r = –0.5142, 

p=0.0051) (Figure 6C). 
 

 
Figure 5. Percentage of SPA in rats as assessed using the Y-maze test. Measurements were performed at weeks 8 

(A) and 16 (B). Data are expressed as mean ± standard deviation. ##p<0.001 vs. N group; *p<0.01, and **p<0.001 

vs. HFHF group. 

 

Figure 6. Correlation analysis of spontaneous alternation with Aβ deposition and p-Tau levels. Graph (A) shows 

the correlation between Aβ deposition and SPA in the hippocampus, graph (B) represents the correlation in the 

cortex, and graph (C) illustrates the correlation between p-Tau and SPA. All correlation analyses were performed 

using Pearson’s test, with significance set at p<0.05. 
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In silico prediction results 

Binding energies for all five tested 

compounds are summarized in Table S1. 

Among the tested compounds, borapetoside 

B and tinoscorside A demonstrated the 

highest binding affinities and, as the top 

performers, are the only compounds 

highlighted in the results. Detailed docking 

results indicated that these two major T. 

crispa constituents exhibited strong 

interactions with the amyloidogenic 

proteins BACE, PSEN1, and GSK3β 

(Table 2).  

Both compounds demonstrated the 

most promising interactions when tested 

against Alzheimer’s-related targets. Among 

the five tested ligands, the most stable 

interaction with BACE was observed for 

borapetoside B, showing a binding free 

energy of ΔG = –12.02 kcal/mol (Table 2). 

Previously, redocking of the native ligands 

yielded Root Mean Square Deviation 

(RMSD) values below 2 Å, indicating that 

the docking protocol reliably reproduced 

consistent binding poses and was suitable 

for further analysis (Table 3). Within this 

validated framework, T. crispa compounds 

showed more favorable binding energies 

(ΔG) and lower predicted inhibition 

constant (Ki) values than the native ligands, 

suggesting stronger and more competitive 

interactions with the target proteins 

involved in amyloid and Tau-related 

pathways. 

 PSEN1 exhibited strong binding with 

tinoscorside A, with a ΔG of –11.04 

kcal/mol. In addition, tinoscorside A also 

emerged as the best ligand for GSK3β, with 

a binding free energy of ΔG = –10.36 

kcal/mol. Notably, these interactions 

demonstrated both lower binding free 

energies and superior docking scores 

compared to metformin, underscoring their 

potential therapeutic relevance. The three 

best docking poses are illustrated in Figure 

7. Together, these findings highlight their 

potential roles in modulating multiple 

pathological pathways central to AD 

progression. 

 

 Table 2. Molecular docking analysis of BACE, PSEN1, and GSK3β with the best ligand and metformin 

 
Table 3. Redocking results of target proteins with native ligands 

Protein Native ligand IUPAC Name G (kcal/mol) Ki (μM) RMSD (Å) 

BACE BSD 

(N-{(1S,2R)-1-benzyl-2-hydroxy-3-[(3-

methoxybenzyl)amino]propyl}-5-

[methyl(methylsulfonyl)amino]-N'-[(1R)-1-

phenylethyl]benzene-1,3-dicarboxamide) 

-12.97 308.88x106 1.93 

PSEN1 ESF 

((2S)-2-hydroxy-3-methyl-N-[(2S)-1-[[(5S)-3-

methyl-4-oxo-2,5-dihydro-1H-3-benzazepin-5-

yl]amino]-1-oxopropan-2-yl]butanamide) 

-9.93 52.23x103 1.19 

GSK3β XV0 
(2-(4-cyanoanilino)-N-(4-phenylpyridin-3-

yl)pyrimidine-4-carboxamide) 
-9.12 0.206 2.06 

Protein Compound G (kcal/mol) Ki (μM) Interaction 

BACE 
Borapetoside B -12.02 0.001 

LEU30, TYR71, THR72, GLN73, PHE108, 

ILE110, TRP115, ILE118, THR231, THR232, 

ASN233, ARG235, ALA335 

Metformin -6.55 15.72 ASP32, SER35, GLN73, ASP228, THR231 

PSEN1 
Tinoscorside A -11.04 0.008 

AL272, GLN276, LYS380, LEU381, THR421, 

LEU425, ALA431, ALA434 

Metformin -5.35 119.58 ASP157, GLY382, ASP385 

GSK3β 
Tinoscorside A -10.36 0.025 

VAL70, LYS85, LEU132, VAL135, THR138, 

LYS183, GLN185, LEU188 

Metformin -3.74 1830 ILE62, TYR134, ARG141 
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Figure 7. 2D visualization of molecular docking results. Three best molecular docking results: BACE (A) and 

borapetoside B,  PSEN1 and tinoscorside A (B), and  GSK3β and tinoscorside A (C). 

 

Discussion 
A high-fat, high-fructose (HFHF) diet 

combined with a single dose of STZ 

induces metabolic stress. This condition 

leads to neuronal system dysfunction, 

including Aβ accumulation and Tau 

hyperphosphorylation, which in turn 

impairs cognitive performance. In line with 

this pattern, Liang et al. reported similar 

outcomes (Liang et al. 2023), emphasizing 

the strong association between metabolic 

disturbances and neurodegenerative 

progression in AD. This work shows that 

Tau hyperphosphorylation occurs in the 

cortex, whereas the hippocampus remains 

largely unaffected, indicating a brain-

region-specific response in the HFHF+STZ 

model. This finding is consistent with 

previous reports suggesting that the 

entorhinal cortex is more sensitive than the 

hippocampus to diet-induced brain insulin 

resistance and Alzheimer’s-like molecular 

changes, even in wild-type animals without 

genetic modifications (Mietelska-Porowska 

et al. 2022). The molecular mechanisms 

leading to Tau hyperphosphorylation 

processes may therefore occur earlier in the 

entorhinal cortex than in the hippocampus, 

thereby explaining the absence of 

detectable hippocampal p-Tau in this study. 

These observations position HFHF diets as 

a significant risk factor and potential trigger 

for early Alzheimer’s-type pathology and 

point to the need for interventions, such as 

dietary modification or metformin 

treatment, to target region-specific 

vulnerability within the brain. 

Following eight weeks of metformin 

administration, this study confirms that 

metformin can reduce Aβ deposition and 

Tau hyperphosphorylation induced by the 

HFHF diet. This observation is consistent 

with prior studies showing that metformin 
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prevents amyloid plaque deposition and 

Tau hyperphosphorylation (Oliveira et al. 

2021; Zhao et al. 2023), effects that are 

often accompanied by improved cognitive 

performance in experimental animals 

(Chellammal et al. 2022; Zhang et al. 

2025). In contrast, the present study 

revealed a contrasting outcome. Metformin 

failed to improve spatial memory 

performance, as reflected by SPA results in 

the Y-maze. This lack of cognitive 

improvement is supported by findings 

reported by Cho et al., which showed that 

chronic metformin administration 

worsened memory outcome (Cho et al. 

2024). Such inconsistencies may be 

attributed to the severity of HFHF-induced 

deficits or to side effects, such as vitamin 

B12 deficiency and mitochondrial 

inhibition, that may offset metformin 

neuroprotective effects (Farooq et al. 2022; 

Li et al. 2019; Yoval-Sánchez et al. 2022). 

Furthermore, the relatively short duration 

of treatment or the dosage used may have 

been insufficient to produce significant 

neuroprotective effects. Although 

metformin effectively improves peripheral 

insulin sensitivity, translating these effects 

to the brain—including the restoration of 

synaptic function and the cognitive 

improvement —likely requires a longer 

intervention period (Kodali et al. 2021; 

Rabieipoor et al. 2023). 

Interestingly, T. crispa extract at a dose 

of 400 mg/kg produced the greatest 

improvement in spontaneous alternation 

performance (p<0.001), exceeding that 

observed with metformin monotherapy 

(Figure 5B). This finding is consistent with 

its effects in the hippocampus and cortex, 

which showed a more marked recovery 

through the suppression of Aβ plaque 

accumulation and Tau 

hyperphosphorylation. These results 

suggest that the neuroprotective potential is 

substantial, possibly comparable to or even 

greater than that of metformin alone. This 

evidence further supports the growing 

notion that safe, natural, plant-derived 

therapies deserve further mechanistic and 

translational exploration in AD models. 

The superior efficacy of T. crispa may 

be attributed to its diterpenoid constituents, 

such as tinoscoroside A and brapetoside B 

(Zuhri et al. 2022), which modulate 

oxidative stress, promote neurogenesis, and 

support synaptic function (Gómez-Oliva et 

al. 2024; Salehi et al. 2023). Furthermore, 

in silico analyses revealed that BACE, 

PSEN1, and GSK3β exhibit much stronger 

interactions with borapetoside B or 

tinoscorside A than with metformin. This 

finding is noteworthy, given that 

dysregulation of these proteins is closely 

linked to amyloid plaque formation in AD. 

BACE acts as a rate-limiting enzyme in Aβ 

production, where altered glycosylation and 

misregulation exacerbate amyloid 

pathology (Hajdú et al. 2023). Likewise, 

PSEN1, the catalytic core of the γ-secretase 

complex, plays a central role in AD 

progression, with pathogenic variants 

accelerating amyloid deposition. 

Dysfunction of γ-secretase further increases 

Aβ42 accumulation and disrupts 

downstream signaling, thereby amplifying 

neurotoxicity (Gene at al. 2022; Zoltowska 

et al. 2024). In parallel, GSK3β activity 

promotes Tau hyperphosphorylation and 

aggregation into neurofibrillary tangles, 

further contributing to cognitive decline 

(Chakraborty et al. 2024).  

This study is valuable as it addresses an 

important research gap by demonstrating 

that natural compounds from T. crispa can 

simultaneously inhibit all three major 

proteins—BACE, PSEN1, and GSK3β—

implicated in AD (Figure 8). The proposed 

mechanism was developed using the Kyoto 

Encyclopedia of Genes and Genomes 

(KEGG) pathway map05010 (Alzheimer’s 

disease) as a reference. The effects of T. 

crispa identified here were then integrated 

into this pathway to illustrate its potential 

involvement in amyloid-β formation and 

Tau hyperphosphorylation. Our findings 

suggest that the multitarget interaction of T. 

crispa constituents could offer a promising 

therapeutic approach that could 
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complement or possibly surpass the effects 

of single-target drugs, such as metformin. 

In this context, the findings demonstrate 

that T. crispa at a dose of 400 mg/kg not 

only reproduces the beneficial actions of 

metformin but may also exert a greater 

effect on restoring normal Aβ and Tau 

regulation. This observation supports the 

potential of T. crispa as a candidate for 

preventing or slowing neurodegeneration.  

A limitation of this study is the 

relatively small sample size per group (n = 

5) and the absence of an a priori power 

analysis. The sample size was determined 

using Federer’s formula for in vivo 

experiments and meets the recommended 

minimum. This approach also reflects 

standard practices in animal research that 

balance statistical rigor with ethical 

considerations. Nevertheless, the relatively 

small sample size may limit the detection of 

subtle effects. Future studies with larger 

sample sizes and formal power analyses are 

therefore needed to improve statistical 

power and confirm the observed effects. 

 
Figure 8. Proposed mechanism of T. crispa in Aβ Formation and Tau hyperphosphorylation in Alzheimer’s 

disease. The role of T. crispa is marked with a green line. 
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Supplementary Table 1. Docking energies of five T. crispa compounds with target proteins. 

Ligan 
BACE  PSEN1  GSK3β 

G (kcal/mol) Ki (μM)  G (kcal/mol) Ki (μM)  G (kcal/mol) Ki (μM) 

Tinoscorside A -11.46 0.003  -11.04 0.008  -10.36 0.025 

Beta Sitosterol -10.94 0.009  -10.08 0.04  -10.12 0.037 

Borapetoside A -8.74 0.394  -9.67 0.081  -8.43 0.658 

Makisterone C -8.46 0.634  -9.45 0.119  -7.7 2.28 

Borapetoside B -12.02 0.001  -8.26 0.826  -7.18 5.44 

Metformin -6.55 15.72  -5.35 119.58  -3.74 1830 

 


