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Abstract

was further validated in vivo.

in the TME of OS mice.

oping therapies against OS.

Background Osteosarcoma (OS) is a bone tumor characterized by a high recurrence rate and poor prognosis.
Arjunolic acid (AA), the most abundant triterpene component in Cyclocarya paliurus, is reported to have anti-tumor
effects. Its specific role in OS is still unknown, which we aim to investigate in our study.

Methods An OS mouse model was established to investigate the effects of AA. Subsequently, M2 macrophages
and MO macrophages pretreated with AA were co-cultured with OS cells. The impact of AA on OS cell behavior (pro-
liferation, apoptosis, migration, and invasion) was evaluated via EdU staining, flow cytometry, and Transwell assays.
Concurrently, the expression of M1- and M2-associated genes (CD86, CD163, IL-6, Arg1) was quantified to assess AA's
regulatory role in macrophages within the tumor microenvironment (TME). Knockdown or overexpression of Wnt3a
in AA-treated MO macrophages to determine whether AA modulates Wnt3a-mediated M2 polarization, which

Results In vivo, AA inhibited tumor progression in OS mice. Concurrently, AA-treated macrophages inhibited OS cell
malignant behavior, and AA inhibited OS cell-mediated macrophage M2-type polarization. Mechanistically, AA inhib-
its the malignant behavior of OS cells and inhibits tumor progression in OS mice by suppressing Wnt3a-mediated
macrophage M2 polarization. Additionally, AA-induced macrophage conversion to a pro-inflammatory phenotype

Conclusion Our experiment demonstrated that AA from Cyclocarya paliurus inhibits Wnt3a-mediated M2 mac-
rophage polarization to suppress the progression of osteosarcoma, providing a pharmacological foundation for devel-

Keywords Cyclocarya paliurus, Arjunolic acid, Wnt3a, Macrophage M2 polarization, Osteosarcoma

Introduction

Osteosarcoma (OS) is a type of bone tumor that is most
commonly seen in adolescents [1]. OS typically occurs in
the long bones that bear weight, and it is characterized by
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a high recurrence and metastasis rate, as well as a poor
prognosis [2]. Surgical treatment and chemotherapy have
improved the survival rate of OS, but the overall survival
rate remains low, with the possibility of recurrence [3].
Therefore, extensive research is needed to explore new
treatment targets and methods for OS.

The tumor microenvironment (TME), consisting of
immune cells, etc., plays a pivotal role in OS progression
[4]. Tumor-associated macrophages (TAMs) are the main
immune cells in TME and can be categorized into two
major classes, M1 and M2 [5]. M1 macrophages possess
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anti-tumor activity, while M2 macrophages promote
tumor progression [6]. Research has reported on the
promotion of M1 macrophage polarization in the treat-
ment of OS [7-9]. The level of polarization from MO to
M1 macrophages may be associated with improved prog-
nosis in OS patients [10]. These suggest that probing the
dynamic regulatory mechanisms of macrophage polari-
zation may be therapeutically beneficial for OS.

Cyclocarya paliurus is a traditional Chinese medicine
containing flavonoids, triterpenic acids, and other essen-
tial trace elements for the human body, commonly used
to boost immune function or treat diseases like coronary
heart disease [11]. The anticancer activity of Cyclocarya
paliurus extract has been widely reported [12-15]. Stud-
ies have identified oleanolic acid, ursolic acid, corosolic
acid, and arjunolic acid (AA), among others, as the main
components of triterpenic acids in Cyclocarya paliurus
[11]. AA is a natural small-molecule compound with
antioxidant and anti-inflammatory properties [16]. It
exerts antitumor effects by inducing apoptosis in Ehrlich
Ascites Carcinoma cells [17]. However, despite being the
predominant triterpenic component in Cyclocarya pali-
urus, the therapeutic potential of AA against OS and its
underlying mechanisms remain poorly characterized.

Whnt ligands are secretory proteins that mediate inter-
cellular interactions through paracrine or autocrine
mechanisms [18, 19]. Macrophages can synthesize Wnt
ligands to activate the Wnt signaling in tumor cells [18,
20]. Studies show that M2 macrophages express rela-
tively higher levels of Wnt ligands like Wnt3 and Wnt3a
compared to M1 macrophages [21]. The levels of Wntl
and Wnt3a increase in co-cultures of M2 macrophages
with thyroid cancer cells, and blocking them inhibits the
malignant behavior of the co-cultured tumor cells [22].
In vitro, the Wnt3a protein promotes the polarization
of M2 macrophages [23]. Conversely, a study revealed
that AA suppresses Wnt3a protein overexpression [24].
This collective evidence suggests a potential mechanism
through which AA mediates macrophage polarization.

Collectively, this study combines in vitro and in vivo
approaches to systematically investigate the therapeutic
potential of AA. We further elucidate the mechanistic
basis by which AA modulates macrophage polarization
and impedes OS progression, with a focus on exploring
the mechanisms by which AA modulates Wnt3a-medi-
ated macrophage M2 polarization affecting OS, thereby
providing a pharmacological foundation for developing
therapies against OS.

Materials and methods

Cell culture

Saos-2 cells (AW-CCH331, Abiowell) were cul-
tured in McCoy’s 5a medium (AW-MCO008, Abiowell)

Page 2 of 15

supplemented with 10% FBS (AWC0219a, Abiowell)
and 1% P/S (AWHO0529a, Abiowell). U-20S cells (AW-
CCHO057, Abiowell) were cultured in DMEM (AW-
MCO001, Abiowell) supplemented with 10% FBS and 1%
P/S. THP-1 cells (AW-CCHO098, Abiowell) were cultured
in RPMI 1640 medium (AW-MO018, Abiowell) supple-
mented with 10% FBS, 0.05 mM [-mercaptoethanol, and
1% P/S. The cells (Saos-2, U-20S, THP-1) were incu-
bated in a 95% air, 5% CO,, 37°C incubator. hFOB 1.19
cells (GNHul4, Stem Cell Bank, Chinese Academy of
Sciences) were cultured in DMEM/F12 medium (AW-
MCO005, Abiowell) supplemented with 10% FBS and incu-
bated in a 95% air, 5% CO,, 33.5°C incubator.

Treating THP-1 cells with phorbol 12-myristate
13-acetate (PMA, 100 ng/mL) for 48 h to obtain MO mac-
rophages. Inducing M0 macrophages with lipopolysac-
charide (LPS, 100 ng/mL) and interferon-gamma (IFN-y,
2.5 ng/mL) for 48 h to obtain M1 macrophages. To sim-
ulate the phenotype in the tumor microenvironment,
mO macrophages are induced with IL-4 (10 ng/mL) and
IL-13(10 ng/mL) for 48 h to obtain M2 macrophages.

Cell grouping

The cells in the logarithmic growth phase were passaged
and grouped for treatment according to the following
experiment.

In Experiment 1, four cell types (Saos-2, U-20S, hFOB
1.19, THP-1) were treated with different concentrations
of AA (B30003, Shyuanye), including 0, 1, 5, 10, 25, 50,
and 100 pg/mL for 24 h [25].

In Experiment 2, the cells were divided into the OS
group, M2 + OS group, and M2 +AA +OS group. In the
OS group, OS cells (Saos-2, U-20S) were cultured at a
density of 2x 10° cells/well under normal conditions for
48 h. In the M2 + OS group, M2 macrophages were cul-
tured normally for 24 h, then co-cultured with OS cells
(Saos-2, U-208S) at a 1:1 ratio for an additional 24 h. In
the M2 + AA + OS group, M2 macrophages were treated
with AA (50 pg/mL) for 24 h, followed by co-culturing
with OS cells (Saos-2, U-20S) at a 1:1 ratio for 24 h. The
OS cells were collected for further analysis.

In Experiment 3, MO macrophages were divided into
the MO group, MO +AA, OS +MO, and AA + MO +OS
group. In the MO groups, MO macrophages were cultured
normally. In the MO 4+ AA group, MO macrophages were
treated with AA (50 pg/mL). In the OS +MO0 group, MO
macrophages were co-cultured with OS cells (Saos-2,
U-20S) at a 1:1 ratio. In the AA + MO +OS group, MO
macrophages were treated with AA (50 pg/mL), followed
by co-culturing with OS cells.

In Experiment 4, MO, M1, and M2 cells were each cul-
tured normally for 24 h.
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In Experiment 5, MO macrophages were divided into
MO, MO +AA, MO +si-NC +AA, MO +si-Wnt3a +AA,
MO +o0e-NC +AA, and MO +oe-Wnt3a +AA groups.
In the MO +si-NC +AA, MO +si-Wnt3a +AA, MO
+0e-NC +AA, and MO +oe-Wnt3a +AA groups, MO
macrophages transfected with si/oe-NC and si/oe-Wnt3a
plasmids respectively were treated with AA (50 pg/mL)
for 24 h.

In Experiment 6, cells were divided into OS, M0 + OS,
MO +AA +0S, MO +5si-NC +AA +0S, MO +si-Wnt3a
+AA +0S, MO +0e-NC +AA +0S, and MO +oe-
Wnt3a +AA +OS groups. In the MO +AA +0OS, MO
+si-NC +AA +0S, MO +si-Wnt3a +AA +0OS, MO
+0e-NC +AA +0S, and MO +oe-Wnt3a +AA +0OS
groups, MO macrophages transfected with si/oe-NC and
si/oe-Wnt3a plasmids, respectively, were treated with AA
(50 pg/mL) for 24 h, and then co-cultured with OS cells
for 24 h.

Co-culture system establishment

To investigate the effects of AA on OS cells within the
TME, a co-culture system was established by plating M2
macrophages in the upper chamber of Transwell plates
(to simulate the TME) and seeding Saos-2 and U-20S
cells in the lower chamber. After 24 h of incubation, OS
cells in the lower chamber were collected for subsequent
analyses.

To investigate whether OS cells could induce M2-type
polarization in macrophages, a co-culture system was
established by plating MO macrophages in the upper
chamber of Transwell plates and seeding Saos-2 and
U-20S cells in the lower chamber. MO macrophages in
the upper chamber were collected after 24 h of incuba-
tion for subsequent analyses.

To investigate whether AA could modulate Wnt3a-
mediated macrophage M2 polarization to affect OS cells,
MO macrophages transfected with either siRNA target-
ing Wnt3a (si-Wnt3a), Wnt3a-overexpressing plasmid
(0oe-Wnt3a), or their respective negative controls (si-NC/
oe-NC), were treated with AA (50 pg/mL) for 24 h. MO
cells were then placed in the upper chamber, and Saos-2
and U-20S cells were seeded in the lower chamber of
Transwell plates to establish the co-culture system. OS
cells in the lower chamber were collected after 24 h of
incubation for subsequent analyses.

OS mouse model

Four-week-old male nude mice purchased from SJA Lab-
oratory Animal Co., Ltd (Hunan, China) were adaptively
fed for one week. After adaptation, 2x 10° Saos-2 cells
(100 pL per mouse) were subcutaneously injected into
the armpit of the nude mice [26]. In Experiment 1, the
OS mice were divided into the Model group and Model

Page 3 of 15

+ AA group 14 days after tumor formation. In the Model
+ AA group, the OS mice were orally administered AA.

In Experiment 2, the nude mice were divided into
Model (si-NC) +AA group, Model (si-Wnt3a) +AA
group, Model (0e-NC) +AA group, and Model (oe-
Wnt3a) +AA group. Mice received subcutaneous
implantation of Saos-2 cells stably transfected with either
si-Wnt3a, oe-Wnt3a, or si-NC/oe-NC. Mice were orally
administered AA (100 mg/kg, 10 mL/kg body weight)
once daily for 21 consecutive days [17]. Tumor progres-
sion was monitored twice weekly. After 35 days of tumor
formation, the mice were anesthetized via intraperitoneal
pentobarbital sodium (50 mg/kg), and blood samples
were taken. Then the mice were euthanized, and lung tis-
sues were taken to detect the number of metastatic nod-
ules. The tumor tissues were photographed, measured for
volume (length*width?*1/2), and weighed [27].

Hematoxylin-eosin (HE) staining

To evaluate the extent of tumor lesions in OS mice and
the number of metastatic nodules in lung tissue, the
tumor/lung tissue slices of OS mice were first baked
and then dewaxed in water. They were then stained
with hematoxylin (AWI0001a, Abiowell) and eosin
(AWI10029a, Abiowell), and dehydrated with a gradient
of alcohol (95-100%). Finally, the slices were mounted in
xylene, sealed with neutral resin, and observed under a
microscope (DSZ2000X, Cnmicro).

Immunohistochemistry (IHC)

The expression of ki67 in the OS mouse tumor was first
detected by adding 1% periodic acid to the tumor sec-
tions that had been baked, dewaxed, and underwent heat
antigen retrieval. Then, an appropriate dilution of ki67
(27,309-1-AP, Proteintech) was added to the slices and
left to incubate overnight at 4°C. The slices were washed
with PBS and then incubated with HRP goat anti-rab-
bitlgG (AWI10629, Abiowell). After washing the slices
with PBS, a DAB working solution (ZLI-9017, ZSGB-
BIO) was added, followed by staining with hematoxylin.
The slices were dehydrated in various grades of alcohol
(60—100%), placed in xylene, and finally sealed with neu-
tral resin for observation under a microscope.

Western blot (WB)

To detect the expression of CDK2, CDK4, and Cyclin D1
in the tumor and OS cells, and the expression of Wnt3a in
macrophages, tumor tissues/cell proteins were collected
with RIPA lysis buffer (AWBO0136, Abiowell) and the pro-
tein concentration was measured before being subjected
to electrophoresis, membrane transfer, and blocking. The
nitrocellulose (NC) membranes (Invitrogen, USA) were
then incubated with the primary antibody at 4°C, washed
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with TBST, and incubated with the secondary antibody.
Images were finally obtained using an ECL Plus detection
reagent (AWB0650, Abiowell) and a gel imaging system.
The internal reference is B-actin, and the antibody infor-
mation is found in Table 1.

TdT-mediated dUTP nick-end labeling (TUNEL)

To detect apoptosis in murine OS tumor cells, tumor tis-
sue slices were sequentially dewaxed, blocked, permea-
bilized, and biotin-blocked. Subsequently, 50 puL of TdT
enzyme reaction mixture (45 pL Equilibration Buffer
+1.0 pL Biotin-11-dUTP +4.0 uL TdT Enzyme, KGA704,
KeyGen) was added to each slice sample and incubated in
a light-avoiding wet box. After PBS washing, each sam-
ple was then incubated with 50 pL of Streptavidin-HRP
conjugate working solution (49.5 uL 1x PBS +0.5 pL
Streptavidin-HRP) and incubated in a light-avoiding wet
box. Following PBS washing, the slices were reacted with
50 pL of DAB working solution for colorization, followed
by PBS washing. Subsequently, the slices were stained
with hematoxylin solution, rinsed with distilled water,
dipped into 1% hydrochloric acid methanol solution for
5 s, immediately rinsed with distilled water, and sequen-
tially immersed in ethanol (70%, 85%, 95%) and xylene.
After adding neutral gum and covering it with a cover-
slip, the section is observed under a microscope.

Cell counting kit-8 (CCK-8) assay

The cells (Saos-2, U-20S, hFOB 1.19, THP-1) were
inoculated into a 96-well plate in the past, and after the
cells grew to the appropriate density, they were respec-
tively treated according to different groups. Then, 10 pl
of CCK8 medium (NU679, Abiowell, China) prepared
with complete culture medium was added to each well.
The plate was placed in a 37°C, 5% CO, incubator for 4 h.
The optical density (OD) at 450 nm was analyzed using a
microplate reader (MB-530, HEALES, China).

Table 1 The information on antibody
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5-ethynyl-2'-deoxyuridine (EdU)

To detect the cell proliferation rate, 100 pl of 50 pM EdU
medium was added to each well of the cell plate for incu-
bation. After washing the cells with PBS and fixing them
with 4% paraformaldehyde, the cells were sequentially
treated with 2 mg/mL glycine and a permeabilization
agent. Following another round of PBS wash, the cells
were then subjected to Apollo staining and permeabili-
zation agent decolorization. Subsequently, the cells were
washed with methanol and PBS, followed by the addition
of 100 pl of 1 X Hoechst 33,342 reaction solution per well
for incubation. Finally, the cells were washed with PBS
and observed under a microscope.

Cell cycle detection

To detect the cell cycle of OS cells (Saos-2, U-20S), the
cells were suspended in PBS to separate them into indi-
vidual cells before fixation. The fixed cells were centri-
fuged, the supernatant discarded, and then resuspended
in pre-chilled PBS and centrifuged, this step was repeated
twice. Next, 150 pL of propidium iodide (PI) working
solution was added to the cell pellet for staining. The
cells were then transferred to a flow cytometry tube for
analysis.

Cell apoptosis detection

The cells, after being collected following group treat-
ment, were suspended in 500 pL of Binding Buffer. Sub-
sequently, 5 pL of Annexin V-APC and 5 pL of Propidium
Iodide were sequentially added and mixed gently. After
incubation in the dark, the cells were analyzed using a
flow cytometer.

Cell migration detection

Following co-culture, the collected OS cells were resus-
pended in serum-free medium, and 100 pL of the cell
suspension was loaded into the upper chamber of a Tran-
swell, while 500 pL of complete medium was added to the
lower chamber. The system was incubated at 37°C for 48

Name Dilution rate Cat number Source Company Country
CDK2 1:1000 60,312-1-lg Mouse Proteintech USA
CDK4 1:1000 11,026-1-AP Rabbit Proteintech USA
Cyclin D1 1:6000 26,939-1-AP Rabbit Proteintech USA
GM130 1:1000 26,744-1-AP Rabbit Proteintech USA
Wnt3a 1:1000 AWA00518 Mouse Abiowell China
B-actin 1:5000 AWAS80002 Rabbit Abiowell China
HRP goat anti- mouse IgG (H +L) 1:5000 SA00001-1 / Proteintech USA

HRP goat anti- Rabbit IgG (H +L) 1:6000 SA00001-2 / Proteintech USA




Li et al. Genes & Nutrition (2025) 20:11

h. Subsequently, the upper chamber was transferred to a
new well containing PBS. After the last PBS wash, cells
on the upper side of the upper chamber were removed
using a cotton swab. Cells adherent to the membranes
were fixed with 4% paraformaldehyde, followed by stain-
ing with 0.1% crystal violet. After being washed with PBS,
membranes were mounted on glass slides. Migrated OS
cells were quantified by counting crystal violet-positive
cells in three randomly selected microscopic fields per
membrane.

Cellinvasion detection

To detect the invasion of OS cells and M2 macrophages,
Saos-2 and U-20S cells were seeded in the lower cham-
ber, while M2 macrophages were cultured in the upper
chamber. After 24 h, Saos-2 and U-20S cells were col-
lected. Matrigel (Biocoat 356,234, Corning) diluted
in 100 pL of serum-free DMEM culture medium was
added to the well and incubated for 30 min, follow-
ing discarding the supernatant, 100 pL of Saos-2 and
U-20S cells were added and cultured for 48 h. The cells
were washed with PBS, wiped clean with cotton balls,
and fixed with 4% paraformaldehyde. The membranes
were then removed, stained with 0.1% crystal violet,
washed with water, and observed on a glass slide.

Flow cytometry

Following PBS rinsing, cells were resuspended in 100
uL of basal culture medium. Cell suspensions were then
incubated with fluorescently conjugated anti-CD86
(12-0869-42, eBioscience®), anti-CD163 (12-1639-42,
eBioscience®), and isotype control antibody (Mouse
IgG1k Isotype Control PE, 12-4714-82, eBioscience®)
for 30 min to account for staining. After a final PBS
wash, cells were resuspended in 200 pL of staining
buffer for subsequent detection.

For tumor tissue processing, minced tissues were
homogenized using a mechanical tissue homogenizer
(F6/10, Tissuelyser, China). The resulting murine tumor
cell suspension was collected via syringe aspiration,
sequentially filtered through a 100 pm cell strainer, cen-
trifuged, and washed. Tissue homogenates were then
incubated with fluorescently conjugated anti-CD86
(12-0862-82, eBioscience®), anti-CD163 (12-1631-82,
eBioscience®), and isotype control antibody (Rat IgG2a
kappa Isotype Control PE, 12-4321-80, eBioscience®)
to account for staining. After a final PBS wash, samples
were resuspended in 200 pL of staining buffer for sub-
sequent detection.
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Real-time quantitative polymerase chain reaction
(RT-qPCR)

To detect the expression of IL-6, IL-1p, TNF-«, iNOS,
Arg-1, IL-10, TGF-f1, MMP-9, as well as Wnt3a in
macrophages and tumor tissue, total RNA was ini-
tially extracted from macrophages using Trizol, then
cDNA was obtained through reverse transcription.
The primers designed by Primer 5 were synthesized by
Tsingke (China), which will be found in Table 2. The sub-
sequent experiment was conducted using the UltraSYBR
Mixture (CW2601, CWBio), and a fluorescence quanti-
tative PCR instrument (SPL0960, Thermo), followed by
the calculation of relative gene expression levels with the
2748 method.

Table 2 Primer sequences

Gene Sequence Length

H-IL-6 F GCAATAACCACCCCTGACCCAA 154 bp
R GCTACATTTGCCGAAGAGCC

M-IL-6 F GACTTCCATCCAGTTGCCTT 150 BP
ATGTGTAATTAAGCCTCCGACT

H-IL-13 F CCCTCTGTCATTCGCTCCC 185 bp
R TAAAGAGAGCACACCAGTCCA

M-IL-1B8 F TGAAATGCCACCTTTTGACAGT 189 bp
RTTCTCCACAGCCACAATGAGT

H-TNF-a F GAACCCCGAGTGACAAGCCT 120 bp
R TATCTCTCAGCTCCACGCCAT

M-TNF-a F AGCACAGAAAGCATGATCCG 162 bp
R CACCCCGAAGTTCAGTAGACA

H-INOS FTCAGCTGTGCCTTCAACCC 199 bp
R CCGAGGCCAAACACAGCGTA

M-INOS F GTTCTCAGCCCAACAATACAAGA 127 bp
R GTGGACGGGTCGATGTCAC

H-Arg-1 F TGGACAGACTAGGAATTGGCA 102 bp
R CCAGTCCGTCAACATCAAAACT

M-Arg-1 F CTCCAAGCCAAAGTCCTTAGAG 185 bp
R AGGAGCTGTCATTAGGGACATC

H-IL-10 F ACCTGCCTAACATGCTTCGAGA 191 bp
R CTCAGCTTGGGGCATCACCT

M-IL-10 F GTTCCCCTACTGTCATCCCC 149 bp
R AGGCAGACAAACAATACACCA

H-TGF-31 F AGCAACAATTCCTGGCGATACCTC 121 bp
R CAATTTCCCCTCCACGGCTCA

M-TGF-B1 F CTCCCGTGGCTTCTAGTGC 133 bp
R GCCTTAGTTTGGACAGGATCTG

H-MMP-9 F CTGAAGGCCATGCGAACCCCA 155 bp
R GCAAAGGCGTCGTCAATCACC

M-MMP-9 F GCCCTGGAACTCACACGACA 139bp
R GTAGCCCACGTCGTCCACC

H-Wnt3a F GAGCAGGACTCCCACCTAAA 141 bp
R GCCACCAGAGAGGAGACACT

M-Wnt3a F ACGTACTTCAAGGTGCCGACA 200 bp
R CATTTCTCCCTCCGTCGCTCA

B-actin F ACCCTGAAGTACCCCATCGAG 224 bp

R AGCACAGCCTGGATAGCAAC
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Enzyme-linked immunosorbent assay (ELISA)

According to the instructions of the IL-6 (CSB-E04639
m, Cusabio), IL-1f (CSB-E08054 m, Cusabio), TNF-a
(CSB-E04741 m, Cusabio), iNOS (CSB-E08326 m, Cusa-
bio), Arg-1 (CSB-EL002005MO, Cusabio), IL-10 (CSB-
E04594 m, Cusabio), TGF-f1 (CSB-E04726 m, Cusabio),
and MMP-9 (CSB-E08007 m, Cusabio) assay kits, their
expressions in the serum were detected, and the Optical
Density values were measured at a wavelength of 450 nm.

Statistical analysis

The data analysis software used in this experiment is
GraphPad Prism 9.0, with all experimental data pre-
sented as mean *standard deviation (SD). Student’s
t-test is employed for comparisons between two groups,
while one-way analysis of variance (ANOVA) and two-
way ANOVA are used for comparisons between multiple
groups. Statistical significance is considered when P<
0.05.

Results

AA inhibits the progression and metastasis of cancer in OS
mice

To investigate the effect of AA on OS, an OS mouse
model was established. In Fig. 1A, a significant decrease
in tumor volume and mass of OS mice was observed
after AA intervention. HE results showed that after AA
intervention, cancer cells exhibited loose arrangement,
damaged texture, and an increased number of dead cells
(Fig. 1B). Ki67 is a proliferation marker for OS [28]. The
expression of Ki67 and cell cycle proteins (CDK2, CDK4,
and Cyclin D1) in the tumor was decreased, while the
apoptosis rate of tumor cells increased (Fig. 1C-F), fur-
ther indicating that AA inhibits the development of OS.
Additionally, H&E staining results showed a decrease in
metastatic nodules in mice lung tissue after AA interven-
tion (Fig. 1G), suggesting that AA inhibited the metasta-
sis of OS.

AA-treated macrophages inhibit the malignant behavior
of OS cells

To further confirm the effect of AA on OS, firstly, OS
cells (Saos-2, U-20S), the normal osteoblast cell line
hFOB 1.19 as a control for OS cells, and THP-1 cells
used to induce the formation of M2 macrophages, were
all treated with different concentrations of AA. The cell
viability of Saos-2 and U-20S decreased as the concen-
tration of AA increased, reaching a plateau at 50 pg/mL.
At 100 pg/mL, the cell viability of hFOB 1.19 and THP-1
significantly decreased (Fig. 2A). Therefore, the subse-
quent experiments used an AA intervention concentra-
tion of 50 pg/mL, which could kill Saos-2 and U-20S
cells but not hFOB 1.19 and THP-1 cells. Co-culturing

Page 6 of 15

M2 macrophages with OS cells (Saos-2, U-20S) and test-
ing the OS cells revealed that the proliferation rate was
highest in the M2 + OS group, with the shortest cell cycle
arrest at the G1 phase. However, after co-culturing with
AA-treated M2 macrophages, the proliferation rate of OS
cells decreased, and the cell cycle arrest at the G1 phase
was prolonged. (Fig. 2B-D). Further results showed that
after co-culturing with AA-treated M2 macrophages, the
expression of CDK2, CDK4, and Cyclin D1 in OS cells
decreased, the number of cell migrations and invasion
decreased, and the apoptosis rate increased (Fig. 2E-H).
These results further confirm that AA-treated M2 mac-
rophages inhibit the malignant behavior of OS cells.

AA facilitates the polarization of MO macrophages

towards the M1 phenotype and inhibits the induction

of M2 polarization by OS cells

Here, we further investigated the mechanism by which
AA affects macrophages in OS. Studies reported that
the level of MO to M1 macrophage polarization may be
associated with the improved prognosis of OS patients
[10]. CD86 is a surface marker of M1 macrophages [29],
so we first examined the expression of CD86 and found
that the expression of CD86 was increased in AA-treated
MO macrophages (Fig. 3A). Additionally, the expression
of IL-6, IL-1P, TNF-«, and iNOS was also increased after
AA treatment (Fig. 3B), suggesting that AA promotes
the polarization of M0 macrophages towards the M1
phenotype.

When MO macrophages were co-cultured with OS
cells, the expression of the surface marker CD163
and Arg-1, IL-10, TGF-f1, and MMP-9 was increased
(Fig. 3C-E), indicating that OS cells induce the polari-
zation of MO macrophages towards the M2 phenotype.
Next, we investigated the effect of AA on macrophages in
the tumor microenvironment (TME) and found that after
AA treatment, co-culturing MO cells with OS cells led
to increased expression of CD86 and M1 macrophage-
related genes (Fig. 3F-H). These results indicate that AA
promotes the polarization of MO macrophages towards
the M1 phenotype and inhibits the induction of M2
polarization by OS cells.

AA inhibits Wnt3a-mediated polarization of macrophages
towards the M2 phenotype

To elucidate the mechanism underlying AA-mediated
inhibition of M2 macrophages polarization, we first
analyzed Wnt3a expression across macrophage sub-
types, revealing the highest levels in M2 and lowest in
M1 macrophages (Fig. 4A). Intriguingly, AA treatment
downregulated Wnt3a expression in MO macrophages
compared to untreated controls (Fig. 4B), suggesting that
AA-induced Wnt3a reduction may inhibit macrophage
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polarization. Subsequently, the decrease in expression
with si-Wnt3a and the increase with oe-Wnt3a demon-
strate the successful transfection of si/oe-Wnt3a plasmids
into MO macrophages (Fig. 4C). AA treatment sup-
pressed M2-associated markers (CD163, Arg-1, IL-10,
TGF-f1, MMP-9) levels, an effect amplified by Wnt3a
knockdown and reversed by Wnt3a overexpression
(Fig. 4D-E). Conversely, AA upregulated M1-associated
markers (CD86, IL-6, IL-1B, TNF-a, iNOS), with Wnt3a
silencing enhancing and Wnt3a overexpression attenuat-
ing these effects (Fig. 4F-G). Collectively, these findings
demonstrate that AA inhibits M2 polarization by target-
ing Wnt3a in macrophages.

AA Suppresses OS cell malignant behavior by inhibiting
Wnt3a-mediated macrophage M2 polarization

To further investigate whether AA inhibits OS progres-
sion via Wnt3a-mediated macrophage polarization, OS
cells were co-cultured with macrophages transfected with
Wnt3a-targeting plasmids. Figure 5A-C showed that AA
treatment significantly suppressed OS cell proliferation

compared to the MO +OS group, as evidenced by
reduced proliferation rates, prolonged G1 phase, and
downregulated cell cycle regulators (CDK2, CDK4, cyc-
lin D1). These anti-proliferative effects were further
enhanced by Wnt3a knockdown but reversed by Wnt3a
overexpression (Fig. 5A-E). Similarly, AA elevated OS cell
apoptosis, a response potentiated by Wnt3a silencing and
attenuated by Wnt3a overexpression (Fig. 5F). In paral-
lel, AA inhibited OS cell migration and invasion, with
Wnt3a knockdown synergistically amplifying these anti-
metastatic effects, while Wnt3a overexpression restored
invasive capacity (Fig. 5G-H). This indicates that the pro-
inflammatory effect of TME is more significant after AA
treatment.

AA induces transformation of macrophages

into a pro-inflammatory phenotype in the TME of OS mice
Further in vivo experimental results show that after AA
treatment, the expression of CD163 and Arg-1, IL-10,
TGE-B1, and MMP-9 decreased, while the expression
of CD86 and IL-6, IL-1B, TNF-a, and iNOS increased
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(Fig. 6A-F). Additionally, the expression of Wnt3a in the
tumor decreased (Fig. 6G). This indicates that the pro-
inflammatory effect of TME is more significant after AA
treatment.

Knocking down Wnt3a further enhances the in vivo
inhibitory effect of AA on OS

Through further in vivo experiments to investigate the
mechanism of AA inhibition on the progression of OS,
the experimental results indicate that knocking down
Wnt3a leads to a decrease in mouse tumor volume and
mass, reduced severity of tumor tissue pathology, and
looser arrangement of cancer cells. Conversely, over-
expressing Wnt3a results in an increase in tumor vol-
ume and mass, exacerbated tumor tissue pathology, and
tighter arrangement of cancer cells (Fig. 7A-B). After
knocking down Wnt3a, the expression of Ki67, CDK2,
CDK4, and Cyclin D1 in the tumor tissue decreases,

leading to an increased rate of cell apoptosis and a lower
number of metastatic nodules in lung tissues. On the
contrary, overexpressing Wnt3a results in the opposite
effects (Fig. 7C-F). Furthermore, the expression of CD163
and Arg-1, IL-10, TGF-B1, and MMP-9 decreases with
the downregulation of Wnt3a expression. Conversely,
when Wnt3a expression levels increase, the expression of
these markers also increases (Fig. 7G-I). In contrast, the
expression of CD86 and IL-6, IL-1B, TNF-a, and iNOS
increases with the decrease in Wnt3a expression, while
it decreases when Wnt3a expression levels are elevated
(Fig. 7J-L). Overall, the results suggest that knocking
down Wnt3a could further enhance the inhibitory effect
of AA on OS.
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Fig. 6 AA induces transformation of macrophages into a pro-inflammatory phenotype in the TME of OS mice. A Flow cytometry analysis of CD163
expression in tumor tissue. B-C RT-gPCR and ELISA detection of Arg-1, IL-10, TGF-31, and MMP-9 expression in tumor tissue and serum. D Flow
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Discussion

Originating from mesenchymal stem cells, OS is the most
common primary bone tumor, with various treatment
options available, but the survival rate remains relatively
low [6]. AA has been shown to have anti-tumor effects,
and its oral safety has been demonstrated [30]. How-
ever, its therapeutic effects in OS have not been stud-
ied. In this research, we investigated the effects of AA by
constructing an in vivo mouse model of OS and found
that AA inhibits the proliferation and metastasis of OS.

In vitro, the viability of OS cells (Saos-2, U-20S) signifi-
cantly decreased after treatment with AA, further con-
firming its inhibitory effects on OS. Our study is the first
to report the inhibitory effect of AA on the progression
of OS. Subsequently, we further confirmed the specific
mechanism of action of AA in OS through in vitro and
in vivo experiments.

Macrophages are the main infiltrating immune cells
in the TME and play an important role in anti-tumor
immune responses, exhibiting the ability to undergo
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phenotypic polarization [8, 31]. Research has reported
that repolarization of M2-type macrophages to the M1
phenotype can reduce the expression of Programmed
cell death ligand 1 (PD-L1) in OS and is an innovative
cancer therapy [6]. Zhang et al. found that inhibiting
M2 macrophage polarization suppresses OS metastasis
[32]. In this study, we co-cultured OS cells with mac-
rophages and found that macrophages treated with
AA could inhibit the proliferation and migration of OS
cells. Studies suggest that the level of polarization from
MO to M1 macrophages may be related to the improved
prognosis of OS patients [10]. M1 macrophages
exhibit anti-tumor activity through the expression
of IL-6, IL-1B, TNF-a, and iNOS [8]. Conversely, the
survival rate of OS patients may decrease when mac-
rophages polarize towards M2-type macrophages [6].
Our results indicate that treatment with AA increased
the expression of M1 macrophage-related genes (IL-
6, IL-1B, TNF-a, and iNOS) in MO macrophages, pro-
moting the polarization of MO macrophages towards

M1 macrophages. Subsequently, we co-cultured OS
cells (Saos-2, U-20S) with M0 macrophages and found
that OS cells induced polarization of MO macrophages
towards M2-type macrophages, which was inhibited by
AA treatment. Additionally, in OS mice, AA treatment
induced polarization of M2 macrophages in the TME
towards M1 macrophages. In conclusion, AA could
inhibit the polarization of macrophages towards M2
phenotype.

Wnt ligands play a role in various cancer diseases,
activating the Wnt signaling pathway to promote
tumor progression [33]. Yang et al’s study indicates
that Wnt ligands can stimulate macrophage M2 polar-
ization and thus impact hepatocellular carcinoma
[21]. Gao et al. reported that Zn-induced Wnt3a/p-
catenin pathway can inhibit the progression of OS
[34]. Our study revealed that among the three mac-
rophage phenotypes (M0, M1, and M2), Wnt3a expres-
sion was highest in M2 macrophages. Intriguingly, AA
treatment downregulated Wnt3a expression in MO
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macrophages. Modulation of Wnt3a in AA-treated MO
macrophages—through either siRNA knockdown or
plasmid overexpression—demonstrated that AA inhib-
its Wnt3a-mediated M2 polarization, as evidenced
by suppressed M2 markers and elevated M1 markers.
These findings were corroborated in vivo, where Wnt3a
knockdown synergistically enhanced AA’s anti-OS effi-
cacy in an OS mouse model. Besides, AA induces the
transformation of macrophages into a pro-inflamma-
tory phenotype in the TME.

In conclusion, our research demonstrates that Wnt3a
can mediate macrophage polarization towards the M2
phenotype and that AA could inhibit Wnt3a-mediated
M2 polarization of macrophages, thereby suppressing the
progression of OS. This provides a direction and insight
for developing novel anti-OS drugs. The inhibitory effect
of AA on Wnt3a-mediated macrophage M2 polarization
contributes to a better understanding of the mechanisms
underlying the development of primary bone tumors,
offering new targets and strategies for clinical diagnosis
and treatment. However, there are some limitations in
our experiments. Although previous studies have demon-
strated the safety of oral AA administration, our research
did not conduct long-term observations on the efficacy
of AA treatment and patient survival rates, thus, further
confirmation is needed to determine its long-term effi-
cacy and safety in clinical applications.
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