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Abstract. Alzheimer's disease (AD) is a neurodegenerative 
disorder that impairs learning and memory, with high rates 
of mortality. Birch bark has been traditionally used in the 
treatment of various skin ailments. Betulin (BT) is a key 
compound of birch bark that exhibits diverse pharmaco‑
logical benefits and therapeutic potential in AD. However, 
the therapeutic effects and molecular mechanisms of BT in 
AD remain unclear. The present study aimed to predict the 
potential therapeutic targets of BT in the treatment of AD, and 
to determine the specific underlying molecular mechanisms 
through network pharmacology analysis and experimental 
validation. PharmMapper was used to predict the target 
genes of BT, and four disease databases were searched to 
screen for AD targets. The intersection targets were identified 
using the jveen website. Drug‑disease target protein‑protein 
interaction networks and hub genes were obtained and visu‑
alized using the Search Tool for the Retrieval of Interacting 
Genes/Proteins database and Cytoscape. The Database for 
Annotation, Visualization and Integrated Discovery was used 
for Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analyses, and AutoDock 

was used for molecular docking analysis of BT and hub genes. 
Subsequently, the network‑predicted mechanisms of BT in AD 
were verified in vitro. A total of 495 BT and 1,386 AD targets 
were identified, and 120 were identified as potential targets 
of BT in the treatment of AD. The results of the molecular 
docking analysis revealed a strong binding affinity between 
BT and the hub genes. In addition, enrichment analyses of GO 
and KEGG pathways indicated that the neuroprotective effects 
of BT mainly involved the ‘PI3K‑Akt signaling pathway’. The 
results of in vitro experiments demonstrated that pretreatment 
with BT for 2 h may ameliorate formaldehyde (FA)‑induced 
cytotoxicity and morphological changes in HT22 cells, and 
decrease FA‑induced Tau hyperphosphorylation and reac‑
tive oxygen species levels. Furthermore, the PI3K/AKT 
signaling pathway was activated and the expression levels of 
downstream proteins, namely GSK3β, Bcl‑2 and Bax, were 
modified following pre‑treatment with BT. Overall, the results 
of network pharmacology and in vitro analyses revealed that 
BT may reduce FA‑induced AD‑like pathology by modulating 
the PI3K/AKT signaling pathway, highlighting it as a potential 
multi‑target drug for the treatment of AD.

Introduction

Alzheimer's disease (AD) is a complex neurodegenerative 
disorder that primarily affects elderly patients, presenting as 
a form of dementia (1). At present, ~55 million individuals 
worldwide suffer from AD (2). As the average life expectancy 
of the modern population increases and the population ages, 
the global number of patients with AD is expected to increase 
to 152 million by 2050, leading to a dementia epidemic (2). 
Notably, the development of effective treatments for AD has 
been slow to progress, with a failure rate of 99.6% (3). This 
failure rate may be due to the development of drugs that 
only target a single pathological manifestation of AD, such 
as β‑amyloid deposition or Tau hyperphosphorylation (3,4). 
However, AD is a multifactorial disease with unclear under‑
lying mechanisms, leading to limitations in the development 
of traditional single‑target drugs  (5). Therefore, further 
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investigations into multi‑target drugs are required for the 
development of a novel treatment approach.

Natural compounds extracted from plants, such as 
cineole, ginsenosides and resveratrol, may exhibit beneficial 
neuroprotective effects  (6). Betulin (BT) is a lupine‑type 
pentacyclic triterpenoid compound, and was one of the first 
natural substances to be isolated from plants (7). BT is mainly 
found in Betulaceae, with 54‑82% located in the bark (8). BT 
exerts numerous pharmacological effects in diseases, exhib‑
iting anti‑inflammatory, antioxidant, antibacterial, antitumor 
and anti‑HIV properties  (9). Research has focused on the 
therapeutic potential of BT in neurodegenerative diseases due 
to its ability to cross the blood‑brain barrier (10). A previous 
study demonstrated that BT reduced α‑synuclein accumula‑
tion in neurons, and alleviated 6‑hydroxydopamine‑induced 
neuronal apoptosis and dopaminergic neuronal degeneration, 
thereby prolonging the lifespan of C. elegans, a Parkinson's 
disease model  (11). In addition, the spatial learning and 
memory of streptozotocin (STZ)‑induced diabetic rats were 
improved following treatment with BT (12). BT also alleviated 
STZ‑induced oxidative stress and inflammation in the hippo‑
campus by increasing the expression of heme oxygenase‑1 
(HO‑1) and nuclear factor erythroid 2‑related factor 2 (Nrf2), 
and inhibiting the activity of NF‑κB (12). In BV‑2 cells, BT 
was found to decrease lipopolysaccharide (LPS)‑induced 
neuroinflammation through inhibition of inducible nitric oxide 
synthase, c‑Jun N‑terminal kinase and NF‑κB activation (13). 
Collectively, these studies indicated that BT might exhibit 
potential in the treatment of neurodegenerative diseases. 
However, studies that focus on the effects of BT in AD are 
limited, and thus, the efficacy and mechanism of BT in the 
treatment of AD need to be further investigated.

Network pharmacology is a ‘multi‑target, multi‑effect’ 
research model that integrates high‑throughput, network 
visualization and network analysis technology to predict the 
association between drugs and targets. Network pharma‑
cology is also used to systematically explore the mechanism 
of action of drugs in the treatment of diseases (14). The present 
study aimed to determine the potential targets and molecular 
mechanisms of BT in the treatment of AD using network phar‑
macology and molecular docking technology. Furthermore, 
an AD cell model was established and treated with BT, and 
the effects of BT on the predicted signaling pathways and 
AD‑related proteins were verified using cell viability, reactive 
oxygen species (ROS) probe and western blotting assays to 
explore the neuroprotective effects of BT and its molecular 
mechanisms. The study workflow is shown as a graphical 
summary in Fig. 1.

Materials and methods

Acquisition and screening of drug‑related target genes. The 
structural information of BT at the secondary and tertiary 
levels was acquired from the PubChem database (version; 
1.8.0 beta; https://pubchem.ncbi.nlm.nih.gov/) (15), and 3D 
structural mapping of BT was submitted to PharmMapper 
(version 2017; http://lilab‑ecust.cn/pharmmapper/) (16). The 
human‑derived target protein library and pharmacophore 
model library were selected to fully cover the target protein, 
and the results obtained from the two databases were combined 

and de‑duplicated to obtain the therapeutic target database of 
BT. Subsequently, the UniProt ID of BT targets was converted 
to a gene symbol using UniProt (version 2023_04; https://www.
uniprot.org/) (17). 

Acquisition of AD‑related target genes. To look for AD targets, 
the search was conducted using the keyword ‘Alzheimer's 
disease’ in several databases, including the Human Gene 
Database and Analysis Tools (GeneCards; version 5.17; 
https://www.genecards.org/) (18), a database of gene‑disease 
associations (DisGeNET; version 7.0; http://www.disgenet.
org/) (19), Comparative Toxicology Database (CTD; version 
17016; https://ctdbase.org/)  (20) and Online Mendelian 
Inheritance in Man (OMIM; https://www.omim.org/) (21). The 
criteria for gene selection in each database were: GeneCards 
Inferred Functionality Score ≥50 in GeneCards, score ≥0.4 
in DisGeNET and inference ≥50 in CTD. The gene selection 
criteria in the OMIM database were genes that exist on the 
gene map. The AD‑related gene database was obtained by 
combining and de‑duplicating the screened results from 
all databases.

Screening of drug‑disease common targets and protein‑protein 
interaction (PPI) network analysis. The intersection targets 
of BT and AD were determined using a Venn diagram 
drawn using jvenn  (22) (http://www.bioinformatics.com.
cn/static/others/jvenn/example.html). The PPI network 
was constructed using the Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING) database (version 12.0; 
https://string‑db.org/) (23). Homo sapiens was selected and a 
minimum interaction score of 0.400 was applied. Afterwards, 
Cytoscape (version 3.7.2) software (24) was used for topo‑
logical analysis and to draw the common targets PPI network 
diagram, in which nodes were sized and colored according to 
the degree value of the gene. The CytoHubba plugin (version 
0.1) and Degree algorithm in Cytoscape were utilized to 
identify hub genes within the PPI network (25).

Enrichment analysis of Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways. 
The Database for Annotation, Visualization and Integrated 
Discovery (DAVID; version 2021; https://david.ncifcrf.
gov/home.jsp) (26) was used to input common targets of BT and 
AD. Briefly, the intersection targets were input into DAVID, 
with a focus on ‘Homo sapiens’ as the species and a choice 
of ‘Official Gene Symbols’ as the gene list. After submitting, 
the results of the GO and KEGG enrichment analysis were 
obtained. GO terms included biological process (BP), cellular 
component and molecular function terms. P<0.05 indicated 
a significant level of enrichment. Subsequently, SangerBox 
(version 1.1.3; http://vip.sangerbox.com/)  (27) was used to 
generate bubble graphs containing the top 10 KEGG pathways 
and GO terms with the highest count.

Molecular docking of BT and 3D structure of hub genes. The 
Protein Data Bank (PDB) files of the 3D structure of hub genes 
were obtained from the Research Collaboration for Structural 
Bioinformatics PDB (RCSB PDB; version 3.48.0; https://www.
rcsb.org/) (28) with the organism set as ‘Homo sapiens’. The 
mol2 file of BT was obtained from the Traditional Chinese 
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Medicine Systems Pharmacology Database (TCMSP; version 
2.3; https://old.tcmsp‑e.com/tcmsp.php) (29). The small mole‑
cule 3D structures and protein 3D structures were imported 
into AutoDock Tools (version 1.5.6; The Scripps Research 
Institute) for the removal of water molecules and processing of 
hydrogen bonds, followed by molecular docking. Subsequently, 
the PyMOL software (version 2.5.4; Schrodinger, Inc.) was 
utilized to visualize the docking outcomes, while the reliability 
of the docking results was assessed using the binding energy 
and root mean square deviation (RMSD)  (30). A binding 
energy <‑1.2 kcal/mol (31) and RMSD <2 Å (32) indicate that 
the target protein can be bound by the compound in a sponta‑
neous manner, and a lower binding energy indicates a stronger 
affinity between the ligand and the relevant target protein.

Reagents and antibodies. BT (cat.  no. B35645) standards 
(≥98%) were purchased from Shanghai Acmec Biochemical 
Technology Co., Ltd. Formaldehyde (FA) aqueous solution 
(37% w/v; cell culture grade; F8775) was obtained from Sigma 
Aldrich; Merck KGaA. RIPA lysate buffer (cat. no. SB‑BR040), 
the BCA protein assay kit (cat.  no.  SB‑WB013) and 
dichlorodihydrofluorescein diacetate (DCFH‑DA; ROS 
detection probe; cat.  no.  SB‑R6033) were obtained from 
Share‑bio (https://www.share‑bio.com/). Special grade FBS 
(cat. no. C04001), DMEM/F12 (cat. no. 01‑172‑1ACS), peni‑
cillin‑streptomycin mixture (100X; cat. no. 03‑031‑5B), trypsin 
solution (0.25%; cat. no. 03‑050‑1B) and phosphate buffer 
solution (cat. no. 02‑024‑1ACS) were obtained from Biological 
Industries; Sartorius AG. The Cell Counting Kit‑8 (CCK‑8; 
cat. no. PF00004) was purchased from Proteintech Group, Inc. 
Dimethyl sulfoxide (cell culture grade; cat. no. D8371) was 
obtained from Beijing Solarbio Science & Technology Co., Ltd. 
Goat anti‑mouse IgG HRP‑conjugated secondary antibodies 
(cat. no. SA00001‑1) were obtained from Proteintech Group, 
Inc. Goat anti‑rabbit IgG HRP‑conjugated secondary antibodies 

(cat. no. SB‑AB0035) and anti‑β‑actin (cat. no. SB‑AB0101) 
were obtained from Share‑bio (https://www.share‑bio.com/). 
Anti‑total (t‑)GSK3β (cat.  no.  ab93926) was purchased 
from Abcam. Anti‑phosphorylated (p‑)GSK3β (Ser9; 
cat. no. D3A4) was obtained from Cell Signaling Technology, 
Inc. Anti‑t‑PI3K (cat. no. 251221), anti‑p‑PI3K (Tyr467/199; 
cat. no. 341468), anti‑p‑Tau (Thr181; cat. no. 310192), anti‑t‑Tau 
(cat. no. R25862) and anti‑p‑GSK3β (Tyr216; cat. no. R24515) 
were purchased from Chengdu Zen‑Bioscience Co., Ltd. 
Anti‑Bax (cat.  no.  T40051), anti‑Bcl‑2 (cat.  no.  T40056), 
anti‑t‑AKT (cat.  no.  T55516) and anti‑p‑AKT (Ser473; 
cat. no. T56569) were obtained from Abmart Pharmaceutical 
Technology, Co., Ltd. Unless stated otherwise, all analytical 
grade reagents were acquired from a local reagent supplier.

Cell culture. The mouse hippocampal neuronal cell line 
(HT22; cat.  no.  iCell‑m020) was obtained from Cellverse 
Bioscience Technology Co., Ltd.,). HT22 cells were cultured 
in DMEM/F12 supplemented with 1% penicillin‑streptomycin 
and 10% FBS in a humidified incubator with 5% CO2 at 
37˚C. When the cells grew to ~80‑90% density, the cells were 
digested with trypsin solution and passaged.

Experimental design. HT22 cells were divided into the 
following groups: i) Control group (cells without any treat‑
ment); ii) FA group (FA applied at an appropriate concentration 
according to each experimental plan); and iii) FA + BT group 
(BT pre‑, simultaneous‑ or post‑treatment was performed 
according to each experimental plan).

Cytotoxicity assay. According to a previous study, an FA 
concentration of the median lethal dose (LD50; 0.5 mM) was 
employed to generate an AD‑like cell model (33). Cell viability 
was determined using a CCK‑8 assay according to the manu‑
facturer's instructions. Briefly, HT22 cells in the logarithmic 

Figure 1. Study concept and workflow. BT, betulin; AD, Alzheimer's disease; CCK‑8, Cell Counting Kit‑8; GO, Gene Oncology; KEGG, Kyoto Encyclopedia 
of Genes and Genomes; PPI, protein‑protein interaction; ROS, reactive oxygen species.
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growth phase were digested from the dish by trypsin solution, 
and then were seeded at a density of 1x104 cells/well and 
cultured for 24 h at 37˚C to ensure cell adhesion in a 96‑well 
plate (Corning, Inc.). The medium was then substituted with 
FBS‑free DMEM/F12 containing BT (0‑100 µM), and cells 
were incubated with BT for 24 h at 37˚C. To investigate whether 
BT could reduce FA‑induced cytotoxicity, in 5% CO2 and at 
37˚C, cells were treated with BT (0.1‑5 µM) for 2 h before 
and after exposure to FA (0.5 mM; LD50) for 4 h, as well as 
treated simultaneously with 0.5 mM FA for 4 h. Subsequently, 
the old medium was discarded and the cells were incubated 
with FBS‑free DMEM/F12 containing CCK‑8 for 2 h at 37˚C. 
A spectrum plate reader (Bio‑Rad Laboratories, Inc.) was used 
to measure the optical absorbance at 450 nm. Each group had 
at least four replicates and the experiment was repeated three 
times. Cell viability was presented as the percentage of viable 
cells compared with the control group.

To further observe cell morphology changes, HT22 cells in 
the logarithmic growth phase were digested by trypsin solution, 
and then were seeded in a 12‑well plate at 1.5x105 cells/well 
and cultured for another 24 h at 37˚C to ensure cell adhesion. 
Subsequently, at 37˚C, cells were treated with BT (5 µM) for 
2 h followed by FA (0.5 mM) exposure for 4 h. After 10 min 
of fixation with 4% paraformaldehyde at room temperature, 
cell morphology was observed using a vertical fluorescence 
microscopy imaging system (BXS3; Olympus Corporation). 
The experiment was repeated three times.

Determination of ROS content. For the detection of intracel‑
lular ROS content according to a previous study (33), HT22 
cells in the logarithmic growth phase were digested from the 
dish by trypsin solution, and then were seeded at a density of 
1.5x105 cells/well on cell slides in a 12‑well plate and cultured 
for 24  h at 37˚C for attachment. After which, cells were 
pre‑treated with BT (5 µM) for 2 h before FA (0.5 mM) expo‑
sure for 4 h at 37˚C. Subsequently, the cells were incubated 
with 10 µM DCFH‑DA (a probe for detecting ROS green fluo‑
rescence) in the dark at 37˚C for 30 min after discarding the 
medium. The green fluorescence intensity was measured using 
a vertical fluorescence microscopy imaging system (BXS3; 
Olympus Corporation) and analyzed using ImageJ software 
(version 1.49; National Institutes of Health). The assay was 
repeated three times with 10 cells/coverslip per replicate.

Western blotting. For western blotting, at 37˚C, HT22 cells in 
the logarithmic growth phase were digested by trypsin solu‑
tion, and then were seeded at 4x105 cells/well in a 6‑well plate 
and were pre‑treated with BT (5 µM) for 2 h before 4 h of FA 
(0.5 mM) at 37˚C treatment, based on the literature protocols 
with slight modifications (33). Briefly, cells were incubated 
in RIPA buffer with protease inhibitors according to the 
manufacturer's instructions to prepare whole‑cell lysates. A 
BCA protein assay kit was employed to determine the protein 
content. Protein samples (20 µg loaded/lane) were heated at 
98˚C for 10 min after mixing with 5X SDS‑PAGE buffer. The 
mixture was then separated by 15% SDS‑PAGE and transferred 
to polyvinylidene fluoride membranes (MilliporeSigma). After 
blocking with 5% skim milk for 1 h at room temperature, the 
membranes were incubated with primary antibodies, including 
β‑actin (1:4,000), Tau (1:2,000), p‑Tau (Thr181; 1:1,500), PI3K 

(1:1,500), p‑PI3K (Tyr467; 1:1,500), AKT (1:2,000), p‑AKT 
(Ser473; 1:2,000), GSK3β (1:2,000), p‑GSK3β (Tyr216; 
1:1,500), p‑GSK3β (Ser9; 1:1,000), Bcl‑2 (1:2,000) and Bax 
(1:2,000), at 37˚C for 1.5 h (β‑actin) or at 4˚C overnight (all 
primary antibodies other than β‑actin). The membranes were 
subsequently washed three times for 10  min in Tris‑HCl 
buffered saline with 1% Tween‑20 (TBST), followed by 
incubation with the corresponding anti‑rabbit/anti‑mouse IgG 
HRP‑conjugated secondary antibodies (1:10,000) at room 
temperature for 1 h. The membranes were then washed three 
times with TBST for 10 min each. After which, the Luminol 
Chemiluminescent Kit (Share‑bio; cat. no. SB‑WB001) was 
added to the membrane and the optical density was measured 
and semi‑quantified using an automatic chemiluminescence 
image analyzer (Shanghai Bio‑Tech Co., Ltd.) and the ImageJ 
software package (version 1.49; National Institutes of Health), 
respectively. Each experiment was repeated three times, with 
β‑actin used as an internal reference to determine the intensity 
of each band. Images of western blotting were processed with 
Adobe Photoshop CS6 (Adobe Systems Europe, Ltd.).

Statistical analysis. The statistical analysis in the present study 
was conducted using GraphPad Prism software (version 8.0.2; 
Dotmatics). Results were obtained from a minimum of three 
independent experiments and presented as the mean ± standard 
error of the mean. The normality of the data was determined 
using the Shapiro‑Wilk test. All data were normally distrib‑
uted (all P>0.05) and were analyzed using one‑way ANOVA. 
Post hoc comparisons were performed using the Tukey test for 
the CCK‑8 assay results and the Student‑Newman‑Keuls post 
hoc test for all other data. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Common targets of BT in AD. In the present study, a 
two‑dimensional chemical structure of BT was obtained 
from the PubChem database (Fig. 2A) and then submitted to 
PharmMapper. A total of 225 and 279 genes were obtained 
from the human target protein library and pharmacophore 
model library, respectively. Subsequently, and 495 therapeutic 
targets of BT were identified after combining the genes and 
removing duplicates. A total of 1,386 genes associated with 
AD were obtained from the OMIM, GeneCards, DisGeNET 
and CTD databases. Jveen was used to intersect BT 
therapeutic targets and AD‑associated genes, leading to the 
identification of 120 potential therapeutic targets of BT in AD 
(Fig. 2B). Thus, the 120 intersection targets were submitted 
to the STRING website and medium confidence was selected 
to create a PPI network diagram. A tab separated values 
file was obtained from the STRING website and uploaded 
to Cytoscape for topology analysis. Notably, the network 
consisted of 120 nodes and 1,137 edges (Fig. 2C). In the PPI 
network diagram, nodes represent different proteins and the 
straight lines represent the interaction between proteins. The 
larger the node, the darker the color and the greater the degree 
value of the protein (Fig. 2C and D). The top 10 hub genes 
were screened according to degree values using the cytoHubba 
plugin in Cytoscape (Fig. 2D and E). The genes included 
albumin (ALB), EGFR, caspase 3 (CASP3), heat shock 
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protein 90 α family class a member 1 (HSP90AA1), ESR1, 
SRC proto‑oncogene, non‑receptor tyrosine kinase (SRC), 
GSK3β, insulin‑like growth factor‑1 (IGF1), peroxisome 
proliferator‑activated receptor γ (PPARG) and heat shock 
protein 90 α family class B member 1 (HSP90AB1) (Fig. 2E).

GO and KEGG enrichment analyses. To further clarify the 
potential biological functions of the 120 target genes, GO 
and KEGG enrichment analyses were performed. The results 
of the GO analysis indicated that the target genes were 
significantly enriched in cytosolic and nucleic functions, 
involving MFs such as ‘protein binding’ and ‘ATP binding’, 
and BPs such as ‘protein phosphorylation’ and ‘negative 

regulation of apoptotic process’ (Fig. 3A‑C; Table I). The 
KEGG pathway enrichment analysis indicated that the genes 
were significantly enriched in signaling pathways such as 
‘PI3K‑Akt signaling pathway’, ‘MAPK signaling pathway’ 
and ‘Ras signaling pathway’ (Fig. 3D; Table II). Notably, the 
PI3K/AKT signaling pathway is considered to be upstream 
of GSK3β (34). Based on the results of the gene enrichment 
analysis, it was hypothesized that the mechanism of BT in the 
treatment of AD may be associated with changes in protein 
phosphorylation and negative regulation of cell apoptosis 
involved in the PI3K/AKT signaling pathway. Therefore, the 
PI3K/AKT signaling pathway and downstream proteins were 
further examined in vitro.

Figure 2. PPI network map of the intersection targets and the top 10 hub genes. (A) Chemical structure of BT obtained from the PubChem database. Compound 
identifier, 72326. (B) Intersection targets of BT and AD. (C) PPI network diagram of intersection targets. Nodes represent proteins, and the larger and darker 
the node, the greater the degree value of the corresponding protein. (D) Top 10 hub genes according to the degree value. Nodes represent proteins, and the larger 
and darker the node, the greater the degree value of the corresponding protein. (E) Degree values of the 10 hub genes. AD, Alzheimer's disease; ALB, albumin; 
BT, betulin; CASP3, caspase 3; HSP90AA1, heat shock protein 90 α family class a member 1; HSP90AB1, heat shock protein 90 α family class B member 1; 
IGF1, insulin‑like growth factor‑1; PPARG, peroxisome proliferator‑activated receptor γ; PPI, protein‑protein interaction; SRC, non‑receptor tyrosine kinase.
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Molecular docking. Molecular docking simulates the binding 
process between a drug molecule and a protein molecule 
through the calculation of the interaction energy, thus 
providing predictions for the binding affinity, mode, position 
and stability of the drug‑protein complex (35). The interac‑
tions and binding affinities between BT and hub genes were 
predicted using BT as a small molecule ligand to dock with 
the respective hub genes. The results of the molecular docking 
analysis demonstrated good binding affinity between BT and 
the hub genes, including ALB, EGFR, CASP3, HSP90AA1, 
ESR1, SRC, GSK3β, IGF1, PPARG and HSP90AB1 (Fig. 4). 
Specific binding energy values and the RMSD of all molecules 
are shown in Table III. The binding energies of BT to ten hub 
genes were all <‑1.2 kcal/mol and the RMSD was <2 Å, which 
indicates that BT could regulate the physiological activity or 
function of these proteins by binding to them. Collectively, 
these results suggested that BT may exert neuroprotective 
effects through the aforementioned hub genes and signaling 
pathways that they are involved in.

Protective effects of BT against FA‑induced cytotoxicity. 
In the present study, HT22 cells were used to investigate 
the protective effects of BT against FA‑induced neurotox‑
icity. Data from a previous study revealed that FA induced 
cell death in a dose‑dependent manner, with an LD50 of 

~0.5 mM (33). The present study demonstrated that 24 h 
of treatment with BT alone (5‑100 µM) dose‑dependently 
caused loss of HT22 cell viability (Fig. 5A), with a signifi‑
cant effect observed from the concentration of 10 µM (cell 
viability, 72.63%; P<0.05). Therefore, BT at a dose of 5 µM 
(cell viability, 95.36%; P=0.9841) or less was used for subse‑
quent treatments. To investigate whether BT protects cells 
from FA‑induced cytotoxicity, the cells were treated with 
the following three methods and cell viability was measured 
separately: BT pretreatment for 2 h followed by FA treatment 
for 4 h; FA treatment for 4 h followed by BT post‑treatment 
for 2  h; and simultaneous BT and FA treatment for 4  h. 
The CCK‑8 assay demonstrated that pre‑treatment with 
BT protected cells from FA‑induced cytotoxicity in a 
dose‑dependent manner (Fig. 5B), with a significant effect 
observed at 1 µM (P<0.05). The viability of HT22 cells was 
not influenced by post‑treatment (Fig.  5C; P=0.8589) or 
simultaneous treatment (Fig. 5D; P=0.5501) with BT.

In addition, the morphology of HT22 cells was observed 
under a microscope at different magnifications. The results 
showed that compared with the control group, FA‑treated 
cells were rounder and atrophied, with reduced cell processes 
and irregular cell boundaries. However, compared with the 
FA‑treated group, the morphology of cells pre‑treated with BT 
was closer to that of normal HT22 cells (Fig. 5E).

Figure 3. Top 10 GO and KEGG analysis results. (A) Top 10 GO‑biological process entries. (B) Top 10 GO‑cellular component entries. (C) Top 10 GO‑molecular 
function entries. (D) Top 10 KEGG signaling pathways. FDR, false discovery rate; GO, Gene Oncology; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Effects of BT on FA‑induced Tau protein hyperphosphoryla‑
tion. As one of the crucial pathological features of AD (1), 
the present study revealed that the phosphorylation of Tau at 
the Thr181 site was significantly increased in the FA group 
(Fig. 6A and C; P<0.05). Pre‑treatment with 5 µM BT signifi‑
cantly decreased the levels of p‑Tau‑T181 (Fig. 6A and C; 
P<0.01). By contrast, the expression levels of t‑Tau were not 
significantly altered following pre‑treatment with 5 µM BT 
(Fig. 6A and B; P=0.8646), which suggested that BT regulated 
the phosphorylation of Tau without affecting the expression level 
of total protein and thus inhibited Tau hyperphosphorylation. 

BT attenuates ROS production induced by FA. Previous studies 
have demonstrated that ROS are upstream of the PI3K/AKT 
signaling pathway, and induce apoptosis through regulation of 

this pathway (36,37). The results of a previous study indicated 
that FA induced oxidative stress and increased ROS levels in 
HT22 cells (33). In the present study, a significant elevation in 
the fluorescence intensity of intracellular ROS was observed 
following treatment with FA for 4 h compared with the control 
group (Fig. 7A and B; P<0.001). By contrast, pre‑treatment 
with BT significantly attenuated the fluorescence intensity of 
intracellular ROS (Fig. 7A and B; P<0.001).

Effects of BT on the PI3K/AKT signaling pathway. To explore 
the mechanism by which BT reduced FA‑induced cytotoxicity 
and Tau hyperphosphorylation, proteins associated with the 
PI3K/AKT signaling pathway were examined. The levels of 
p‑PI3K (Fig. 8A and B; P<0.05) and p‑AKT (Fig. 8A and D; 
P<0.001) were significantly decreased following treatment 

Table I. GO terms for the interactions of betulin and Alzheimer's disease.

GO ID	 GO term	C ounts	 P‑value

GOTERM_BP			 
  GO:0006468	 Protein phosphorylation	 29	 4.21x10‑19

  GO:0043066	N egative regulation of apoptotic process	 28	 2.31x10‑17

  GO:0007165	 Signal transduction	 28	 2.16x10‑8

  GO:0045944	 Positive regulation of transcription from RNA polymerase II promoter	 27	 3.62x10‑8

  GO:0046777	 Protein autophosphorylation	 21	 1.78x10‑19

  GO:0008284	 Positive regulation of cell proliferation	 21	 2.41x10‑10

  GO:0035556	I ntracellular signal transduction	 20	 7.60Ex10‑11

  GO:0000122	N egative regulation of transcription from RNA polymerase II promoter	 20	 1.56x10‑5

  GO:0018108	 Peptidyl‑tyrosine phosphorylation	 19	 8.66x10‑19

  GO:0006508	 Proteolysis	 19	 1.83x10‑10

GOTERM_CC			 
  GO:0005829	C ytosol	 80	 6.04x10‑18

  GO:0005634	N ucleus	 71	 1.76x10‑18

  GO:0005737	C ytoplasm	 67	 9.71x10‑10

  GO:0005886	 Plasma membrane	 57	 2.67x10‑6

  GO:0005654	N ucleoplasm	 50	 1.30x10‑7

  GO:0005576	E xtracellular region	 33	 7.02x10‑7

  GO:0070062	E xtracellular exosome	 33	 1.93x10‑6

  GO:0016020	 Membrane	 32	 0.034881002
  GO:0005739	 Mitochondrion	 30	 5.95x10‑9

  GO:0005615	E xtracellular space	 27	 8.16x10‑5

GOTERM_MF			 
  GO:0005515	 Protein binding	 109	 1.71x10‑7

  GO:0005524	A TP binding	 43	 2.62x10‑16

  GO:0042802	I dentical protein binding	 36	 5.15x10‑10

  GO:0004712	 Protein serine/threonine/tyrosine kinase activity	 33	 1.08x10‑24

  GO:0008270	 Zinc ion binding	 26	 3.58x10‑10

  GO:0004672	 Protein kinase activity	 22	 5.41x10‑14

  GO:0019899	E nzyme binding	 22	 6.00x10‑14

  GO:0019901	 Protein kinase binding	 20	 1.11x10‑9

  GO:0004713	 Protein tyrosine kinase activity	 18	 7.63x10‑19

  GO:0004674	 Protein serine/threonine kinase activity	 17	 7.24x10‑9

BP, biological process; CC, cellular component; GO, Gene Oncology; MF, molecular function.

https://www.spandidos-publications.com/10.3892/mmr.2024.13356
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with FA for 4 h, while the levels of p‑PI3K (Fig. 8A and B, 
P<0.05) and p‑AKT (Fig. 8A and D; P<0.05) were significantly 
increased following pre‑treatment with 5 µM BT for 2 h. As 
shown in Fig. 8, the expression levels of t‑PI3K and t‑AKT 
remained unaltered with (P=0.4984 for t‑PI3K; P=0.9798 
for t‑AKT) or without (P=0.3944 for t‑PI3K; P=0.9783 for 
t‑AKT) pre‑treatment with BT (Fig.  8A, C and E). These 
results suggested that the net effect of BT may be to alter the 
phosphorylation state of these proteins.

In addition, the levels of phosphorylation of GSK3β at 
the activation site, namely Y216 (Fig. 8A and G; P<0.05), and 
t‑GSK3β (Fig. 8A and F; P<0.05) were significantly increased 
following treatment with FA, while the levels of phosphory‑
lation of GSK3β at the inhibition site, namely Ser9, were 
significantly decreased (Fig. 8A and H; P<0.05). By contrast, 
pre‑treatment with BT significantly reduced the phosphoryla‑
tion levels of GSK3β at Y216 (Fig. 8A and G; P<0.05) and 
t‑GSK3β (Fig. 8A and F; P<0.01), and significantly increased 
the levels of phosphorylation of GSK3β at Ser9 (Fig. 8A and H; 
P<0.05). These results indicated that pre‑treatment with BT 
inhibited the phosphorylation of GSK3β at the activation site 
and activated the phosphorylation of GSK3β at the inhibition 
site, indicating the overall decreased activity of t‑GSK3β.

Bcl‑2 and Bax are downstream proteins of the PI3K/AKT 
signaling pathway that are associated with apoptosis  (38). 
Western blotting demonstrated that the expression levels of 
Bcl‑2 were significantly decreased (Fig. 8A and I; P<0.001) 
following treatment with FA, accompanied by a significant 
increase in the expression levels of Bax (Fig.  8A  and  J; 
P<0.05) and the ratio of Bax/Bcl‑2 (Fig.  8K; P<0.05). 
However, pre‑treatment with BT significantly increased the 
expression levels of Bcl‑2 (Fig. 8A and I; P<0.01), while the 
expression levels of Bax (Fig. 8A and J; P<0.05) and the ratio 
of Bax/Bcl‑2 (Fig. 8K; P<0.05) were significantly decreased. 
Collectively, these results suggested that BT may alleviate 
FA‑induced cytotoxicity and Tau hyperphosphorylation 
through modulation of the PI3K/AKT signaling pathway.

Discussion

Terrestrial plants serve a pivotal role as an indispensable source 
of traditional medicine, particularly in developing nations (39). 

The World Health Organization reported that ~80% of the 
global population relies on medicinal compounds derived 
from plants for their healthcare needs (40). Birch is used as a 
traditional medicine worldwide for the treatment of arthritis, 
gout and rheumatic disease (41,42). BT, as a key component 
of white birch bark, has demonstrated therapeutic potential in 
diseases associated with the nervous system, such as diabetic 
encephalopathy and Parkinson's disease (11,12). However, the 
therapeutic potential of BT in the treatment of AD is yet to be 
fully elucidated. 

Using drug‑disease target networks, network pharma‑
cology illustrates complex interactions among biological 
systems, drugs and complex diseases (43). In the present study, 
network pharmacology was used to predict the therapeutic 
targets of BT for AD and explore the potential drug‑disease 
target network. In addition, in vitro experiments were used 
to verify the network‑predicted mechanisms of BT in the 
treatment of AD.

A single database was used to screen for BT‑related 
targets; however, the PharmMapper database target selec‑
tion covers a relatively comprehensive range, which includes 
23,236 proteins covering 16,159 druggable pharmacophore 
models and 51,431 ligandable pharmacophore models, which 
can be used for comprehensive target identification (16). In 
the present study, 495 BT targets were predicted using the 
PharmMapper database, and 1,386 AD‑associated genes 
were obtained from the OMIM, GeneCards, DisGeNET and 
CTD databases. Subsequently, 120 intersection targets were 
obtained from the 495 BT targets and 1,386 AD‑associated 
targets, which interacted to form a complex PPI network. 
Topological analysis of the PPI network was performed 
using Cytoscape, and ALB, EGFR, CASP3, HSP90AA1, 
ESR1, SRC, GSK3β, IGF1, PPARG and HSP90AB were 
identified as hub genes of the network. Among them, GSK3β 
is considered a key kinase involved in the development of Tau 
pathology in AD (44). Previous studies indicated that GSK3β 
is one of the key kinases regulating Tau phosphorylation in 
AD (33,44,45). Further molecular docking analysis showed 
that BT had good binding affinity for GSK3β, indicating 
that BT may bind to GSK3β, regulating its physiological 
activity and molecular function. At the same time, based 
on the results of the KEGG enrichment in the PI3K/AKT 

Table II. Kyoto Encyclopedia of Genes and Genomes pathways for the interactions of betulin and Alzheimer's disease.

ID	 Pathway	C ounts	 P‑value

hsa04151	 PI3K‑Akt signaling pathway	 32	 1.61x10‑17

hsa04010	 MAPK signaling pathway	 22	 1.68x10‑10

hsa04014	R as signaling pathway	 21	 1.20Ex10‑11

hsa04068	 FoxO signaling pathway	 18	 3.28x10‑13

hsa04926	R elaxin signaling pathway	 14	 4.05x10‑9

hsa04910	I nsulin signaling pathway	 14	 8.93x10‑9

hsa04915	E strogen signaling pathway	 14	 9.82x10‑9

hsa04660	 T cell receptor signaling pathway	 13	 2.62x10‑9

hsa04917	 Prolactin signaling pathway	 12	 2.60x10‑10

hsa04664	 Fc epsilon RI signaling pathway	 11	 2.88x10‑9
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signaling pathway, combined with previous studies on 
GSK3β in the PI3K/AKT signaling pathway (34,46,47) and 
the regulation of Tau phosphorylation (33,48,49), the present 
study focused on the effect of GSK3β on BT‑mediated 
neuroprotection. 

To further investigate the interactions and biological func‑
tions of the intersection targets, GO and KEGG enrichment 
analyses were performed. GO enrichment analysis revealed 
that the BPs associated with the targets included ‘protein 
phosphorylation’, ‘negative regulation of apoptotic process’ 

Figure 4. Molecular docking results. (A) Molecular docking results of BT and ALB. (B) Molecular docking results of BT and EGFR. (C) Molecular docking 
results of BT and CASP3. (D) Molecular docking results of BT and HSP90AA1. (E) Molecular docking results of BT and ESR1. (F) Molecular docking results 
of BT and SRC. (G) Molecular docking results of BT and GSK3β. (H) Molecular docking results of BT and IGF1. (I) Molecular docking results of BT and 
PPARG. (J) Molecular docking results of BT and HHSP90AB1. ALB, albumin; BT, betulin; CASP3, caspase 3; HSP90AA1, heat shock protein 90 α family 
class a member 1; HSP90AB1, heat shock protein 90 α family class B member 1; IGF1, insulin‑like growth factor‑1; PPARG, peroxisome proliferator‑activated 
receptor γ; SRC, non‑receptor tyrosine kinase.

https://www.spandidos-publications.com/10.3892/mmr.2024.13356
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and ‘signal transduction’. KEGG analysis indicated that 
BT affected the development of AD via multiple pathways, 
including the ‘PI3K‑AKT signaling pathway’, thus serving a 
therapeutic role. In the central nervous system, the PI3K/AKT 
signaling pathway serves a crucial role in a variety of physi‑
ological processes, such as cell proliferation, autophagy, 
apoptosis, neurogenesis and synaptic plasticity  (46). 
Furthermore, this pathway is closely associated with the 
pathogenesis of AD (50). It has been reported that the levels 
of PI3K subunits (p85 and p110) and the phosphorylation of 
AKT were reduced in post‑mortem brain samples of patients 
with AD compared with healthy individuals (51). As one of the 
most important intracellular signaling pathways, after binding 
to the growth factor receptor, PI3K activates the AKT protein 
via structural alterations, leading to regulation of downstream 
GSK3β and apoptosis‑associated proteins, including Bcl‑2 
and Bax (46). Collectively, the results of the PPI network and 
pathway analysis highlighted that BT may exert neuropro‑
tective effects on AD through regulation of the PI3K/AKT 
signaling pathway, thus inhibiting Tau hyperphosphorylation 
and apoptosis.

To further validate the predictions generated using network 
pharmacology, FA‑induced HT22 cells were employed in the 
present study. FA is considered a novel pathogenic factor in AD 
due to the impact on cognitive impairment and pathological 
features (52). Thus, FA has been widely used to simulate animal 
and cell disease models of AD (45,53). A previous study showed 
that intraperitoneal injection of BT could alleviate neuropathic 
and inflammatory pain induced by formalin solution (0.92% 
FA, 20 µl; right hindpaw injection) in Swiss mice, suggesting 
that BT might have a protective effect against FA‑induced 
neurotoxicity (54). The present study investigated the protec‑
tive effect of BT pretreatment (2 h) against the neurotoxicity 
induced by FA (0.5 mM; 4 h) in HT22 cells. Notably, neuronal 
atrophy and death are the main causes of cognitive impairment 

and brain atrophy in patients with AD (55). Therefore, the 
present study analyzed the effects of BT on cell viability and 
morphology. The results showed that pre‑treatment with BT 
for 2 h prior to 4 h of FA treatment increased cell viability in a 
dose‑dependent manner, and a significant effect was observed 
at ≥1 µM. Following pre‑treatment with BT, the cell density 
was increased, synapses were recovered and cell morphology 
was comparable with that of normal HT22 cells, compared 
with the FA group. These results indicated that BT may protect 
HT22 cells from FA‑induced cytotoxicity.

Tau is a microtubule‑associated protein, and hyperphos‑
phorylation of Tau results in the loss of physiological function, 
leading to cell death, thus contributing to neuropathies (56). 
The levels of p‑Tau‑T181 in plasma and cerebrospinal fluid 
are associated with cognitive impairment and the patho‑
logical progression of AD, and thus, Tau is considered a highly 
specific marker of AD (57). A previous study revealed that 
FA exposure increased Tau hyperphosphorylation and ROS 
content (33). In the present study, BT was found to significantly 
reduce FA‑induced Tau phosphorylation at Thr181. In addition, 
BT has been reported to exert antioxidant effects by increasing 
the protein expression levels of Nrf2 to promote the expression 
of HO‑1 and NAD (P)H quinone oxidoreductase 1, thereby 
inhibiting LPS‑induced oxidative stress in LPS‑treated 
macrophages  (58). Consistent with these findings, in the 
present study, pre‑treatment with BT significantly reduced 
ROS generation compared with the FA group. In conclusion, 
pre‑treatment with BT effectively ameliorated FA‑induced Tau 
hyperphosphorylation and oxidative stress in HT22 cells and 
protected cells from FA‑induced neurotoxicity.

Increased GSK3β activity is associated with increases in 
the hyperphosphorylation of Tau (48). It has been reported that 
inhibition of GSK3β reduced the production of neurofibrillary 
tangles and Tau hyperphosphorylation  (48). Furthermore, 
BT has been found to inhibit LPS‑induced oxidative stress 
and inflammatory responses by inhibiting the expression of 
GSK3β by increasing phosphorylation at Ser9, leading to the 
activation of Nrf2 in RAW 264.7 macrophages (58). The results 
of molecular docking in the present study also demonstrated 
that BT could regulate GSK3β. However, current docking 
algorithms may suffer from limited conformational sampling, 
leading to potential prediction errors  (32). Thus, further 
investigation was conducted in the present study. Western 
blotting confirmed the molecular docking results, indicating 
that BT reduced the expression levels of GSK3β increased by 
FA. Specifically, BT inhibited the FA‑induced activation of 
GSK3β through inhibition of the activation site at Y216 and 
activation of the inhibition site at Ser9, indicating an overall 
decreased activity of t‑GSK3β, thereby alleviating FA‑induced 
Tau hyperphosphorylation. For GSK3β, phosphorylation at its 
activation site Y216 is required for maximal GSK3β activity, 
while phosphorylation at the inhibitory site Ser9 causes the 
N‑terminal tail of GSK3β to act as a pre‑phosphorylated 
or pseudo‑substrate, impairing its binding to the activated 
substrates and reducing the phosphorylation (47). Therefore, 
BT may exert neuroprotective effects by reducing the activity 
of GSK3β and consequently lowering the phosphorylation 
level of its substrate Tau protein.

GSK3β is considered to be a downstream effector of the 
PI3K/AKT signaling pathway. Following phosphorylation of 

Table III. Molecular docking results of targets and betulin.

		  Binding energy,	
Target name	 PDB ID	 kJ/mol	R MSD, Å

ALB	 6YG9	 ‑6.86	 0.69
EGFR	 8A27	 ‑10.36	 0.001
CASP3	 1NME	 ‑8.59	 0.10
HSP90AA1	 4BQG	 ‑8.06	 0.042
ESR1	 7UJO	 ‑6.58	 0.84
SRC	 2SRC	 ‑8.29	 0.67
GSK3B	 7SXJ	 ‑7.78	 0.89
IGF1	 1GZR	 ‑7.22	 0.79
PPARG	 6T1S	 ‑8.40	 0.41
HSP90AB1	 6N8Y	 ‑11.57	 0.94

ALB, albumin; CASP3, caspase 3; HSP90AA1, heat shock protein 
90 α family class a member 1; HSP90AB1, heat shock protein 90 
α family class B member 1; IGF1, insulin‑like growth factor‑1; 
PDB, Protein Data Bank; PPARG, peroxisome proliferator‑activated 
receptor γ; RMSD, root mean square deviation; SRC, non‑receptor 
tyrosine kinase.
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AKT at Ser473, phosphorylated GSK3β is inactivated at Ser9, 
thereby attenuating the hyperphosphorylation of Tau and inhib‑
iting the formation of neurofibrillary tangles (49). Therefore, 

activation of the PI3K/AKT signaling pathway is considered 
to be an effective therapeutic target for AD. Numerous studies 
have demonstrated that BT could mitigate the progression 

Figure 5. Protective effects of BT against FA‑induced cytotoxicity. (A) Viability of HT22 cells treated with BT (0‑100 µM) alone for 24 h. (B) Viability of 
HT22 cells pretreated with BT (0.1‑5 µM) for 2 h before FA (0.5 mM) treatment for 4 h. (C) Viability of HT22 cells post‑treated with BT (0.1‑5 µM) for 2 h 
after FA (0.5 mM) treatment for 4 h. (D) Viability of HT22 cells co‑treated with BT (0.1‑5 µM) and FA (0.5 mM) for 4 h. (E) HT22 cells were pre‑treated with 
5 µM BT for 2 h and then treated with 0.5 mM FA for 4 h, and cell morphology was observed with a microscope at different magnifications. Scale bar, 20 or 
5 µm as indicated. All data are presented as the mean ± SEM (n=3). #P<0.05, ##P<0.01 and ###P<0.001 vs. control; *P<0.05 and ***P<0.001 vs. 0.5 mM FA group 
+ 0 µM BT group. BT, betulin; FA, formaldehyde.

https://www.spandidos-publications.com/10.3892/mmr.2024.13356
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of various cancer types, such as metastatic colorectal cancer 
and ovarian cancer, by modulating the PI3K/AKT signaling 
pathway (59,60); however, to the best of our knowledge, there 
is no existing report on whether the protective effect of BT 
on AD is associated with the PI3K/AKT signaling pathway. 
In the present study, western blotting demonstrated that BT 
enhanced the activity of PI3K and AKT in FA‑treated HT22 
cells by increasing the phosphorylation levels of PI3K and 
AKT. These results indicated that BT may activate PI3K and 
subsequently induce downstream AKT phosphorylation to 
stimulate the PI3K/AKT signaling cascade.

Furthermore, the PI3K/AKT signaling pathway is a crucial 
pathway for regulating cell survival through regulating the 
expression of two key apoptosis‑regulating proteins, Bcl‑2 and 
Bax (38). A previous study has demonstrated that downregu‑
lation of Bcl‑2 and upregulation of Bax activated caspase‑3 
to induce apoptosis in rat hippocampal neurons (61). In addi‑
tion, the ratio of the expression levels of pro‑apoptotic and 
anti‑apoptotic proteins determines cell survival (62). In the 
present study, treatment with FA significantly reduced the 
expression levels of the anti‑apoptotic protein Bcl‑2, increased 
the production of the pro‑apoptotic protein Bax and increased 
the ratio of Bax to Bcl‑2. After pretreatment with 5 µM BT, 

the changes of Bax and Bcl‑2 induced by FA were significantly 
attenuated, which was similar to a previous study in SK‑NSH 
cells, where 2.5 µM BT and 2 µM As2O3 co‑treatment for 
48  h reduced the decrease in Bcl‑2 and increase in Bax 
induced by As2O3 (63). It has been revealed that GSK3β is 
involved in stress‑induced cell apoptosis processes, including 
endoplasmic reticulum stress‑induced cell apoptosis (33,64). 
Activated GSK3β may activate or inhibit downstream targets, 
such as activating p53 and Bax, and inhibiting Bcl‑2, thereby 
promoting apoptosis (64). Therefore, the regulatory effect of 
BT on Bax and Bcl‑2 might partially be achieved by inhib‑
iting GSK3β. Collectively, these results demonstrated that BT 
may exert therapeutic effects in AD through regulation of the 
PI3K/AKT/GSK3β signaling pathway, leading to reduced Tau 
hyperphosphorylation and apoptosis.

Several studies have confirmed that BT can alleviate 
cognitive impairment (9,12). Cho et al (9) demonstrated that 
BT alleviated scopolamine‑induced cognitive impairment in 
mice and increased glutathione levels in mouse brain tissue; 
however, the specific molecular mechanism was not deeply 
analyzed. Another study indicated that BT might exhibit a 
protective effect on cognitive decline in STZ‑induced diabetic 
rats via the HO‑1/Nrf2/NF‑κB pathway (12). To the best of our 

Figure 7. Effects of BT on FA‑induced ROS levels in HT22 cells. (A) Fluorescence intensity of ROS in HT22 cells pretreated with BT for 2 h before FA 
treatment for 4 h was observed by fluorescence microscopy at different magnifications. Scale bar, 20 or 5 µm as indicated. (B) Analysis of ROS fluores‑
cence intensity. Each assay was repeated three times with 10 cells/coverslip per replicate and all data are presented as the mean ± SEM (n=3). #P<0.05 and 
###P<0.001 vs. Ctrl; ***P<0.001 vs. FA group. BT, betulin; Ctrl, control; FA, formaldehyde; ROS, reactive oxygen species. 

Figure 6. Effects of BT on FA‑induced Tau protein hyperphosphorylation. (A) Western blotting was performed to detect the protein levels of p‑Tau (Thr181) 
and t‑Tau after 4 h of FA (0.5 mM) treatment and 2 h of BT (5 µM) pre‑treatment + 4 h of FA (0.5 mM) treatment. (B) Relative gray value analysis of t‑Tau. 
(C) Relative gray value analysis of p‑Tau‑T181.All data are presented as the mean ± SEM (n=3). #P<0.05 vs. Ctrl; **P<0.01 vs. FA group. BT, betulin; Ctrl, 
control; FA, formaldehyde; ns, not significant; p‑, phosphorylated; t‑, total.
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knowledge, the present study was the first to explore the poten‑
tial mechanisms of BT in the treatment of AD, using compound 
target network construction, PPI network analysis, GO and 
KEGG enrichment analyses, molecular docking, and experi‑
mental validation in an FA‑induced AD cell model. Briefly, the 
results of the present study revealed that the neuroprotective 
effects of BT were associated with the PI3K/AKT signaling 
pathway and its downstream targets, including GSK3β, Bax 
and Bcl‑2. Thus, BT may exhibit potential for the treatment of 
AD, and the present study provides a theoretical basis for the 
development of a novel treatment option. As the PI3K/AKT 
signaling pathway is involved in numerous physiological func‑
tions, such as ferroptosis and inflammatory responses (65,66), 

further investigations are required to determine the specific 
molecular mechanisms underlying the effects of BT in AD. 
Additionally, while the HT22 cells selected in the present 
study have been extensively utilized (33,67,68) for investi‑
gating neurotoxicity, cell models are unable to fully replicate 
the cognitive decline, behavioral changes and pathological 
alterations associated with AD, and further animal experi‑
ments need to be performed in follow‑up studies.
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