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Abstract. Melanoma is a malignancy that affects millions 
of individuals worldwide. Atractylenolide I (AT) has been 
reported to suppress cell proliferation in melanoma cells, but 
the underlying mechanism is not fully understood. Therefore, 
the present study investigated the mechanism underlying the 
antitumor activity of AT in melanoma. Cell Counting Kit‑8 
and colony formation assays were performed after B16 and 
A875 melanoma cells were treated with 25, 50 and 100 µM 
AT. The results indicated that AT could significantly and 
dose‑dependently suppress melanoma cell viability and prolif‑
eration (P<0.001). Furthermore, the stemness and migration of 
melanoma cells were significantly inhibited by the three doses 
of AT (P<0.001), as demonstrated by sphere formation and 
wound healing assays. Gene Ontology, Kyoto Encyclopedia 
of Genes and Genomes and target‑pathway networks analyses 
identified the phosphatidylinositol 3‑kinase/protein kinase 
B/mammalian target of rapamycin (PI3K/AKT/mTOR) axis 
as a potential target of AT in melanoma. Mechanistically, 
the suppression of viability, proliferation, stemness and 
migration by AT was significantly reversed by overexpres‑
sion of PI3K in melanoma cells. However, AT did not affect 
melanoma cells when PI3K was knocked down, suggesting 
that the anti‑melanoma effects of AT are mediated by PI3K. 
Additionally, the expression of phosphorylated (p‑)PI3K, 
PI3K, p‑AKT (Ser473), p‑AKT (Thr308), AKT, p‑mTOR 
(Ser2448), p‑mTOR (Ser2481) and mTOR, determined via 
western blotting, revealed that the phosphorylation of PI3K, 
AKT and mTOR was significantly suppressed following AT 
treatment (P<0.001), further supporting the notion that AT 
exerts its antitumor activity through the PI3K/AKT/mTOR 
axis. In conclusion, the present study demonstrated that AT 
could inhibit the viability, proliferation and migration of 

melanoma cells through the PI3K/AKT/mTOR axis. These 
findings reveal a novel anti‑melanoma effect and the thera‑
peutic potential of AT in melanoma.

Introduction

Melanoma is characterized by the malignant transformation 
of melanocytes. This skin cancer is highly aggressive and 
drug‑resistant, with a survival rate of only 29.8% after 5 years, 
and causes ~55,500 deaths annually (1,2). At present, the primary 
therapeutic strategy for melanoma involves surgical excision of 
the primary tumor followed by adjuvant treatment to prevent 
recurrence of the malignancy (3). First‑line adjuvant treatments 
for melanoma include interferon‑α and dabrafenib. However, 
these treatments have not been successful in markedly improving 
overall survival and often result in severe side effects (4‑7). 
Therefore, the development of new adjuvants with high efficacy 
and low toxicity is required for the treatment of melanoma.

In recent years, Traditional Chinese Medicine (TCM) has 
gained increasing attention for its potential in the develop‑
ment of novel drugs for postoperative adjuvant treatment, 
due to its high efficacy and low toxicity (8‑10). Atractylodes 
macrocephala, known as ‘Baizhu’ in Chinese, is a perennial 
herb with a history spanning thousands of years in treating 
various disorders, including spleen hypofunction, diarrhea and 
cancer (11,12). Both in vitro and in vivo experimental studies 
have demonstrated the antitumor activity of A. macrocephala 
rhizome extract (13‑15). Atractylenolide I (AT) is a sesquiter‑
penoid lactone extracted from the A. macrocephala rhizome. 
AT induces apoptosis and suppresses glycolysis in colorectal 
cancer cells (16). The suppressive role of AT in tumorigenesis 
has also been reported in breast cancer (15). AT induces apop‑
tosis and cell cycle arrest in melanoma cells via the extracellular 
regulated protein kinase/glycogen synthase kinase 3β axis (17). 
Additionally, Xu et al (18) discovered that AT enhances the 
responsiveness to immune checkpoint blockade therapy by 
activating tumor antigen presentation in colorectal cancer cell 
implanted C57BL/6 mice and human patient‑derived colorectal 
cancer organoid models. Therefore, the promising therapeutic 
potential of AT in melanoma is supported by various studies. 
However, its precise role and underlying mechanisms remain 
largely unknown. Furthermore, the multitude of targets and 
complex interactions between AT and melanoma pose a major 
challenge in understanding the antitumor mechanism of 
action of AT.
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Network pharmacology has recently emerged as a robust 
method for systematically revealing the biological mecha‑
nisms underlying complex diseases and natural ingredients 
in TCM (19,20). Unlike the traditional ‘one symptom‑one 
target‑one drug’ dogma, network pharmacology prefers to 
establish a ‘compound‑protein/gene‑disease’ synergistic 
network, sharing a similar holistic philosophy as that of 
TCM (21). This approach effectively provides an understanding 
of the mechanisms underlying complex interactions between 
diseases and TCM preparations, making it valuable for new 
drug discovery and, in particular, the modern analysis of TCM 
treatments. For example, Ganoderma lucidum, known as 
‘Ling Zhi’ in China, is a typical TCM with anticancer proper‑
ties, whose mechanism of action was analyzed using network 
pharmacology and experimental data  (22). Additionally, 
Li et al  (23) utilized network pharmacology to predict the 
immunoregulatory mechanisms of ginseng leaves in lung 
cancer. These findings indicate the potential value of network 
pharmacology as a strategy for enhancing the understanding 
of the underlying mechanisms of TCM in disease treatment. 

Considering the complex interactions between AT and 
melanoma cells, to the best of our knowledge, the present 
study was the first to utilize network pharmacology and 
integrate experimental verification to uncover the underlying 
therapeutic mechanisms of AT in treating melanoma.

Materials and methods

Cell culture. B16 cells were obtained from Procell Life 
Science & Technology Co., Ltd. and A875 cells were acquired 
from the American Type Culture Collection. Both cell types 
were cultured in RPMI 1640 medium (MilliporeSigma), 
supplemented with penicillin/streptomycin (Corning, Inc.) 
and 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, 
Inc.), at 37˚C in a humidified atmosphere with 5% CO2.

Cell viability assay. B16 and A875 cells in the logarithmic 
phase were trypsinized, counted and seeded in 96‑well 
plates at a density of 5x103 cells/well in RPMI 1640 medium 
containing 10% fetal bovine serum. To investigate the cytotox‑
icity of AT (purity >98%; Chengdu Push Bio‑Technology Co., 
Ltd.) in B16 cells and A875 cells, cells were cultured in media 
only (control), AT at 25 µM (AT‑low group; AT‑L), 50 µM 
(AT‑medium group; AT‑M) and 100  µM (AT‑high group; 
AT‑H) were added to the experimental wells for 24 h at 37˚C. 
After treatment, the original medium was replaced with 100 µl 
fresh medium containing 10 µl Cell Counting Kit‑8 (CCK‑8) 
reagent (cat. no. C0043; Beyotime Institute of Biotechnology). 
Optical density was measured at 450 nm using a microplate 
reader (Bio‑Rad Laboratories, Inc.) to calculate the cell 
viability after a 2 h incubation with CCK‑8 in a humidified 
incubator with 5% CO2 at 37˚C. The assay was repeated thrice.

Colony formation assay. B16 and A875 cells were seeded in 
6‑well plates at a density of 2,000 cells/well (Corning, Inc.) and 
incubated for 10 days. The cells were then fixed with 4% para‑
formaldehyde for 30 min at room temperature, stained with 
crystal violet (Beijing Solarbio Science & Technology Co., 
Ltd.) at 25˚C for 30 min and washed thrice with 1X phosphate 
buffered saline. A cell population containing >50 cells (24) 

was considered a single colony. The number of colonies 
was counted using a light microscope (Leica Microsystems 
GmbH) and evaluated by ImageJ software (version 1.52m‌; 
National Institutes of Health,) using the ColonyArea plugin 
(https://imagej.net/plugins/colonyarea). The assay was 
performed in parallel using three biological replicates.

Sphere formation assay. To generate spheres, 4x103 B16 and 
A875 cells, with or without AT treatment, were seeded in 
24‑well plates coated with 0.5 mg/ml poly‑2‑hydroxyethyl 
methacrylate ethanol solution (MilliporeSigma) to prevent cell 
attachment. To further promote the formation of sphere, cells 
were cultured in 1 ml RPMI 1640 supplemented with 20 ng/ml 
epidermal growth factor (Stemcell Technologies, Inc.), a 1:50 
dilution of B27 supplement (Gibco; Thermo Fisher Scientific, 
Inc.) and 20 ng/ml recombinant human basic fibroblast growth 
factor (Promo Kine; PromoCell GmbH) and incubated in a 
humidified 5% CO2 incubator at 37˚C for 7 days. Cell density 
was maintained at 4  cells/µl to prevent cell aggregation. 
Spheres (containing >50 cells) were counted through inverted 
light microscopy and data were evaluated by ImageJ and the 
ImageJ Bio‑Formats Plugin (https://www.openmicroscopy.
org/bio‑formats/). The experiment was performed thrice to 
facilitate the statistical analysis of the data.

Wound healing assay. B16 and A875 cells were seeded into 
6‑well plates. Once the cells were at 90% confluency, the cell 
layer was disturbed using a sterile 200 µl pipette tip to generate 
a linear scratch wound on the cell surface. Subsequently, the 
cells were cultured in serum‑free RPMI 1640 medium, with 
images collected at 0 and 24 h. Wound closure was assessed 
through a light microscopy and quantified using ImageJ soft‑
ware. The wound closure was calculated as the wound healing 
rate using the following formula: Wound healing rate (%)=​
(wound width at 0  h‑wound width at 24  h)/wound  width 
at 0 h x100%. The assay was performed independently three 
times in parallel.

AT target prediction. The Similarity Ensemble Approach 
(https://sea.bkslab.org/) and Swiss TargetPrediction 
(http://www.swisstargetprediction.ch/) databases were used 
to predict protein target for screening, with ‘Homo sapiens’ 
specified as the restriction condition.

Melanoma target collection. Melanoma‑related targets were 
sourced from various online medical databases, including 
GeneCards (https://www.genecards.org/)  (25), DrugBank 
(https://go.drugbank.com/) (26), Online Mendelian Inheritance 
in Man (https://www.omim.org/) (27) and Therapeutic Target 
Database (https://db.idrblab.net/ttd/)  (28). After obtaining 
melanoma‑related disease targets, duplicates were removed 
and a database of disease‑target information was created. 
Subsequently, melanoma disease targets were compared with 
AT therapeutic targets to identify overlapping targets. The 
significance threshold was set at ‑log(p) ≥5.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses. The data were obtained using 
the following restriction conditions: ‘OFFICIAL‑GENE‑
SYMBOL’, ‘P<0.05’ and ‘Homo sapiens’. GO and KEGG 
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pathway enrichment analyses were conducted using the DAVID 
database (29,30). The results were ranked in descending order 
based on the degree of target enrichment. Subsequently, the 
top 10 processes and pathways were selected and visualized.

Construction of the target‑pathway network. Intersecting 
targets between AT and melanoma as well as notable pathways 
predicted using the KEGG database (https://www.kegg.jp/) 
were imported into Cytoscape 3.7.0 (https://cytoscape.org/) to 
construct the component‑target‑pathway network of AT. The 
importance of AT and the targets was determined according 
to Degree ≥5 (31), which indicates the total number of routes 
related to a node by other nodes. Increasingly higher degree 
values indicate increasing importance. 

RNA interference and overexpression. To knock down 
phosphatidylinositol 3‑kinase (PI3K) expression, B16 cells 
were transfected with PI3K‑specific small interfering RNAs 
(siRNAs; Qiagen, Inc.) using Lipofectamine RNAiMAX 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's instructions. AllStars negative control (NC) 
siRNA (Qiagen, Inc.) was used as the experimental control. 
The sequences of the specific genes used in the present study 
are as follows: PI3K (#1) sense strand, 5'‑AGA​AAA​CCG​CCU​
UAU​GGA​GUC‑3' and antisense strand, 5'‑CUC​CAU​AAG​
GCG​GUU​UUC​UAU‑3'; PI3K (#2) sense strand, 5'‑AUA​GAA​
AAC​CGC​CUU​AUG​GAG‑3' and antisense strand, 5'‑CCA​
UAA​GGC​GGU​UUU​CUA​UGU‑3'; siNC 5'‑AAT​TCT​CCG​
AAC​GTG​TCA​CGT‑3' and antisense strand, 5'‑UUA​AGA​
GGC​TTG​CAC​AGT​GCA‑3'. For PI3K overexpression in A875 
cells, the cDNA encoding PI3K (NCBI reference sequence, 
NM_006218.4) was amplified via PCR and subcloned into 
the pcDNA3.1 vector (Invitrogen; Thermo Fisher Scientific, 
Inc.) to construct the PI3K overexpression (oe) vector, with an 
empty vector serving as a NC. B16 and A875 cells seeded in 
6‑well plates at a density of 1x106 cells/well were transfected 
with the aforementioned siRNAs or vectors (PI3K‑specific 
siRNAs and siNC, 50 nM; PI3K oe vector and empty vector, 
2 µg) at 37˚C. The expression levels of PI3K in transfected 
cells were quantified using reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR) and western blotting 
48 h post‑transfection.

RT‑qPCR. Total RNA was isolated from B16 cells and A875 
using TRIzol reagent according to the manufacturer's instruc‑
tions (Invitrogen; Thermo Fisher Scientific, Inc.). Reverse 
Transcription was performed with the GoScript™ Reverse 
Transcription kit (Promega Corporation) according to the 
manufacturer's instructions. Briefly, 500 ng of total RNA was 
reverse transcribed in a 20 µl reaction volume using oligo(dT) 
primers and M‑MLV reverse transcriptase. The reaction was 
incubated at 42˚C for 60 min, followed by enzyme inactivation 
at 70˚C for 15 min. qPCR was subsequently performed on the 
LightCycler System 2.0 (Roche Diagnostics GmbH) with the 
following thermocycling conditions: Initial pre‑denaturation 
for 2 min at 90˚C, followed by 40 cycles at 93˚C for 10 sec, 
60˚C for 15 sec and 72˚C for 15 sec. Evaluation of the solubility 
curve was performed at 95˚C for 5 sec and 60˚C for 1 min, 
followed by cooling at 42˚C for 30 sec. The primer sequences 
for PI3K and β‑actin are listed in Table SI. The expression level 

of each gene was analyzed using a SYBR Green kit (Promega 
Corporation). Relative quantitation analysis was conducted 
based on the 2‑ΔΔCq method (32), with β‑actin serving as the 
internal control. The RT‑qPCR assays were conducted in 
triplicate.

Western blotting. Briefly, RIPA buffer (Beyotime Institute 
of Biotechnology) containing a protease inhibitor cocktail 
(Roche Diagnostics GmbH) was used to extract proteins 
from the cells. Protein concentrations were determined using 
a BCA kit (Beyotime Institute of Biotechnology). Next, all 
protein samples (20 µg per lane) were separated using 8% 
sodium dodecyl‑sulfate polyacrylamide gel electrophoresis 
and transferred to polyvinylidene difluoride membranes. 
Different membranes were used for probing phosphorylated 
and non‑phosphorylated proteins to ensure optimal blocking 
and detection conditions. The membranes were blocked 
for 2 h at 25˚C using 8% skim milk for β‑actin as well as 
non‑phosphorylated proteins, and 5% bovine serum albumin 
(Gibco; Thermo Fisher Scientific, Inc.) for the phosphory‑
lated proteins. The membranes were then incubated with the 
corresponding primary antibodies at 4˚C overnight, followed 
by incubation with secondary antibodies for 1  h at 25˚C. 
Finally, the ECL Kit (cat. no. ab65623; Abcam) was used to 
visualize the protein bands through an ECL imaging system 
(Tanon Science and Technology Co., Ltd.). Band intensity 
was semi‑quantified using ImageJ. The following antibodies 
were provided by Beyotime Institute of Biotechnology: 
PI3K antibody (cat. no. AF7749; 1:1,000), Phosphorylated 
(p)‑PI3K (cat. no. AF5905; 1:1,000), protein kinase B (AKT; 
cat.  no. AA326; 1:1,000), p‑AKT (Ser473; cat.  no. AA329; 
1:1,000), p‑AKT (Thr308; cat. no. AA331; 1:1,000), mammalian 
target of rapamycin (mTOR; cat. no. AF1648; 1:1,000), p‑mTOR 
(Ser2448; cat. no. AF5869; 1:1,000) and β‑actin (cat. no. AF0003; 
1:2,000). p‑mTOR antibody (Ser2481; cat.  no.  abs130934; 
1:1,000) was purchased from Absin Bioscience, Inc. The 
HRP‑conjugated secondary antibodies were purchased from 
Abcam (cat. nos. ab6721 and ab6728; 1:2,000). All western 
blotting experiments were repeated thrice.

Statistical analysis. GraphPad Prism (version 8.0.2; Dotmatics) 
was used for the data analyses. All data are presented as the 
mean  ± standard error of the mean. The normality of the data 
was tested using the Shapiro‑Wilk test, with P<0.05 considered 
to indicate normally distributed data. Homogeneity of vari‑
ance was tested using Levene's test, with P>0.05 considered 
to indicate homogenous data. For data that met normal distri‑
bution assumptions and equal variances, statistical analyses 
were performed through one‑way analysis of variance and 
Bonferroni post hoc test for multiple comparisons. Two‑way 
ANOVA followed by Bonferroni post hoc test was used for 
experiments involving multiple independent variables (such 
as time and dose‑dependent comparisons of the cytotoxicity 
of AT). P<0.05 was considered to indicate a statistically 
significant difference.

Results

AT inhibits the proliferation, stemness and migration of 
melanoma cells. The chemical structure of AT is shown in 
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Fig. 1A. To evaluate the antitumor activity of AT, B16 and 
A875 melanoma cells were initially co‑cultured with a series 
of concentrations of AT (5, 10, 25, 50, 100 and 200 µM) for 24 h 

to calculate the half‑maximal inhibitory concentration (IC50) 
of AT. The AT IC50 values were 80.07 µM for B16 cells and 
45.39 µM for A875 cells (Fig. 1B). Next, doses of 25 µM (AT‑L), 

Figure 1. AT inhibits the proliferation, stemness and migration of melanoma cells. (A) The chemical structure of AT. (B) The IC50 values of AT in B16 and 
A875 cells were calculated based on cell viability after the cells were treated with a series of concentrations of AT. OD values of (C) B16 and (D) A875 cells 
from different groups following incubation with Cell Counting Kit‑8. Proliferation capacity of (E) B16 and (F) A875 cells quantified via the colony formation 
assay. **P<0.01, ***P<0.001 vs. the Control group. AT, atractylenolide I; IC50, half‑maximal inhibitory concentration; OD, optical density; AT‑L, AT‑low; AT‑M, 
AT‑medium; AT‑H, AT‑high.
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50 µM (AT‑M) and 100 µM (AT‑H) were chosen to explore the 
cytotoxicity of AT in melanoma cells. After 24, 48 and 72 h of 
treatment, the viability of B16 cells was significantly reduced 
by all three AT doses in both a time‑dependent (P<0.001) and 

dose‑dependent (P<0.001) manner, as revealed by the CCK‑8 
assay (Fig. 1C). Similar findings were observed in A875 cells 
(both P<0.001; Fig. 1D), supporting the antitumor effect of 
AT on melanoma cells. Additionally, a colony formation 

Figure 2. AT suppresses the stemness and migration of melanoma cells. Stemness of (A) B16 and (B) A875 cells were assessed by sphere formation assay. 
Migration ability of (C) B16 and (D) A875 cells were analyzed via wound healing assay. *P<0.05, **P<0.01, ***P<0.001 vs. the Control group. AT, atractylenolide 
I; IC50, half‑maximal inhibitory concentration; AT‑L, AT‑low; AT‑M, AT‑medium; AT‑H, AT‑high.

https://www.spandidos-publications.com/10.3892/ol.2025.15118
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assay was performed to evaluate the antiproliferative effect of 
AT on melanoma cells. Compared with the colony numbers 
in the control group, the number of melanoma cell colonies 
in the AT‑L, AT‑M and AT‑H groups were significantly 
reduced (Fig. 1E and F). Collectively, these results indicate a 
suppressive role for AT in melanoma proliferation. 

Since cancer stemness plays a crucial role in the recurrence 
and metastasis of malignancy (33), the suppressive effect of 
AT on the stemness of melanoma cells was examined using 
a sphere formation assay. The results indicated a significant 
decrease in the number of spheres formed by the B16 and 
A875 cells after AT treatment (Fig. 2A and B). The collective 
results suggest that AT could inhibit the stemness of melanoma 
cells. Additionally, as shown in Fig. 2C and D, the migration 
of both B16 and A875 cells was also significantly hindered by 
AT treatment. The collective data indicate that AT effectively 
inhibits the proliferation, stemness and migration of melanoma 
cells in a dose‑dependent manner.

Prediction of the mechanism of action of AT via network 
pharmacology. After confirming the antitumor effects of 
AT, its mechanism of action was the next focus. However, 

the therapeutic targets and interactions between AT and 
melanoma are complex, making it difficult to determine the 
most likely therapeutic pathway. Network pharmacology 
was used to predict the main axis and reveal the potential 
therapeutic mechanisms of AT in melanoma. A total of 
22 overlapping target genes were identified from the 79 AT 
and 1,366 melanoma target genes (Fig. 3A). Subsequently, all 
intersecting target genes were subjected to GO and KEGG 
enrichment analyses using the DAVID database. The results 
revealed that 105 biological processes, 16 related cellular 
components and 78 molecular functions were involved in 
the interactions between AT and melanoma. The pathways 
associated with the top 10 intersecting targets were consid‑
ered for the construction of a GO enrichment analysis 
pathway map (Fig. 3B).

KEGG enrichment analysis was used to determine the 
signaling pathways associated with the anti‑melanoma effects of 
AT. KEGG enrichment analysis yielded 62 statistically signifi‑
cant pathways, and the top ten KEGG enrichment analyses 
are shown in Fig. 3C. Among these, the ‘PI3K‑Akt signaling 
pathway’ stood out as a potential axis in AT treatment, with a 
high ‑log10(P‑value) of 9.99x10‑2 and a gene count of 5. Since the 

Figure 3. Prediction of the mechanism underlying the therapeutic effects of AT via network pharmacology. (A) Venn diagram of AT‑melanoma intersection 
targets. Intersection targets investigated via (B) Gene Ontology and (C) Kyoto Encyclopedia of Genes and Genomes analyses. (D) The underlying therapeutic 
action of AT against melanoma shown in the target‑pathway network. The blue dots represent intersection targets, yellow hexagons represent important 
pathways and edges represent the relationships among targets, pathways and specific objects (AT or melanoma). AT, atractylenolide I; BP, biological process; 
CC, cellular component; MF, molecular function.
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mTOR signaling pathway is a well‑known downstream pathway 
of the PI3K/AKT signaling pathway, the PI3K/AKT/mTOR axis 
was chosen for further exploration of the therapeutic mechanism 

of AT. Additionally, the PI3K/AKT and mTOR signaling path‑
ways were selected as crucial pathways due to their high degree 
values (8 for the PI3K/AKT axis and 5 for the mTOR axis) in 

Figure 4. Overexpression of PI3K reverses the suppressive effects of AT in melanoma cells. PI3K overexpression efficiency was verified via (A) PCR and 
(B) western blotting. (C) OD of B16 cells following incubation with Cell Counting Kit‑8. Proliferation ability, stemness and migration capacity of B16 cells 
was measured via (D) colony formation assay, (E) sphere formation assay and (F) wound healing assay, respectively. ***P<0.001. AT, atractylenolide I; PI3K, 
phosphatidylinositol 3‑kinase; PI3K oe, PI3K overexpression vector. OD, optical density;

https://www.spandidos-publications.com/10.3892/ol.2025.15118
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the target‑pathway network (Fig. 3D). Therefore, based on the 
network pharmacology results, it is reasonable to consider the 
PI3K/AKT/mTOR axis as the mechanism underlying the thera‑
peutic effects of AT in melanoma.

Overexpression of PI3K reverses the suppressive effects of AT 
in melanoma cells. The role of PI3K in the suppressive effects 
of AT on melanoma cells was explored. Transfection of the 
PI3K oe vector successfully overexpressed PI3K in A875 cells, 
as demonstrated by RT‑qPCR (Fig. 4A) and western blotting 
(Fig. 4B). Consistently, AT treatment significantly suppressed 
the cell viability, proliferation, stemness as well as migration 
of B16 cells (Fig. 4C‑F), while the effects of AT were reversed 
by overexpressing PI3K (Fig. 4C‑F).

To confirm the contribution of the PI3K/AKT/mTOR 
pathway to the effects AT of observed, the effects after PI3K 
knockdown were studied. The efficiency of PI3K knockdown 
was measured at both the RNA and protein levels, and siPI3K#2 
was selected for subsequent experiments based on the results 
(Fig. S1A and B). As expected, the cell viability, proliferation, 
stemness and migration of B16 cells were significantly reduced 
after knocking down PI3K expression, which indicated that 
PI3K contributes to the malignant phenotypes of B16 cells. 
Additionally, in the absence of PI3K, AT did not significantly 
affect the cell viability, proliferation, stemness and migration 
of B16 cells, supporting the hypothesis that the inhibitory 
effect of AT on melanoma cells relies on its regulation of PI3K 
(Fig. S1C‑F). In summary, PI3K signaling was demonstrated to 
be a major axis through which AT inhibits the viability, prolif‑
eration, stemness and migration of melanoma cells. 

AT inhibits the PI3K/AKT/mTOR pathway in melanoma cells. 
After determining the role of PI3K signaling in AT activity, 
the effect of AT on the expression of the PI3K/AKT/mTOR 
axis in B16 cells was investigated. As shown in Fig. 5A, AT 
treatment significantly decreased the phosphorylation of 
PI3K and AKT. As a downstream target of the PI3K/AKT 
axis, mTOR signaling has been widely reported to promote 
proliferation in various cancer types (34). In the present study, 
the phosphorylation of mTOR was significantly suppressed by 
AT treatment, as shown in Fig. 5B. These results further imply 
that the inhibition of the PI3K/AKT/mTOR axis may be an 
underlying mechanism of action of AT in melanoma treatment.

Discussion

AT has been used to treat splenic and stomach ailments in 
Asia for centuries (35,36). Previous pharmacological studies 
have reported various activities of AT, such as antioxidant, 
anti‑inflammatory and anticancer activities (37‑39). Melanoma 
is one of the most common skin carcinomas worldwide and 
affects millions of individuals annually (40). The results of the 
present study demonstrated that AT effectively inhibited the 
growth and proliferation of melanoma cells, underscoring its 
potential for melanoma treatment.

Since malignant metastasis always occurs in patients with 
advanced melanoma and poses a major challenge to clinical 
therapy (41), the suppressive effect of AT on the migration 
of melanoma cells was investigated in the present study. AT 
treatment significantly inhibited cell migration, suggesting 
the potential of AT as an adjuvant treatment to prevent 

Figure 5. AT inhibits the PI3K/AKT/mTOR pathway in melanoma cells. (A) Expression levels of p‑PI3K, PI3K, p‑AKT (Ser473), p‑AKT (Thr308) and AKT were 
measured via western blotting. (B) Expression levels of p‑mTOR (Ser2448), p‑mTOR (Ser2481) and mTOR were measured via western blotting. *P<0.05, **P<0.01, 
***P<0.001 vs. the control group. AT, atractylenolide I; AT‑L, AT‑low; AT‑M, AT‑medium; AT‑H, AT‑high; p‑, phosphorylated; PI3K, phosphatidylinositol 
3‑kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin.
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melanoma metastasis. Similar to these results, Fu et al (42) 
demonstrated that AT inhibits the migration of melanoma 
cells and suggested that the role of AT may be mediated by 
the Janus kinase 2 (JAK2)/signal transducer and activator of 
transcription 3 (STAT3) pathway. However, the bioinformatics 
analysis performed in the present study suggested the potential 
role of the PI3K/AKT signaling pathway in AT activity during 
melanoma treatment and the JAK2/STAT3 pathway was not 
revealed in the analysis. Hence, the JAK2/STAT3 pathway was 
not explored further in the present study. Metastatic progression 
is affected by various factors, including post‑transcriptional 
regulation, cancer stemness and epithelial‑mesenchymal tran‑
sition (EMT). Among these, stemness has been shown to play 
a role in AT treatment of melanoma metastasis (43). Cancer 
stemness is often characterized by the ability of specific cancer 
cells to self‑renew, differentiate and regenerate. The induction 
of stemness in cancer cells is closely related to the prolifera‑
tion, migration and drug resistance of melanoma cells (44,45). 
In the present study, AT treatment significantly inhibited the 
stemness of B16 cells, which may be a key factor in the thera‑
peutic effect of AT on melanoma metastasis. EMT is a process 
characterized by the loss of epithelial cell markers and upregu‑
lation of mesenchymal cell markers. This process is another 
critical factor in cancer cell metastasis  (46). Li et al  (47) 
showed that fibronectin 1 promotes melanoma proliferation 
and metastasis through apoptosis and EMT. Additionally, 
evidence suggests a positive crosstalk between stemness and 
EMT in cancer cells  (48), with EMT transcription factors 
playing a role in regulating tumor cell stemness (49). Notably, 
a previous study demonstrated the suppression of EMT by AT 
in prostate cancer cells (50). Considering the marked inhibi‑
tory effect of AT on the stemness of melanoma cells, EMT 
may also be suppressed by AT treatment. 

Although the inhibitory effect of AT on cancer progres‑
sion has been demonstrated, its specific mechanisms of 
action remain unknown. In the present study, the mechanism 
underlying the anti‑melanoma effects of AT was investi‑
gated using network pharmacology. Based on these data, the 
PI3K/AKT signaling pathway was considered the key pathway 
for AT activity, whereas mTOR was identified as a notable 
downstream effector of the PI3K axis. The crucial role of 
PI3K/AKT signaling in melanoma pathophysiology has been 
emphasized by network pharmacology and extensive prelimi‑
nary research (51,52). Inhibiting the PI3K/AKT/mTOR axis 
sensitizes melanoma cells to cisplatin and temozolomide (53). 
Previous studies on other diseases have demonstrated a rela‑
tionship between AT and the PI3K/AKT/mTOR pathway. For 
example, AT effectively inhibits colorectal tumor progression 
both in vitro and in vivo, mainly by regulating the AKT/mTOR 
signaling pathway (14). In addition, the antitumor effect of 
AT in bladder cancer cells reportedly relies on the inhibition 
of the PI3K/Akt/mTOR signaling pathway (54). Moreover, 
Wang et al  (55) recently demonstrated that AT suppresses 
the osteogenic differentiation of human valve interstitial cells 
by regulating the PI3K/AKT pathway. Similarly, the present 
study confirmed that this axis is essential for AT activity in 
melanoma cells, as revealed by PI3K knockdown and overex‑
pression experiments.

PI3K is an intracellular phosphatidylinositol kinase that 
regulates cell survival, growth, proliferation, angiogenesis 

and metabolism in human cancer via the PI3K/AKT/mTOR 
pathway (56,57). In the present study, the phosphorylation of 
PI3K and AKT in B16 cells was significantly inhibited by AT 
treatment, suggesting that AT inhibits melanoma cells through 
the PI3K signaling pathway. AT has been shown to effectively 
inhibit the migration of B16 cells and the phosphorylation of 
AKT (58), which is consistent with the results of the present 
study. Following activation, AKT promotes the phosphoryla‑
tion of tuberous sclerosis complex 2, which then activates the 
mammalian target of rapamycin complex 1 (mTORC1). AKT 
directly activates mTORC1 by phosphorylating Ser2448 (59). 
In the present study, mTOR phosphorylation at different sites 
(Ser 2448 and Ser2481) was significantly downregulated by 
AT treatment.

Taken together, the results of the present study confirm 
the anti‑melanoma effects of AT. Additionally, the 
PI3K/AKT/mTOR axis was identified as an underlying mecha‑
nism of action of AT, as revealed by network pharmacology 
predictions and experimental validation. The significant 
suppressive effect of AT on melanoma suggests its potential as 
a novel drug for melanoma treatment. AT has several advan‑
tages that may facilitate its future use. First, clinical evidence 
suggests that AT is safe and exhibits low toxicity without 
serious adverse reactions  (60). Second, a previous study 
reported that AT sensitizes human ovarian cancer cells to 
paclitaxel, indicating that the combination of AT with current 
chemotherapies may overcome drug resistance (61). Thus, AT 
is a valuable natural component that may play a role in the 
treatment of melanoma, either individually or in combination 
with other chemotherapeutic agents. 

However, the present study has some limitations. Since all 
experiments were conducted in vitro, robust animal models are 
needed to verify the anti‑melanoma properties and underlying 
mechanisms of action of AT. The PI3K family consists of three 
classes of phosphatidylinositol kinases (I/II/III); therefore, the 
regulatory role of AT should be thoroughly explored by further 
investigating which phosphatidylinositol kinases AT interacts 
with. Although the suppressive effect of AT on PI3K expres‑
sion has been confirmed, further investigation is required to 
understand the interaction between AT and PI3K. Further 
detailed research on the regulation of the PI3K/AKT/mTOR 
axis by AT is required.

In conclusion, the present study demonstrated the anti‑
melanoma activity of AT and identified the PI3K/AKT/mTOR 
axis as a key mechanism underlying its therapeutic action, as 
confirmed through network pharmacology and experimental 
validation.
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