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H I G H L I G H T S

• First report: β-elemene activates M1 macrophage inflammation via AKTFOXO1 in osteosarcoma.
• β-elemene targets osteosarcoma stem cells,suppressing their stemness.
• β-elemene enhances osteosarcoma sensitivity to DOX chemotherapy.
• AKT1 identified as osteosarcoma progression key gene by bioinformatics.
• New targets and strategies for osteosarcoma treatment uncovered.
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A B S T R A C T

Objective: Osteosarcoma, a highly malignant bone tumor, poses significant treatment challenges due to its pro-
pensity for stemness and drug resistance, particularly against doxorubicin (DOX). This study aims to investigate
the mechanism by which β-elemene reduces the stemness of osteosarcoma stem cells and ultimately decreases
DOX resistance by inhibiting the Akt/FoxO1 signaling pathway and activating a macrophage-mediated inflam-
matory microenvironment.
Methods: Osteosarcoma stem cells were isolated and induced for DOX resistance. In vitro and in vivo models were
employed to assess β-elemene’s impact on cell viability, stemness, and drug resistance. Bioinformatics analysis,
flow cytometry, and immunofluorescence staining were used to evaluate signaling pathway activity and
macrophage polarization. Additionally, an osteosarcoma xenograft mouse model was established to confirm the
therapeutic effects of β-elemene.
Results: In vivo animal experiments demonstrated that β-elemene reduces osteosarcoma resistance. Bioinformatics
analysis revealed that AKT1 is a key core gene in osteosarcoma progression, acting through the FOXO signaling
pathway. Additionally, AKT inhibits immune cell infiltration in osteosarcoma and suppresses immune responses
during osteosarcoma progression. β-elemene may influence osteosarcoma progression by mediating TP53 to
regulate PTEN and subsequently AKT1. In vitro experiments showed that β-elemene promotes M1 macrophage
activation by inhibiting the Akt/FoxO1 signaling axis, thereby reducing the stemness of osteosarcoma stem cells.
Finally, in vivo animal experiments confirmed that β-elemene reduces osteosarcoma resistance by promoting M1
macrophage activation through inhibition of the Akt/FoxO1 signaling axis.
Conclusion: β-Elemene demonstrates promising potential in reducing osteosarcoma stemness and drug resistance
via dual mechanisms: targeting the AKT/FOXO1 pathway and modulating the tumor immune microenvironment.
These findings suggest β-elemene as a potential adjunct therapy for osteosarcoma, providing novel therapeutic
strategies to overcome chemotherapy resistance and improve patient outcomes.

Abbreviations: AKT, Protein Kinase B; ANOVA, Analysis of Variance; BP, Biological Process; cDNA, Complementary DNA; CC, Cellular Component; DEGs,
Differentially Expressed Genes; DOX, Doxorubicin; FOXO1, Forkhead Box O1; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MAD, Median
Absolute Deviation; MF, Molecular Function; OD, Optical Density; PBS, Phosphate-Buffered Saline; PFA, Paraformaldehyde; PPI, Protein-Protein Interaction; RT-
qPCR, Real-Time Quantitative PCR; SD, Standard Deviation; WB, Western Blot; WGCNA, Weighted Gene Co-expression Network Analysis; 5-FU, 5-Fluorouracil.
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1. Introduction

Osteosarcoma is a highly malignant bone tumor primarily affecting
adolescents and children, characterized by rapid growth and aggressive
invasion [1,2]. Although modern comprehensive treatment methods
have improved long-term survival rates, the prognosis remains poor for
patients with recurrent or metastatic osteosarcoma [3,4]. Currently, the
main therapeutic approaches for osteosarcoma include surgical resec-
tion, radiation therapy, and chemotherapy, with chemotherapy being a
critical component [5–7]. However, the effectiveness of chemotherapy
is often significantly reduced due to the tumor’s resistance to drugs,
particularly severe in the case of first-line anticancer drugs like doxo-
rubicin (DOX) [8,9]. Thus, developing new treatment strategies to
reduce the pro-tumor properties of drug-resistant cells and enhance
therapeutic efficacy is critical in osteosarcoma research [10,11].
Drug resistance in osteosarcoma involves multiple factors and

mechanisms [12,13]. Current research indicates that osteosarcoma cells
can evade the cytotoxic effects of drugs through various mechanisms,
including enhanced activity of drug efflux pumps, alteration of drug
targets, repair of drug-induced DNA damage, and the protective role of
the tumor microenvironment [14–16]. Additionally, cancer stem cells
play a pivotal role in the development of drug resistance due to their
self-renewal capabilities, surviving chemotherapy and potentially
causing disease relapse or metastasis [17]. Therefore, addressing drug
resistance, particularly targeting cancer stem cells and modulating the
tumor microenvironment, is key to improving treatment success rates
for osteosarcoma [18].
In recent years, β-elemene, a naturally occurring monoterpenoid, has

shown broad potential in cancer therapy [19]. Studies have demon-
strated β-elemene’s capability to inhibit tumor proliferation, induce
cancer cell apoptosis, and modulate immune responses across various
cancer models [20,21]. Its mechanisms likely involve multiple signaling
pathways and molecular targets, such as inducing cell cycle arrest,
activating intrinsic apoptotic pathways, and regulating immune cell
functions [22,23]. These findings provide a theoretical basis for the
application of β-elemene in the treatment of osteosarcoma.
Recently, the role of the tumor microenvironment, particularly the

immune microenvironment, has gained increasing attention in cancer
therapy [24–26]. Studies have demonstrated that M1 type macrophages
play a crucial role in suppressing tumors; they can directly kill tumor
cells by secreting pro-inflammatory cytokines or activate other immune
cells to participate in anti-tumor responses [27–29]. The Protein Kinase
B (AKT)/Forkhead Box O1 (FOXO1) signaling pathway is one of the key
routes regulating macrophage polarization, and modulating this
pathway can significantly affect macrophage function and thereby the
survival environment of tumor cells [30,31]. Thus, investigating this
pathway in osteosarcoma offers new therapeutic targets and is of sig-
nificant clinical importance [32–34].
This study aims to explore how β-elemene activates an M1

macrophage-mediated inflammatory microenvironment through the
AKT/FOXO1 signaling pathway and assess its impact on osteosarcoma
stem cells’ stemness and drug resistance. By understanding the specific
mechanisms of β-elemene in regulating macrophage function and
exploring its role in blocking the development of drug resistance in os-
teosarcoma, this research seeks to provide new insights and strategies
for treating osteosarcoma. We anticipate that the findings will deepen
the understanding of the mechanisms behind osteosarcoma drug resis-
tance and offer theoretical bases and potential targets for drug devel-
opment, particularly in improving patient outcomes and quality of life.

2. Materials and methods

2.1. Osteosarcoma transcriptome analysis and differential gene
expression

The GEO database (https://www.ncbi.nlm.nih.gov/geo/)

downloaded transcriptome datasets related to osteosarcoma, specifically
dataset GSE99671. This included samples from 18 cases of osteosarcoma
and corresponding normal tissues. Normal tissues served as controls,
while osteosarcoma samples formed the experimental group. Analysis of
differentially expressed genes (DEGs) was conducted using the R pack-
age “limma.” Genes were selected based on a threshold of |log2(Fold-
Change)| > 0.35 and a significance p-value < 0.05.

2.2. Disease and drug target identification

Osteosarcoma-related targets were searched in the GeneCards data-
base (https://www.genecards.org/) and the Disgenet database (https:
//www.disgenet.org/) using the keyword “Osteosarcoma.” Retrieved
targets were consolidated, removing duplicates to create a set of disease-
related targets. Using the TCMSP (https://old.tcmsp-e.com/tcmsp.php),
target information for β-elemene was collected. Targets were annotated
using the Uniprot website, and duplicates and non-human genes were
removed. Additionally, the canonical SMILES for β-elemene (CC(=C)
C1CCC(C(C1)C(=C)C)(C)C = C) was retrieved from the PubChem
Compound database. Target predictions were performed using the
SWISS database (https://www.swisstargetprediction.ch/) to identify the
potential targets of β-elemene. Venn diagrams to illustrate the in-
tersections of targets were generated using Xiantao academic online
bioinformatics tools.

2.3. Weighted gene co-expression network analysis (WGCNA)

Gene expression profiles were analyzed for median absolute devia-
tion (MAD), excluding the lowest 50 % of genes based on MAD values.
Subsequent analysis using the R package “WGCNA” and the good-
SamplesGenes function helped remove outlier genes and samples. A
scale-free gene co-expression network set the minimum size for gene
dendrograms at 50 and sensitivity at 8. Modules closer than a distance of
0.6 were merged, resulting in three co-expression modules. Pearson
correlation tests (p< 0.05) were used to assess the relationships between
these modules and groups, identifying those significantly associated
with osteosarcoma for further analysis.

2.4. Immunocyte correlation analysis

Immunocyte infiltration analysis was conducted on transcriptome
data using the SangerBox bioinformatics platform, employing the
CIBERSORT algorithm to quantify the presence of immune cells in each
sample. The correlations among different immune cells were assessed
using the Spearman correlation coefficient based on immunocyte score
data. The relationships were visualized through heat maps, highlighting
the strength and statistical significance of the correlations between
various immune cells.

2.5. Protein-protein interaction (PPI) networks construction

The STRING database (https://www.string-db.org/), which compiles
experimental data, text-mined results from PubMed abstracts, and pre-
dictions from other databases through bioinformatics methods, was used
to study protein interactions. Using the STRING database, we conducted
PPI analysis on genes within the MEblue module (with a confidence
level set at 0.9) and 28 potential target proteins implicated in β-ele-
mene’s treatment of osteosarcoma (with a confidence level set at 0.4).
The connectivity of each protein was quantified and visualized using R
software; a higher number of connections indicates a greater centrality
within the network. This analysis helps identify key proteins that play
central roles in the mechanisms through which β-elemene may exert its
therapeutic effects on osteosarcoma. Interactions between TP53 and
AKT1 were analyzed using the Genemania website.
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2.6. Drug-target-disease network construction

Using R, we paired the target genes associated with β-elemene with
those linked to osteosarcoma to identify their key overlapping targets.
To further investigate the mechanisms by which β-elemene treats oste-
osarcoma, we constructed a “Drug-Target-Disease” network using
Cytoscape (version 3.7.2).

2.7. Gene ontology (GO) and kyoto encyclopedia of genes and genomes
(KEGG) enrichment analysis

The online analysis website employs the “ClusterProfiler” package in
R to conduct GO and KEGG enrichment analyses on candidate target
genes or disease-related DEGs, using a significance threshold of p < 0.05
for enriched selection. GO analysis includes assessments of biological
process (BP), molecular function (MF), and cellular component (CC).
This ultimately identifies the primary cellular functions and signaling
pathways impacted by candidate target genes and the enrichment
pathways associated with disease-related DEGs. Based on the p-values,
KEGG enrichment analysis of the candidate target genes is performed
using the “ClusterProfiler” package in R, with the results depicted in a
bubble chart.

2.8. Cell culture and grouping

Osteosarcoma cells (143B, CBP60234) and human monocytes (THP-
1, CBP60518) were acquired from Nanjing Cobioer Biosciences Co., Ltd.
The cells were cultured in RPMI-1640 medium (11875093, Gibco)
supplemented with 10 % fetal bovine serum (12483020, Gibco) and 1 %
penicillin–streptomycin (15140148, Gibco) at 37 ◦C in a 5 % CO2
environment. THP-1 cells were treated with 10 ng/ml phorbol myristate
acetate (PMA) (16561–29-8, Sigma-Aldrich) for 48 h to induce differ-
entiation into macrophages.
Selection of osteosarcoma stem cells: osteosarcoma cells were har-

vested, washed three times with phosphate-buffered saline (PBS), and
then incubated with anti-CD44-FITC (ab30405, Abcam) and anti-
CD133-Alexa Fluor® 647 (ab252127, Abcam) at room temperature for
40 min. After another PBS wash, cells were resuspended and sorted
using a flow cytometer (BD, USA) to isolate CD44 + CD133 + cells. These
cells were used to develop DOX-resistant osteosarcoma stem cells by
gradually increasing the concentration of DOX (D1515, Sigma-Aldrich,
USA) from 0 to 100 ng/mL, ultimately maintaining them in 24 ng/mL
of DOX.

2.9. Cell treatment and grouping

Lentiviral Transduction: Lentivirus-mediated silencing of FOXO1
and its controls (sh-NC, sh-FOXO1-1, sh-FOXO1-2) was constructed.
Plasmids (sh-NC: 5′-GACTTCATAAGGCGCATGC-3′, sh-FOXO1-1: 5′-
CCGGCAGGACAATAAGTCGAGTTATCTCGAGA-
TAACTCGACTTATTGTCCTGTTTTTG-3′, sh-FOXO1-2: 5′-CCGGGCTTA-
GACTGTGACATGGAATCTCGAGATTCCATGTCA-
CAGTCTAAGCTTTTTG-3′) were provided along with lentiviral
packaging services by Sangon Biotech (Shanghai, China). Briefly, plas-
mids encoding the target gene sequences were co-transfected with
helper plasmids into 293 T cells (CRL-3216, ATCC, USA). The viruses
were subsequently harvested, amplified, and purified following verifi-
cation. Cells were seeded at a density of 5 × 105 cells/well for macro-
phage transduction via lentivirus in 6-well plates. At 50–70 %
confluence, cells were transduced with lentivirus (MOI = 10, titer
approximately 5 × 106 TU/mL) in RPMI-1640 medium supplemented
with polybrene (5 μg/mL) (TR-1003, Merck, USA). Four hours post-
transduction, an equal medium volume was added to dilute the poly-
brene, and the mediumwas refreshed after 24 h. Transduction efficiency
was assessed by the fluorescence reporter gene 48 h post-transduction.
Stable transductants were selected using puromycin (5 μg/mL)

(A1113803, Thermo Fisher, USA).
Cell Grouping: The groups were as follows: Control (untreated

macrophages), β-elemene (macrophages treated with β-elemene),
β-elemene + sh-NC (macrophages stably transduced with sh-NC and
treated with β-elemene), and β-elemene + sh-FOXO1 (macrophages
stably transduced with sh-FOXO1 and treated with β-elemene). β-ele-
mene (A10065, Shanghai Yuanye Bio-Technology Co., Ltd.) was used at
a concentration of 200 µM for 48 h.
Co-culture: The various groups of macrophages were co-cultured

with osteosarcoma stem cells in a 1:1 ratio in Transwell plates for 48
h to establish a co-culture system that simulates the osteosarcoma
microenvironment.

2.10. qRT-PCR

Total RNA was extracted from cells using the Trizol reagent. Com-
plementary DNA (cDNA) was synthesized using the Reverse Transcrip-
tion Kit (RR047A, Takara, Japan). The SYBR® Premix Ex TaqTM II kit
(DRR081, Takara, Japan) was used to set up the reaction system for real-
time quantitative PCR (RT-qPCR) conducted on the ABI7500 system
(Thermo Fisher, USA). The PCR program was configured as follows:
initial denaturation at 95 ◦C for 30 s, followed by 40 cycles of dena-
turation at 95 ◦C for 5 s and annealing at 60 ◦C for 30 s, with a final
extension at 95 ◦C for 15 s and 60 ◦C for 60 s, then another extension at
90 ◦C for 15 s before plotting the amplification curves. GAPDH served as
the internal control, with each qRT-PCR reaction set up in triplicate, and
the experiment was repeated three times. Gene expression fold changes
between experimental and control groups were calculated using the 2-
ΔΔCt method: ΔΔCT = ΔCt (experimental group) − ΔCt (control group),
where ΔCt = Ct (target gene) − Ct (internal control gene). Ct represents
the cycle number at which the fluorescence reaches a preset threshold,
indicating logarithmic amplification. Primers used are listed in Table 1.

2.11. Western blot (WB)

Total proteins from tissues and cells were lysed using RIPA lysis
buffer containing PMSF (P0013B, Beyotime, Shanghai). Protein con-
centrations were determined using the BCA Protein Assay Kit (P0010,
Beyotime, Shanghai), adjusted to 1 μg/μL, denatured by boiling for 5
min, and stored at − 80 ◦C. Proteins were separated on 8 %-12 % SDS
gels via SDS-PAGE and transferred onto PVDF membranes. The mem-
branes were blocked in 5 % non-fat milk at room temperature for at least
one hour. Incorporate the appropriate primary antibody and incubate
overnight with gentle shaking at 4 ◦C, including p-AKT (1:1000,
ab38449, Abcam), AKT (1:1000, ab8805, Abcam), p-FOXO1 (1:1000,
ab259337), FOXO1 (1:1000, ab39670, Abcam), iNOS (1:1000,
ab178945, Abcam), CD86 (1:1000, ab239075, Abcam), Arg1 (1:1000,
ab133543, Abcam), CD206 (1:1000, ab64693, Abcam), Oct4 (1:1000,
ab200834), Sox2 (1:1000, ab92494, Abcam), Nanog (1:1000,
ab203919), and β-actin (1:1000, ab8226, Abcam). After retrieving the
primary antibody, store it at 4 ◦C. Wash the membrane three times with
1 × TBST at room temperature, each time for 5 min. Add the HRP-
conjugated secondary antibody and incubate with gentle shaking at
room temperature for one hour. After retrieving the secondary antibody,
store it at 4 ◦C. The secondary antibodies include Goat anti-rabbit IgG
(ab6721, 1:5000, Abcam, UK) or Goat anti-mouse IgG (ab205719,
1:5000, Abcam, UK). Wash the membrane three times with 1 × TBST

Table 1
RT-qPCR primer sequences.

Gene Name Primer Sequences

FoxO1 (human) Forward: 5′- GCAGCCGCCACATTCAAC-3′
Reverse: 5′- CAGAACTTAACTTCGCGGGG − 3′

GAPDH (human) Forward: 5′-AATGGGCAGCCGTTAGGAAA-3′
Reverse: 5′- GCGCCCAATACGACCAAATC − 3′

S. Zhang et al. Journal of Bone Oncology 50 (2025) 100655 

3 



buffer at room temperature, each time for 5 min. Apply the ECL reaction
fluid (1705062, Bio-Rad, USA) thoroughly over the membrane and let it
sit at room temperature for 10 s. Remove excess fluid and place the
membrane in the Image Quant LAS 4000C gel imaging system (GE, USA)
for band exposure and imaging. Measure the relative intensities of the
bands using Image J software, with β-actin as the loading control. Repeat
all experiments at least three times.

2.12. ELISA detection

Macrophage supernatants were collected, and mouse tumor tissues
were homogenized in 5–10 ml of pre-chilled PBS. The homogenates
were further processed using ultrasonication and then centrifuged at
850 × g for 15 min at 4 ◦C to collect the supernatant for subsequent
experiments. Cells were first digested with trypsin, collected by centri-
fugation, and lysed via ultrasonication; the cell lysates were then
centrifuged at 1500 × g for 10 min at 4 ◦C, and the supernatants were
reserved. According to the manufacturer’s protocols of the Human TNF-
α ELISA Kit (ab181421, Abcam, UK), Human IL-6 ELISA Kit (ab178013,
Abcam, UK), and Human IL-10 ELISA Kit (ab185986, Abcam, UK),
monoclonal antibodies targeting IL-6, TNF-α, and IL-10 were coated
onto a 96-well plate, incubated overnight at 4 ◦C, blocked for 1 h at room
temperature, and washed with PBS. Subsequent steps were performed
according to the kit instructions. Optical density (OD) at 450 nm was
measured using a spectrophotometer (A51119500C, Thermo Fisher,
USA).

2.13. CCK-8

Well-growing cells were seeded at a density of 8 × 103 cells per well
in a 96-well plate and incubated in a humidified incubator. At specific
time points (24 h, 48 h, and 72 h), 10 μL of CCK-8 solution (96992,
Sigma-Aldrich, USA) was added to each well. After incubating for 1 h at
37 ◦C, the absorbance of each sample was measured at 450 nm using an
Epoch microplate spectrophotometer (Bio-Tek, Winooski, VT, USA).
Each condition was tested in six replicates, and the experiment was
repeated three times.

2.14. Spheroid formation assay

SW480 cells were seeded in Nunclon™ Sphera™ dishes (174945,
Thermo Fisher, USA) at a density of 2 × 105 cells per dish in serum-free
DMEM containing epidermal growth factor (EGF, PHG0311, Gibco,
USA) at 20 ng/mL, basic fibroblast growth factor (P5453, Beyotime,
China), and 2 % B27 supplement (C0350, Beyotime, China). The me-
dium was replaced halfway every 7 days, and after 14 days, the number
of tumor spheroids was counted under a microscope (Olympus, Japan).

2.15. Transwell assay

Twenty-four hours after different treatments, a Transwell invasion
assay was performed. The Transwell inserts were coated with 50 μL of
Matrigel (354234, BD Biosciences, USA) and allowed to solidify at 37 ◦C
for 30 min. After coating, the inserts were rinsed with serum-free me-
dium, and cells were resuspended in serum-free medium at a concen-
tration of 2.5 × 104 cells/mL. Each upper chamber received 100 μL of
the cell suspension, while the lower chamber was filled with 500 μL of
medium supplemented with 10 % FBS. After 24 h, the inserts were
removed, and cells in the upper chamber were wiped off with a cotton
swab. The remaining cells were fixed with 4 % paraformaldehyde (PFA)
at room temperature for 30 min and stained with 0.1 % crystal violet for
30 min. Cells were photographed under an inverted microscope (IXplore
Pro, Olympus, Japan) in five random fields to count the number of cells.
The experiment was repeated three times. The cell migration assay
followed the same steps but without the addition of Matrigel.

2.16. Flow cytometry

Apoptosis Detection: Tumor cells (1 × 105/well) were collected and
washed with cold PBS, then stained in the dark for 15 min using an
apoptosis detection kit (APOAF-20TST, Sigma-Aldrich, USA). Cells were
resuspended in 400 μL of binding buffer and stained with 5 μL of
Annexin-V from the kit. Flow cytometry was used to analyze the cells.
Cells in the upper right quadrant (Annexin V + PI + ) represent late
apoptotic cells; lower right quadrant (Annexin V + PI-) early apoptotic
cells; upper left quadrant (Annexin V-PI+ ) necrotic cells; and lower left
quadrant (Annexin V-PI-) viable cells.
Cell Cycle Analysis: Cells from each group were collected and

resuspended in PBS. The cell cycle was analyzed using a cell cycle
detection kit (C1052, Beyotime). Samples were treated with RNase A
(10 mg/mL) and PI (5 mg/mL) in the dark and incubated at room
temperature for 30 min. Samples were then transferred to 5 mL flow
cytometry tubes and analyzed using a flow cytometer. DNA content
analysis was performed using FlowJo software.

2.17. In vivo tumorigenesis experiment

Twenty-four male NOD/SCID mice (4–6 weeks old, 15–25 g) were
procured from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China) and housed in cages within an SPF-level animal
laboratory. The NOD-SCID mice were acclimatized for one week and
monitored for health status. The experimental protocol and animal use
were approved by the Institutional Animal Care and Use Committee of
our hospital (Ethical Approval Number: L2022-K-05).
DOX-resistant osteosarcoma stem cells (1 × 106 cells) were sus-

pended in 100 μL of PBS and subcutaneously injected into the right axilla
of mice. The mice were randomly divided into four groups: the Control
group (injected with DOX-resistant osteosarcoma stem cells and gavaged
with normal saline), the β-elemene group (injected with DOX-resistant
osteosarcoma stem cells and gavaged with β-elemene), the β-elemene
+ sh-NC group (injected with DOX-resistant osteosarcoma stem cells,
gavaged with β-elemene, and injected with lentiviral sh-NC), and the
β-elemene+ sh-FoxO1 group (injected with DOX-resistant osteosarcoma
stem cells, gavaged with β-elemene, and injected with lentiviral sh-
FoxO1). Once the tumor volume in each group reached approximately
100 mm3, the Control group continued to receive normal saline via
gavage, while the β-elemene-treated groups were administered 50 mg/
kg of β-elemene via gavage every other day for two weeks. Lentiviruses
(2 × 108 TU; sh-NC or sh-FoxO1) were injected via the tail vein once
weekly [35–37]. Body weight was recorded weekly, and tumor di-
ameters were measured using calipers to calculate tumor volume
(longest diameter × shortest diameter2 × 0.5). After 28 days, the mice
were euthanized, tumor mass was recorded, and tumor tissues were
collected for further experiments.

2.18. TUNEL staining

Paraffin sections were dewaxed and hydrated as previously
described. Sections were immersed in 3 % hydrogen peroxide for 15
min, followed by incubation with Proteinase K (20 μg/ml in Tris/HCl)
(ST535, Beyotime, China) at room temperature for 30 min. The sections
were washed twice with PBS for 5 min each, with excess liquid blotted
around the samples. TUNEL reaction mixture (C1086, Beyotime, China)
was then applied, and sections were incubated in a humidified chamber
at 37 ◦C for 60 min. After three washes in PBS, each lasting 5 min, nuclei
were stained with DAPI (D8417, Sigma) and the slides were mounted.
Apoptotic and total nuclei were visualized and quantified under a light
microscope (XP-330, Shanghai Bingyu Optical Instruments, China) at
200x magnification.
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2.19. Immunohistochemistry

Paraffin blocks were cooled on ice or refrigerated at 4 ◦C before
sectioning. After drying overnight, slides were baked at 60 ◦C for 20min.
Sections were immersed in xylene for 10 min, refreshed with new
xylene, and soaked for another 10 min. This was followed by rehydra-
tion in absolute ethanol for 5 min, refreshment, and another 5 min in
absolute ethanol. Gradual rehydration was performed in 95 % and 70 %
alcohol for 10 min each, then rinsed in distilled water for 5 min. Sections
were then microwaved in citrate buffer (pH 6.0) for 1 min and cooled to
room temperature. After three washes in PBS, each for 3 min, 3 % H2O2
was applied to quench endogenous peroxidase activity for 10 min at
room temperature. This was followed by three PBS washes, each for 3
min. Normal goat serum (E510009, Sangon Biotech, Shanghai, China)
was applied to block nonspecific binding at room temperature for 20
min. Sections were incubated overnight at 4 ◦C with primary antibodies
against iNOS (ab178945, Abcam), CD86 (ab234000, Abcam), Arg1
(ab315110, Abcam), and CD206 (ab64693, Abcam). After overnight
incubation, sections were washed three times in PBS, then incubated
with 100 μL of polymer-conjugated goat anti-mouse/rabbit IgG

(pv6000/pv9000, Zhongshan Golden Bridge, China) for 30 min. Color
development was performed using a DAB Chromogen Kit (ZLI-9018,
Zhongshan Golden Bridge, China) and examined under a microscope.
Images were captured for documentation.

2.20. Statistical analysis

Data were derived from at least three independent experiments and
are presented as mean ± standard deviation (Mean ± SD). For com-
parisons between the two groups, an independent samples t-test was
employed. A one-way analysis of variance (ANOVA) was utilized for
comparisons among three or more groups. If the ANOVA indicated sig-
nificant differences, post hoc comparisons between groups were con-
ducted using Tukey’s HSD test. The Mann-WhitneyU test or the Kruskal-
Wallis H test was applied for data that were not normally distributed or
had unequal variances. All statistical analyses were performed using
GraphPad Prism 9 (GraphPad Software, Inc.) and R software. The sig-
nificance level for all tests was set at 0.05, and a two-tailed p-value of
less than 0.05 was considered statistically significant.
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Fig. 1. Therapeutic effects of β-elemene on DOX-resistant osteosarcoma xenograft model. Note: (A) Flow cytometric isolation of osteosarcoma stem cells
(CD44 + CD133 + cells); (B) CCK-8 assay assessing cell viability of osteosarcoma stem cells and DOX-resistant osteosarcoma stem cells treated with varying con-
centrations of DOX; (C) Tissue morphology of tumors from different mouse groups; (D) Statistical analysis of tumor volumes across different mouse groups; (E)
Statistical analysis of tumor mass across different mouse groups; (F) Body weight statistics of mice in each group; (G) Detection and analysis of representative images
of tumor tissues from each group of mice and the corresponding TUNEL-positive cell rates. * Indicates significant difference compared to the Control group, p < 0.05,
n = 6 mice per group.
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3. Results

3.1. Enhancement of DOX efficacy and reduction of osteosarcoma drug
resistance by β-Elemene

β-Elemene, a plant-derived, non-cytotoxic anticancer agent, has been
extensively studied recently [38]. Research indicates that β-elemene
enhances the sensitivity of various cancer cells to multiple chemo-
therapy agents such as cisplatin, DOX, 5-fluorouracil (5-FU), paclitaxel,
gefitinib, temozolomide, and docetaxel, thereby altering drug resistance
and improving the anticancer efficacy of these chemotherapeutics [39].
However, no studies have yet reported whether β-elemene can enhance
the sensitivity of osteosarcoma cells to DOX, reduce DOX resistance-
related properties, and thus improve chemotherapy outcomes in
osteosarcoma.
Our study cultured osteosarcoma cells and isolated osteosarcoma

stem cells (CD44 + CD133 + cells) through flow cytometry (Fig. 1A and
Fig. S1A). We then treated these cells with DOX to develop a DOX-
resistant osteosarcoma stem cell line. Compared to the parent osteo-
sarcoma stem cells, the DOX-resistant cells exhibited significantly
increased resistance to DOX (Fig. 1B). In a xenograft model of DOX-
resistant osteosarcoma in mice, we randomly assigned the animals to
either a control or a β-elemene treatment group. Throughout the treat-
ment period, we regularly measured the mice’s tumor volume and body
weight changes. Results indicated that tumor volumes and masses in the
β-elemene group were significantly smaller than those in the control
group (Fig. 1C-E). Additionally, there were no significant differences in
body weight changes between groups, suggesting that the treatment
regimen had minimal side effects (Fig. 1F).
At the end of the experiment, we extracted the mouse tumor tissues

for TUNEL staining. The results showed that the apoptosis rate in the
tumor cells from the β-elemene-treated group was significantly higher
than in the DOX-treated group (Fig. 1G).
These findings suggest that β-elemene can inhibit the tumorigenic

capacity of osteosarcoma stem cells in vivo and reduce the pro-tumor
properties of DOX-resistant cells, thereby potentially enhancing the
therapeutic efficacy of chemotherapy in osteosarcoma.

Identification of key pathogenic genes and signaling pathways in
osteosarcoma with AKT1 identified as a core regulatory factor through
WGCNA analysis

WGCNA is a pivotal tool in bioinformatics for identifying disease-
causing genes by establishing co-expression networks from gene
expression data, revealing molecular mechanisms associated with dis-
eases, and is particularly significant for identifying key pathogenic genes
[40]. To identify core genes crucial for the progression of osteosarcoma,
we conducted a WGCNA on osteosarcoma-related genes and revealed
key BP involved in its onset and progression. Utilizing the GEO data-
base’s osteosarcoma-related microarray GSE99671, which includes
transcriptomic sequencing data sets from 18 osteosarcoma samples and
18 corresponding normal tissue samples, differential gene analysis
yielded 3454 significantly DEGs (Fig. S1B). We retrieved a set of
osteosarcoma-related disease targets from the GeneCards and Disgenet
online databases to further identify genes that significantly impact os-
teosarcoma progression. By intersecting these targets with DEGs, we
identified 740 disease target genes showing differential expression
(Fig. S1C). Subsequently, using these selected target genes, we con-
structed a comprehensive gene co-expression network through WGCNA.
The optimal soft thresholding power β\betaβ was calculated using R
software and determined to be 8, fulfilling the scale-free network cri-
terion (Fig. 2A). Based on this threshold, we set the minimum module
size to 50 and a module merging threshold of 0.6 for dynamic tree
cutting (Fig. 2B), which identified three gene modules: MEblue,
MEturquoise, and MEgrey. Using these three clustered modules, we
categorized normal and osteosarcoma samples based on clinical

characteristics and analyzed the correlation between gene modules and
clinical features. The results revealed that MEblue had the strongest
correlation with osteosarcoma, with a correlation coefficient of − 0.73
and a significance p-value of less than 0.001 (Fig. 2C).
GO/KEGG enrichment analysis of the 374 genes in MEblue revealed

key biological pathways involved in osteosarcoma progression. The BP
were predominantly enriched in the “immune system process” and
“hematopoietic or lymphoid organ development,” suggesting these
genes play significant roles in immune regulation and development. CC
was mainly enriched in the “extracellular region” and “cell surface,”
highlighting the importance of protein interactions and signal trans-
duction in osteosarcoma progression. MF is closely related to “enzyme
binding” and “transcription factor binding” and indicates potential
involvement in regulating other protein activities or gene expression
processes (Fig. S1D-F). Additionally, KEGG enrichment analysis
revealed close associations with the PI3K-AKT signaling pathway,
FOXO1 signaling pathway, and Pathways in cancer, suggesting these
genes are crucial for cancer development and cellular survival signaling
(Fig. S1G).
A PPI network for the module genes was constructed using the

STRING online database to further refine the selection of core target
genes. The centrality of each gene within this network was assessed
based on their interactions. The results indicated that AKT1 had the
highest centrality (Fig. 2D-E). AKT1 is one of three AKT isoforms in
mammalian cells and is a crucial regulator of cell growth, proliferation,
metabolism, and survival [41]. Studies show that activated AKT1 can
phosphorylate FOXO1, causing its translocation from the nucleus to the
cytoplasm, thereby inhibiting its transcriptional activity and preventing
the expression of pro-apoptotic and cell cycle inhibitory genes. This
regulatory mechanism is part of the cellular response to growth signals,
where overactivation of AKT1 promotes tumor growth and anti-
apoptotic capabilities, a phenomenon common in various cancers
[42,43].
In conclusion, we identify AKT1 as a key core gene in the progression

of osteosarcoma, potentially acting through the FOXO1 signaling
pathway based on the KEGG enrichment results.

3.2. Characteristics of immune cell infiltration in osteosarcoma and the
crucial role of M1 type macrophages

Immune cells play a critical role in osteosarcoma’s development and
treatment response. The activity and degree of infiltration of immune
cells, such as T cells and macrophages, directly affect tumor growth,
spread, and patient survival. These immune cells combat tumor invasion
by recognizing and killing cancer cells or modulating the tumor
microenvironment by releasing cytokines [44].
To elucidate the status of immune cell infiltration in osteosarcoma

and identify key immune cells, we assessed the immune cell infiltration
in osteosarcoma using the CIBERSORT algorithm. The results showed
significant reductions in naive B cells, naive CD4 T cells, resting NK cells,
eosinophils, and neutrophils in osteosarcoma samples compared to
normal controls. In contrast, memory resting CD4 T cells, activated NK
cells, and M1 type macrophages were significantly increased (Fig. 3A).
These findings might reflect the impact of osteosarcoma on the immune
system and its adaptive mechanisms. For instance, the reduction in naive
B and T cells could indicate a deficiency in immune surveillance, while
the increase in activated NK cells and M1 type macrophages suggests an
attempt by the immune system to counteract the tumor [45].
We analyzed the correlations among immune cells to further identify

immune cells critical for osteosarcoma progression. The results
demonstrated strong interactions between macrophages and other im-
mune cells, with significant correlations (Fig. 3B). Macrophages are
multifunctional immune cells that maintain health primarily by
phagocytosing pathogens, dead cells, and other debris. They are typi-
cally categorized into M1 and M2 types [46]. M1 type macrophages,
with pro-inflammatory and antimicrobial properties, play roles in
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infections and tumors by producing inflammatory mediators like nitric
oxide and pro-inflammatory cytokines, thereby enhancing immune re-
sponses. Conversely, M2 macrophages exhibit anti-inflammatory prop-
erties, are involved in tissue repair and healing, and modulate immune
responses by producing anti-inflammatory cytokines and factors that
promote tissue reconstruction [46]. Given the significant increase in
Macrophages_M1 from our differential analysis, we hypothesize that M1
type macrophages are key immune cells involved in the progression of

osteosarcoma.
The literature reports that AKT1 plays a significant role in regulating

M1 type macrophages, for example, by promoting the expression of pro-
inflammatory factors like TNF-α and IL-6 through activation of signaling
pathways such as NF-κB, thereby influencing the survival, metabolic
pathways, and functional activity of M1 type macrophages [47].
These results underscore that M1 type macrophages are key immune

cells associated with osteosarcoma progression.

Fig. 2. WGCNA selection of key disease genes. Note: (A) Scale independence, mean connectivity, and scale-free topology plots, with a selected weighted value β =

8 to satisfy the scale-free network criterion; (B) Dendrogram of co-expression network modules; (C) Correlation between gene modules obtained through clustering
and normal vs. osteosarcoma groups; (D) PPI network graph of the MEblue module factors; (E) Statistical chart of PPI network connectivity node counts for key
candidate genes, where the horizontal axis represents the number of connectivity nodes—the higher the number, the higher the centrality. Sample size n = 18 for
each group.
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Fig. 3. Identification of key immune cells in the progression of osteosarcoma. Note: (A) Box plot showing immunological differences between normal and
osteosarcoma groups; (B) Heatmap of intercellular correlations among immune cells. **** indicates p < 0.0001 compared to the normal group; *** indicates p <

0.001 compared to the normal group; ** indicates p < 0.01 compared to the normal group; * indicates p < 0.05 compared to the normal group. Sample size n = 18 for
each group.
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3.3. Inhibition of osteosarcoma progression by β-Elemene via Modulation
of TP53 and AKT1 interaction mechanisms

We utilized network pharmacology approaches to identify potential
targets for β-elemene in treating osteosarcoma. Initially, potential

targets of β-elemene were predicted using the TCMSP and SWISS data-
bases, resulting in 43 potential drug target genes after removing three
duplicates (Fig. 4A). Subsequently, osteosarcoma-related genes from the
GeneCards and Disgenet databases were consolidated, resulting in 5138
disease-related genes after removing 1722 duplicates (Fig. 4B). An

Fig. 4. Network pharmacology exploration of β-elemene’s interaction with osteosarcoma and its potential key targets and mechanisms. Note: (A) Venn
diagram of potential action targets of β-elemene identified through the SWISS and TCMSP databases; (B) Venn diagram identifying osteosarcoma-related target genes
through online databases GeneCard and Disdenet; (C) Venn diagram of the intersection of disease-related targets with drug-related targets; (D) Network constructed
in Cytoscape software showing β-elemene-target-disease interactions, with purple representing β-elemene, orange representing osteosarcoma, and pink representing
potential therapeutic targets for osteosarcoma; (E) PPI network of 28 potential therapeutic targets constructed in Cytoscape software based on the STRING online
database, with larger circles indicating a greater number of connectivity nodes; (F) Statistical chart of connectivity node counts for potential therapeutic target genes.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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intersection of drug target genes with disease-related genes yielded 28
potential targets for β-elemene treatment in osteosarcoma (Fig. 4C).
These targets and their interactions with the drug were then mapped
using Cytoscape to establish a network model of β-elemene components,
targets, and disease pathways in treating osteosarcoma (Fig. 4D).
To uncover the potential molecular mechanisms or pathways

through which β-elemene treats osteosarcoma, an enrichment analysis
was conducted on these 28 potential targets. The results showed sig-
nificant enrichment of BP, such as generation of precursor metabolites
and energy and response to steroid hormone; CC, such as transcription
regulator complex and nuclear periphery; MF, such as ligand-activated
transcription factor activity and nuclear receptor activity; and key
KEGG pathways, including Chemical carcinogenesis − receptor activa-
tion, Cell cycle, and p53 signaling pathway (Fig. S2A). These findings
suggest that the genes may play a central role in cellular energy meta-
bolism, hormone response, cell cycle control, and carcinogenic pro-
cesses. Notably, significant enrichment in the p53 signaling pathway
indicates their crucial role in cellular responses to DNA damage and
tumor suppression. Furthermore, the functions highlighted in nuclear
receptor activity and cell cycle regulation underscore the importance of
these genes in regulating cell growth and differentiation.
Subsequently, we retrieved the protein interaction relationships for

the 28 potential targets using the STRING online database. These in-
teractions were visualized using Cytoscape software (Fig. 4E), and the
connectivity of the genes was quantified using R software, resulting in a
ranking based on the number of connection nodes. The results revealed
that TP53 exhibited the highest centrality (Fig. 4F). TP53 (p53) pri-
marily functions as a tumor suppressor, regulating the cell cycle,
apoptosis, and genomic stability in response to cellular stressors such as
DNA damage and oxidative stress [48]. Previous analyses identified
AKT1 as a key pathogenic gene in osteosarcoma. To explore whether
β-elemene could influence osteosarcoma treatment by affecting AKT1,
we investigated the regulatory genes between TP53 and AKT1 using the
Genemania online database. This investigation revealed 20 interacting
genes, including PTEN, suggesting a regulatory effect of TP53 on AKT1
(Fig. S2B). Research has shown that p53 can indirectly affect the AKT
signaling pathway, primarily through its downstream target PTEN, a
phosphatidylinositol-3-kinase inhibitor, thereby influencing AKT acti-
vation [49,50].
These findings suggest that β-elemene may modulate osteosarcoma

progression by regulating TP53, which affects PTEN and controls AKT1.
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Fig. 5. β-elemene modulates AKT/FOXO1 signaling axis to activate M1 type macrophages and suppress drug resistance and stemness in osteosarcoma
stem cells. Note: (A) WB analysis of p-AKT/AKT and p-FOXO1/FOXO1 expression levels in macrophages from each group; (B) WB analysis of M1 markers iNOS,
CD86 and M2 markers Arg1, CD206 in macrophages from each group; (C) ELISA measurement of TNF-α, IL-6, and IL-1β levels in macrophages from each group; (D)
CCK-8 assay to assess cell proliferation capability of DOX-resistant osteosarcoma stem cells co-cultured with macrophages; (E) Spheroid formation assay to evaluate
the sphere-forming capability of DOX-resistant osteosarcoma stem cells co-cultured with macrophages (scale bar: 50 µm); (F) Transwell assay to assess cell migration
ability of DOX-resistant osteosarcoma stem cells co-cultured with macrophages; (G) Transwell assay to evaluate cell invasion capability of DOX-resistant osteo-
sarcoma stem cells co-cultured with macrophages; (H) Flow cytometry analysis of cell cycle distribution in DOX-resistant osteosarcoma stem cells co-cultured with
macrophages; (I) Flow cytometry analysis of apoptosis rate in DOX-resistant osteosarcoma stem cells co-cultured with macrophages. * indicates a significant dif-
ference compared to the Control group, p < 0.05, with each cell experiment repeated three times.
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3.4. β-Elemene reduces osteosarcoma stem cell stemness by promoting M1
Macrophage activation through inhibition of the Akt/FoxO1 signaling axis

Based on the aforementioned bioinformatics analysis, it is hypothe-
sized that β-elemene promotes M1 macrophage polarization and in-
flammatory cytokine secretion via the Akt/FoxO1 signaling pathway,
thereby affecting the drug resistance and stemness of osteosarcoma stem
cells. To validate this hypothesis, we established a Control group and a
β-elemene-treated group for macrophages.
Western blot results showed that, compared to the Control group, the

β-elemene-treated group exhibited significantly reduced p-Akt levels
and increased p-FoxO1 expression levels in macrophages (Fig. 5A).
Additionally, the expression of M1 markers iNOS and CD86 was signif-
icantly increased, while the expression of M2 markers Arg1 and CD206
was significantly decreased in the β-elemene-treated group (Fig. 5B).
ELISA results further demonstrated that the secretion levels of TNF-α, IL-
6, and IL-1β were significantly elevated in the β-elemene-treated group
(Fig. 5C), indicating that β-elemene effectively promotes M1 macro-
phage polarization.
In a co-culture system, β-elemene-treated macrophages were

cultured with drug-resistant osteosarcoma stem cells. The CCK-8 assay
revealed that the survival rate of osteosarcoma stem cells was signifi-
cantly reduced in the β-elemene-treated group (Fig. 5D). Tumor sphere

formation assays showed a significant reduction in the number of tumor
spheres in the β-elemene-treated group (Fig. 5E), suggesting that β-ele-
mene suppresses the stemness of osteosarcoma stem cells. Transwell
migration and invasion assays demonstrated that the migration and
invasion abilities of osteosarcoma stem cells were significantly
decreased in the β-elemene-treated group (Fig. 5F-G). These findings
indicate that β-elemene promotes M1 macrophage polarization through
the Akt/FoxO1 signaling pathway, thereby reducing the drug resistance
and stemness of osteosarcoma stem cells.
Flow cytometric analysis of cell cycle distribution and apoptosis rates

further confirmed these results. In the β-elemene-treated group, the
proportion of osteosarcoma stem cells in the G1 phase significantly
increased, while the proportion in the S phase significantly decreased
(Fig. 5H). Additionally, the apoptosis rate of osteosarcoma stem cells
was significantly elevated in the β-elemene-treated group (Fig. 5I).
These results provide further evidence that β-elemene inhibits the Akt/
FoxO1 signaling pathway, promoting M1 macrophage polarization and
inflammatory cytokine secretion, thereby significantly reducing the
drug resistance and stemness of osteosarcoma stem cells.
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Fig. 6. Reversal of β-elemene-induced activation of M1 type macrophages by silencing FOXO1 enhances drug resistance and stemness in osteosarcoma
stem cells. Note: (A) qRT-PCR analysis of the silencing efficiency of sh-FOXO1; (B) WB analysis of p-AKT/AKT and p-FOXO1/FOXO1 expression levels in macro-
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3.5. The silencing of FoxO1 reverses β-elemene-induced M1 macrophage
activation and promotes the stemness of osteosarcoma stem cells

The above in vitro experimental results demonstrate that β-elemene
inhibits the Akt/FoxO1 signaling axis, promoting M1 macrophage po-
larization and inflammatory cytokine secretion, thereby significantly
reducing the drug resistance and stemness of osteosarcoma stem cells.
To further validate this regulatory mechanism, we silenced FoxO1 in
macrophages and treated them with β-elemene.
First, the silencing efficiency of sh-FoxO1 was evaluated using qRT-

PCR. Results showed that both sh-FoxO1-1 and sh-FoxO1-2 significantly
reduced FoxO1 expression compared to sh-NC (Fig. 6A). Based on the
superior silencing effect of sh-FoxO1-1, it was selected for subsequent
experiments and referred to as sh-FoxO1.
Western blot results revealed that, compared to the β-elemene + sh-

NC group, the β-elemene + sh-FoxO1 group exhibited significantly
increased p-Akt levels and significantly reduced p-FoxO1 and FoxO1
expression levels in macrophages (Fig. 6B). Additionally, in the β-ele-
mene + sh-FoxO1 group, the expression of M1 markers iNOS and CD86
was significantly decreased, while the expression of M2 markers Arg1
and CD206 was significantly increased compared to the β-elemene + sh-
NC group (Fig. 6C). ELISA results further demonstrated that the secre-
tion levels of TNF-α, IL-6, and IL-1β were significantly reduced in the
β-elemene + sh-FoxO1 group compared to the β-elemene+ sh-NC group
(Fig. 6D). These findings indicate that FoxO1 silencing reverses β-ele-
mene-induced promotion of M1 macrophage polarization.
In a co-culture system, macrophages treated with both β-elemene

and sh-FoxO1 were co-cultured with drug-resistant osteosarcoma stem
cells. CCK-8 assay results showed that the survival rate of osteosarcoma
stem cells was significantly increased in the β-elemene + sh-FoxO1
group compared to the β-elemene + sh-NC group (Fig. 6E). Tumor
sphere formation assays indicated that the number of tumor spheres
significantly increased in the β-elemene + sh-FoxO1 group compared to
the β-elemene + sh-NC group (Fig. 6F). Transwell migration and inva-
sion assays revealed that osteosarcoma stem cells co-cultured with
macrophages in the β-elemene+ sh-FoxO1 group exhibited significantly
enhanced migration and invasion abilities compared to those in the
β-elemene + sh-NC group (Fig. 6G-H).
Flow cytometric analysis of apoptosis and cell cycle distribution

further confirmed these findings. The apoptosis rate of osteosarcoma
stem cells co-cultured with macrophages in the β-elemene + sh-FoxO1
group was significantly reduced compared to the β-elemene + sh-NC
group (Fig. 6I). The proportion of cells in the G1 phase was significantly
reduced, while the proportion in the S phase was significantly increased
in the β-elemene + sh-FoxO1 group compared to the β-elemene + sh-NC
group (Fig. 6J).
These results indicate that the silencing of FoxO1 reverses β-ele-

mene-induced promotion of M1 macrophage polarization, thereby
promoting the drug resistance and stemness of osteosarcoma stem cells.

3.6. β-Elemene reduces osteosarcoma resistance by promoting M1
macrophage activation through inhibition of the Akt/FoxO1 signaling axis

In the DOX-resistant osteosarcoma xenograft mouse model, animals
were divided into four groups: Control, β-elemene, β-elemene + sh-NC,
and β-elemene + sh-FoxO1. During the four treatment cycles, tumor
volumes and body weight changes were measured regularly. Results
showed that tumor volumes and masses were significantly increased in
the β-elemene + sh-FoxO1 group compared to the β-elemene + sh-NC
group (Fig. 7A-C). Additionally, there were no significant differences in
body weight changes across groups, indicating that the treatment regi-
mens had no apparent toxic side effects (Fig. 7D).
At the end of the experiment, tumor tissues were collected for

Western blot analysis. Compared to the Control group, the β-elemene
group exhibited significantly reduced p-Akt levels and increased p-
FoxO1 levels in tumor tissues. In contrast, the β-elemene + sh-FoxO1

group showed significantly increased p-Akt levels and reduced p-FoxO1
levels compared to the β-elemene + sh-NC group (Fig. 7E).
Immunohistochemistry results revealed that, compared to the Con-

trol group, the β-elemene group had significantly increased expression
of M1 macrophage markers iNOS and CD86 and significantly decreased
expression of M2macrophagemarkers Arg1 and CD206 in tumor tissues.
However, compared to the β-elemene + sh-NC group, the β-elemene +
sh-FoxO1 group exhibited significantly reduced expression of M1
markers iNOS and CD86 and increased expression of M2 markers Arg1
and CD206 (Fig. 7F).
ELISA results showed that inflammatory cytokines TNF-α, IL-6, and

IL-1β levels were significantly elevated in tumor tissues of the β-elemene
group compared to the Control group. Conversely, these cytokine levels
were significantly decreased in the β-elemene + sh-FoxO1 group
compared to the β-elemene + sh-NC group (Fig. 7G).
FurtherWestern blot analysis revealed that stemness-related markers

Oct4, Sox2, and Nanog were significantly reduced in the β-elemene
group compared to the Control group. However, their expression was
significantly increased in the β-elemene + sh-FoxO1 group compared to
the β-elemene + sh-NC group (Fig. 7H).
These findings demonstrate that β-elemene reduces the drug resis-

tance and stemness of osteosarcoma stem cells by inhibiting the Akt/
FoxO1 signaling axis, promoting M1 macrophage polarization, and
enhancing inflammatory cytokine secretion.

4. Discussion

β-Elemene, a natural monoterpene compound, has shown extensive
potential in cancer therapy. Numerous studies have demonstrated that
β-elemene can inhibit tumor cell proliferation, induce apoptosis, and
modulate the tumor immune microenvironment by regulating signaling
pathways such as PI3K/Akt and NF-κB, thereby influencing tumor cell
biological behavior [51–53]. Although β-elemene has shown significant
therapeutic effects in various tumors, its application in osteosarcoma
remains relatively underexplored [54,55]. This study is the first to reveal
that β-elemene activates macrophage-mediated immune responses
through the Akt/FoxO1 signaling pathway, providing novel theoretical
support for its potential application in osteosarcoma treatment.
The Akt/FoxO1 signaling pathway is a key intracellular regulatory

axis involved in cell survival, proliferation, apoptosis, and immune
regulation. Akt activation suppresses the transcriptional inhibitory
function of FoxO1, thereby modulating immune cell functions and
altering the tumor microenvironment composition [56]. In the tumor
immune microenvironment, the Akt/FoxO1 pathway regulates the ac-
tivity of macrophages, T cells, and natural killer cells, directly affecting
immune escape mechanisms and drug resistance [57,58]. By inhibiting
the Akt/FoxO1 axis, β-elemene promotes M1 macrophage polarization
and enhances their anti-tumor activity, while suppressing osteosarcoma
stem cell drug resistance and stemness. Tumor-associated macrophages
play a critical role in the progression and regulation of osteosarcoma.
M1 macrophages, through the secretion of inflammatory cytokines such
as TNF-α and IL-1, directly kill tumor cells, whereas M2 macrophages
promote tumor growth, invasion, and immune escape [59,60].
In this study, β-elemene significantly enhanced the activity of M1

macrophages, as evidenced by increased expression of M1markers iNOS
and CD86, decreased expression of M2 markers Arg1 and CD206, and
elevated levels of inflammatory cytokines TNF-α, IL-6, and IL-1β. This
immune polarization inhibited osteosarcoma stem cell stemness and
resistance, effectively reducing their survival and tumorigenic capacity.
These findings underscore the potential of β-elemene in modulating
immune cell function and suggest that β-elemene’s anti-tumor effects are
achieved, at least in part, through altering the macrophage polarization
state. These results contrast with previous studies highlighting the pro-
tumor role of macrophages, emphasizing the therapeutic significance of
immune microenvironment polarization.
Osteosarcoma is a highly aggressive malignancy characterized by
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S. Zhang et al. Journal of Bone Oncology 50 (2025) 100655 

13 



rapid growth, invasive behavior, and a propensity for metastasis.
Despite advances in surgical techniques and chemotherapy, drug resis-
tance remains a significant challenge, often leading to poor clinical
outcomes [10,61]. Overcoming drug resistance has become a critical
goal in osteosarcoma research. The tumor immune microenvironment,
particularly the regulation of immune cell functions, has been increas-
ingly recognized as a promising target for overcoming resistance.
β-Elemene presents a novel approach by activatingM1macrophages and
modulating the tumor microenvironment, ultimately reducing the
stemness and resistance of osteosarcoma stem cells. These findings
provide new insights into potential therapeutic strategies that target the
tumor immune microenvironment to improve treatment efficacy in
osteosarcoma.
This study employs a comprehensive approach, integrating bioin-

formatics analysis, in vitro experiments, and in vivo validation, to explore
the mechanism of β-elemene in regulating macrophage activity and
suppressing osteosarcoma resistance. By combining molecular pathway
analysis with biological validation, the study offers a multidisciplinary
perspective on the therapeutic potential of β-elemene. However, certain
limitations should be acknowledged. For instance, the bioinformatics
analysis may be affected by data quality and availability, while the
animal models used may not fully replicate the complexity of human
osteosarcoma. Furthermore, although the study demonstrates signifi-
cant anti-tumor effects of β-elemene in animal models, further clinical
validation is required to confirm its efficacy and safety in humans.
Future research should focus on clinical trials to evaluate β-elemene’s
therapeutic potential and explore its application in other tumor types.
Additionally, the potential synergistic effects of β-elemene with other
immunotherapeutic agents warrant further investigation. These efforts
could expand the application of β-elemene in cancer therapy and pro-
vide new treatment options for patients.

5. Conclusion

This study elucidates the mechanism by which β-elemene inhibits the
stemness of osteosarcoma stem cells and reduce the pro-tumor charac-
teristics of DOX-resistant osteosarcoma cells by suppressing the AKT/
FOXO1 signaling pathway and activating a macrophage-mediated in-
flammatory microenvironment (Fig. 8). Both in vivo and in vitro exper-
iments demonstrate that β-elemene treatment significantly lowers the
survival rate of drug-resistant osteosarcoma cells, inhibits their stemness
and migratory/invasive capabilities, and enhances anti-tumor immune
responses by promoting M1 type macrophage polarization and
increasing the secretion of inflammatory cytokines. These findings
provide new potential targets and strategies for treating osteosarcoma
resistance.
The scientific value of this research lies in revealing the specific

molecular mechanisms by which β-elemene reverses resistance in oste-
osarcoma, offering fresh insights into the drug resistance of osteosar-
coma stem cells. Clinically, as a natural compound with lower toxicity,
β-elemene could become an effective and safe adjunct therapy for os-
teosarcoma. When used with existing chemotherapy drugs, β-elemene
can improve treatment outcomes, enhance the quality of life, and extend
survival for patients with osteosarcoma. Despite these insights into
β-elemene’s anti-tumor mechanisms, there are still limitations to this
study. Primarily, the research was conducted in animal models and cell
cultures, necessitating further clinical trials to confirm its safety and
efficacy before clinical application. Additionally, the therapeutic effects
of β-elemene on other types of tumors remain unclear, and further
research is needed to explore its mechanisms across different cancers.
Future research should focus on the clinical translation of β-elemene,
optimizing its dosage and administration, and investigating its syner-
gistic effects with other anti-cancer drugs. Furthermore, studies should

Fig. 8. Molecular mechanism of β-elemene in inhibiting osteosarcoma drug resistance.
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explore its potential roles in other tumor microenvironments to expand
its applicational scope.
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