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A B S T R A C T

Osteosarcoma is a common malignant tumor found in adolescents, characterized by a high metastatic potential 
and poor prognosis, but it is sensitive to radiotherapy and chemotherapy. Ferroptosis is a novel form of regulated 
cell death induced by excessive iron accumulation, leading to lipid peroxidation that results in cellular 
dysfunction and death. Naringenin is a flavonoid known for its anti-cancer properties, yet its role in osteosar
coma has not been thoroughly studied. In this study, we found that naringenin significantly reduced the viability 
of osteosarcoma cells while increasing the accumulation of reactive oxygen species (ROS), iron overload, and the 
excessive expression of malondialdehyde (MDA). Bioinformatics analysis revealed that microsomal glutathione 
S-transferase 2 (MGST2) is highly expressed in osteosarcoma cells. Silencing MGST2 decreased the proliferation, 
migration, and invasion of these cells and enhanced their sensitivity to ferroptosis. Mechanistically, signal 
transducer and activator of transcription 3 (STAT3) binds to the MGST2 promoter, promoting its transcription. 
Naringenin inhibits STAT3, blocking the expression of MGST2, while the STAT3 agonist Colivelin reverses this 
effect. In vivo experiments further confirmed that naringenin inhibited tumor growth in subcutaneous xenograft 
models and exhibited good biosafety. In summary, our study demonstrates that naringenin induces ferroptosis in 
osteosarcoma cells through the STAT3-MGST2 signaling pathway, providing a promising strategy for osteosar
coma treatment.

1. Introduction

Osteosarcoma is a common malignant bone tumor that primarily 
occurs at the metaphysis of long bones. It is characterized by a high 
degree of malignancy and a tendency to lead to pulmonary metastasis, 
resulting in relatively poor prognosis, especially among adolescents and 
children [1,2]. Follow-up data show that the five-year survival rate for 
osteosarcoma patients without pulmonary metastasis is approximately 
70 %, while the survival rate for those with pulmonary metastasis drops 
to 30 % [3,4]. For early-stage osteosarcoma, curative outcomes can be 

achieved through radical wide resection. Osteosarcoma is highly sensi
tive to radiotherapy and chemotherapy, and postoperative adjuvant 
chemotherapy and radiotherapy are crucial for controlling local recur
rence and metastasis, as well as improving survival rates. However, the 
five-year survival rate for osteosarcoma patients remains unsatisfactory 
[5]. Therefore, there is an urgent need to explore new therapeutic 
strategies for the comprehensive treatment of osteosarcoma [6].

Ferroptosis is a novel form of cell death characterized by an iron 
dependency and the occurrence of lipid peroxidation [7,8]. Multiple 
factors can directly or indirectly promote ferroptosis. Biochemically, 
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intracellular iron overload, glutathione (GSH) depletion, reduced ac
tivity of glutathione peroxidase (GSH-PX), and accumulation of lipid 
reactive oxygen species (ROS) are major triggers of ferroptosis. 
Furthermore, lipid peroxides cannot be metabolized in reduction re
actions, further promoting oxidative cell death [9–11]. At the micro
scopic level, ferroptosis is typically associated with a reduction in 
mitochondrial volume, an increase in double membrane density, and a 
decrease or disappearance of mitochondrial cristae. From a genetic 
perspective, ferroptosis is regulated by multiple signaling pathways. 
Among these, glutathione peroxidase 4 (GPX4), a member of the GPX 
family, utilizes glutathione (GSH) as a cofactor to convert lipid perox
ides into lipid alcohols, thereby inhibiting ferroptosis [11,12]. Cysteine 
is a rate-limiting precursor for the synthesis of glutathione (GSH), while 
SLC7A11 is a multifunctional transmembrane protein that regulates the 
reverse transport of cystine and glutamate, influencing GSH synthesis 
and subsequently modulating ferroptosis [13]. Therefore, small mole
cules targeting these pathways have been confirmed to induce or inhibit 
ferroptosis. For instance, Erastin (Era) inhibits the activity of the cystine- 
glutamate transporter (systemXC-), obstructing GSH synthesis, which 
leads to the accumulation of lipid peroxides and promotes ferroptosis. 
Conversely, Deferoxamine (DFO), an iron chelator, can suppress the 
generation of lipid reactive oxygen species, thereby reducing ferroptosis 
in cells. Increasing evidence suggests that ferroptosis plays a significant 
role in cancer therapy [14–16].

Naringenin is an important plant compound that belongs to the 
flavanone class of polyphenols. It is mainly found in citrus fruits such as 
grapefruit, as well as in tomatoes, cherries, and some medicinal plants 
[17,18]. Studies have shown that naringenin, as an herbal remedy, 
possesses significant pharmacological activity and can prevent cancer 
progression through various mechanisms, including inhibiting the pro
liferation and migration of cancer cells [19,20]. In vitro and in vivo 
studies have demonstrated that pure naringenin, naringenin-loaded 
nanoparticles, and the combination of naringenin with anticancer 
drugs can effectively inhibit the carcinogens of various malignant tu
mors, including colon cancer, lung cancer, breast cancer, leukemia, 
lymphoma, pancreatic cancer, prostate tumors, oral squamous cell car
cinoma, brain tumors, skin cancer, cervical cancer, ovarian cancer, 
bladder tumors, and osteosarcoma [21]. Naringenin inhibits cancer 
progression through various mechanisms, including affecting the mito
chondrial function of tumors, inducing apoptosis, blocking the cell 
cycle, inhibiting angiogenesis, and regulating multiple signaling path
ways [22].

Microsomal glutathione S-transferase 2 (MGST2) is a member of the 
MAPEG family, which consists of a type of integral membrane proteins 
involved in the metabolism of eicosanoids and glutathione. MGST2 is an 
important target for several anti-inflammatory and anticancer drugs that 
exert their effects by interfering with the biosynthesis of prostaglandins 
and leukotrienes [23].

Signal Transducer and Activator of Transcription 3 (STAT3) is a key 
oncogene that has dual functions in signal transduction and transcrip
tional activation [24]. The overactivation of STAT3 is a crucial step in 
the development of most human cancers, playing a significant role in 
processes such as cell proliferation, angiogenesis, metastasis, and im
mune suppression [24–26]. It can bind to common DNA response ele
ments in the promoters of ferroptosis-related genes, such as GPX4, 
SLC7A11, and FTH1, thereby regulating the expression of these genes 
[27]. Research has shown that there is a certain association between 
STAT3 and ferroptosis [28–30]. Furthermore, STAT3 has also been 
demonstrated to influence tumor occurrence and progression 
[27,31–33].

In this study, we explored the effects of naringenin on ferroptosis in 
osteosarcoma cells. The results indicated that naringenin significantly 
reduced the viability and clonogenic ability of osteosarcoma cells while 
inducing the accumulation of reactive oxygen species (ROS), excessive 
expression of malondialdehyde (MDA), and an increase in ferrous ions. 
Mechanistically, STAT3 binds to the promoter region of MGST2 to 

promote its transcription, and naringenin induces ferroptosis by inhib
iting the expression of STAT3 protein. Furthermore, while promoting 
ferroptosis, naringenin exhibited a certain degree of biological safety in 
vivo. Given the potential clinical value of ferroptosis, our findings pro
vide new strategies for the comprehensive treatment of osteosarcoma.

2. Materials and Methods

2.1. Cell lines and cell culture

HOS, U2OS, and MG63 are human osteosarcoma cell lines. The cell 
culture medium used contains 10 % fetal bovine serum (FBS) and 90 % 
proprietary medium, and is maintained in a 5 % CO2 and 37℃ 
incubator.

2.2. Cytotoxicity assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) 
assay. Osteosarcoma cells were seeded into 96-well plates (approxi
mately 8000 cells per well) and allowed to adhere for 24 h. After treating 
the cells with different drugs as required by the experiment, they were 
incubated for a specified period. Then, 10 µL of enhanced CCK-8 solution 
and 90 µL of complete culture medium were added to each well. After 
incubation in the cell culture incubator for 2 h, absorbance was 
measured at 450 nm using a microplate reader.

2.3. Iron assay

For intracellular iron measurement, osteosarcoma cells were inocu
lated in a 6-well plate and treated with different drugs. The cells were 
then washed with PBS and incubated with a working solution of Fer
roOrange at a concentration of 1 μmol/L. The cells were cultured at 
37 ◦C in a 5 % CO2 incubator for 30 min and observed under a fluo
rescence microscope.

2.4. Reactive oxygen species assay

Reactive oxygen species (ROS) detection was performed using a ROS 
assay kit. Osteosarcoma cells were seeded into 24-well plates and treated 
with different drugs for 24 h. The fluorescent probe DCFH-DA provided 
in the ROS assay kit was then diluted in serum-free medium at a ratio of 
1:1000 and added to the cells. Subsequently, the cells were incubated in 
a 37 ◦C incubator for 20 min and washed three times with serum-free 
cell culture medium to completely remove any DCFH-DA that had not 
entered the cells. Finally, ROS levels were observed using a laser scan
ning confocal microscope.

2.5. Malondialdehyde assay

To measure lipid oxidation levels, specifically MDA (malondialde
hyde), using the Lipid Oxidation (MDA) Assay Kit, osteosarcoma cells 
were seeded into 10 cm culture dishes and treated with different drugs 
for 24 h. Following treatment, cells were collected, homogenized, lysed, 
and then centrifuged at 10,000–12,000 × g for 10 min to obtain the 
supernatant. The MDA content was detected using the MDA assay kit. In 
the cell lysates, MDA reacts with thiobarbituric acid (TBA) to form an 
MDA-TBA adduct. The absorbance of the adduct was measured at 532 
nm using a microplate reader. MDA concentration was determined by 
comparing the absorbance value to a standard curve.

2.6. Colony formation assay

Seed osteosarcoma cells in 6-well plates (1000 cells per well). After 
48 h, once the cells have adhered completely, treat the cells with 
different stimuli and continue to culture for approximately 14 days. 
Subsequently, remove the culture medium and wash the cells twice with 

Y. Li and X. Bai                                                                                                                                                                                                                                 Journal of Bone Oncology 50 (2025) 100657 

2 



PBS. Fix the cells with 4 % paraformaldehyde for 30 min, then wash off 
the excess paraformaldehyde with PBS. Stain the colonies with 0.1 % 
crystal violet for 30 min, and then capture images to record the results. 
Quantify the results using ImageJ software.

2.7. Transwell invasion assay

Four hours before the experiment, prepare the matrix gel mixed with 
serum-free medium at a 1:10 ratio, pre-cooled at 4 ◦C. Immediately add 
50 μL of the prepared matrix gel evenly to the upper chamber. After the 
gel solidifies,suspend osteosarcoma cells (8 × 10^4 cells per well) in 
serum-free medium with different treatments, and then seed them onto 
the upper chamber of a transwell membrane (8 μm pore size, Corning). 
The lower chamber of the transwell is filled with medium containing 10 
% FBS. After 24 h of incubation, use a cotton swab to remove cells from 
the upper surface of the filter. Fix the cells on the lower surface with 4 % 
paraformaldehyde and stain them with 0.1 % crystal violet for 15 min. 
Image and count the migrated cells under a light microscope.

2.8. Transmission electron microscope

Digest, centrifuge, and pellet osteosarcoma cells after different 
treatments, then collect the cells. Fix them with 3 % glutaraldehyde in 
0.1 M phosphate buffer (pH 7.4), followed by 1 % OsO4. After dehy
dration, prepare 60–80 nm thin sections and stain with uranyl acetate 
and lead nitrate. Observe under a transmission electron microscope. For 
each condition, obtain high-resolution digital images from five 
randomly selected fields.

2.9. Immunofluorescence assay

Seed osteosarcoma cells in a 6-well plate with cover slips and culture 
until 70 % confluency. After different stimuli, incubate the cells for 24 h. 
Remove the cover slips, wash gently with PBS three times, fix with 4 % 
paraformaldehyde for 30 min, and wash with PBS three times. Immerse 
the cover slips in blocking buffer and seal for 60 min. Remove the cover 
slips, add primary antibody dilution, and incubate overnight at 4 ◦C. The 
next day, gently wash the cover slips with PBS three times, add sec
ondary antibody dilution, and incubate in a 37 ◦C humid chamber for 60 
min. Wash the cover slips with PBS three times, then stain the cell nuclei 
with DAPI. Observe and photograph the cells under a microscope.

2.10. Reverse transcription and Real-Time quantitative (RT-PCR) 
Analysis

Extract total RNA from osteosarcoma cells subjected to different 
treatments using TRIzol reagent. Reverse transcribe the total RNA to 
cDNA using a reverse transcription kit. Perform quantitative real-time 
RT-PCR (qPCR) using a SYBR Premix Ex Taq kit and the Bio-Rad 
iQTM5 system.

2.11. Western blot

After scraping and collecting osteosarcoma cells from different 
treatment groups, add RIPA lysis buffer and PMSF. Perform SDS-PAGE 
to separate the total protein samples and then transfer them onto a 
PVDF membrane. Block the membrane with blocking buffer for 30 min 
and incubate it overnight with the primary antibody at 4 ◦C. After 
washing the membrane three times with PBST, incubate it with the 
secondary antibody at room temperature for 1 h. Finally, wash the 
membrane three times with PBST and detect protein expression using 
the ChemiDoc XRS systemwith an enhanced chemiluminescence (ECL) 
kit.

2.12. Cell transfection

When osteosarcoma cells are in the logarithmic growth phase, digest 
and seed them at 2 × 10^6 cells per well in a 6-well plate. Incubate the 
cells overnight in a 37 ◦C, 5 % CO2 incubator. When the cells reach 
60–70 % confluency, starve them in serum-free medium for 4–6 h, then 
transfect the osteosarcoma cells using the transfection reagent 
Lipo3000, opti-MEM, and plasmids.

2.13. Hematoxylin and Eosin(HE)Staining

Fresh tissue is fixed with 4 % paraformaldehyde, dehydrated, 
embedded in paraffin, and sectioned into 5 μm slices. Stain with he
matoxylin for 30 min and eosin for 5 min. Clear with xylene and seal 
with neutral resin. Observe and photograph the stained sections under 
an optical microscope at 200 × magnification.

2.14. Immunohistochemistry(IHC)

Fix the isolated tumor tissue in formalin, dehydrate through 
increasing concentrations of ethanol, embed in paraffin, and section into 
4 μm thick slices. After dewaxing and rehydration, incubate the tissue 
slices in 3 % hydrogen peroxide for 10 min, followed by antigen retrieval 
using microwaves for 15 min. Block with bovine serum albumin, then 
incubate the slices with the corresponding primary antibody at 4 ◦C 
overnight. Next, incubate with the secondary antibody (1:500) at 37 ◦C 
for 30 min. Stain the slices with diaminobenzidine and counterstain with 
hematoxylin. Finally, observe all tissue slices under an inverted fluo
rescent microscope.

2.15. Molecular docking

To investigate the interaction between naringenin and the active site 
of STAT3, molecular docking simulations were performed using the 
AutoDock online system. The chemical structure of naringenin was ob
tained from PubChem. The crystal structure of STAT3 was retrieved 
from the RCSB Protein Data Bank, and PyMOL 2.3.0 software was used 
to remove water molecules and original ligands. The STAT3 structure 
was then loaded into AutoDock for hydrogenation, charge assignment, 
and atom specification. Molecular docking was conducted using Auto
Dock software, and the docking data were visualized with Discovery 
Studio.

2.16. Chromatin Immunoprecipitation(ChIP)Assay

After washing the cells with cold PBS containing PMSF, 10 mL of 
fresh culture medium and 270 μL of 37 % formaldehyde were added. The 
cells were incubated at 37 ◦C for 10 min, followed by the addition of 1.1 
mL of 10 × Glycine Solution. The mixture was gently shaken and left at 
room temperature for 5 min. The liquid in the culture dish was dis
carded, and the cells were washed with 5 mL of PBS containing a pro
teinase inhibitor. The cells were scraped, and the sample was disrupted 
using an ultrasonic device to break the DNA into 400–800 bp fragments. 
Phenol and chloroform were added and vortexed, followed by agarose 
gel electrophoresis to analyze the DNA fragmentation. Subsequently, 
reagents from the kit, including Protein A/G Magnetic Beads/Salmon 
Sperm DNA, were used for immunoprecipitation. Primary antibody and 
IgG antibody were added to the experimental and negative control 
samples, respectively. The samples were incubated overnight at 4 ◦C 
with a rotating mixer. After placing the samples on a magnetic stand for 
magnetic separation and removing the supernatant, qPCR was per
formed on the RNA following the previously described method to detect 
the target gene.
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2.17. Dual-Luciferase reporter assay

Seed 293 T cells evenly into a 24-well plate. After 24 h, when the cell 
density is approximately 50 %-60 %, treat the cells with around 500 μL 
of Passive Lysis Buffer per well. Incubate at room temperature for 10 
min, then centrifuge at 12,000 × g for 10 min at 4 ◦C. Transfer 40 μL of 
the supernatant from each well into a 96-well plate. Next, add 50 μL of 
Luciferase Assay Reagent II to each well and measure Firefly Luciferase 
activity at 560 nm using a microplate reader. Then, add 50 μL of Stop & 
Glo® Reagents to each well and measure Renilla Luciferase activity at 
465 nm.

2.18. Agarose gel electrophoresis

Pour the prepared agarose gel solution into the electrophoresis tank 
and insert the comb. Wait for approximately 20 min for the agarose to 
solidify. Add 10 μL of DNA sample mixed with the appropriate amount 
of 6 × Loading Buffer to the wells, and add 7 μL of DNA Marker to the 
adjacent lanes. Perform electrophoresis at a constant voltage of 140 V 
until the bromophenol blue dye front is approximately 1 cm from the 
bottom edge of the gel, then stop the electrophoresis. Use a gel imaging 
system with a wavelength close to 300 nm and an exposure value of 
200–300 for imaging.

2.19. Subcutaneous tumor model

Use MG63 cells to establish a subcutaneous tumor model. Resuspend 
MG63 cells to a density of 2 × 10^7 cells/mL in serum-free medium and 
mix with matrix at a 1:1 ratio. Inject 100 μL of the cell suspension 
subcutaneously into 4-week-old female BALB/c nude mice. When the 
tumor becomes visible to the naked eye (about one week), randomly 
divide the mice into three groups (five mice per group) and administer 
different treatments. Measure tumor size three times a week. Collect 
blood from the mice’s eyes to measure serum levels of alanine trans
aminase (ALT), aspartate transaminase (AST), creatinine (CRE), and 
blood urea nitrogen (BUN) to assess drug safety. Excise the subcutane
ous tumors, weigh, fix, and extract proteins. Remove and fix the heart, 
liver, spleen, lungs, and kidneys, and perform HE staining to evaluate 
potential organ toxicity of the drug.

2.20. Statistical analysis

All statistical analyses were performed using GraphPad Prism soft
ware. Data are reported as the mean ± SD of three independent exper
iments. Differences between two groups were compared using a two- 
tailed Student’s t-test. For comparisons among multiple groups, one- 
way ANOVA was used. A p-value < 0.05 was considered statistically 
significant.

3. Results

3.1. Naringenin reduces the viability, colony formation, and invasion 
ability of osteosarcoma cells

Flavonoids have garnered significant attention due to their potential 
to inhibit tumor cell proliferation. In this study, 30 common flavonoid 
compounds were screened, and after treating with a uniform concen
tration of 300 μM for 24 h, cell viability was measured using the CCK-8 
assay. The results showed that naringenin significantly inhibited the 
activity of osteosarcoma cells (Fig. 1A). Additionally, network phar
macology analysis indicated that naringenin exhibits significant target 
binding capability in osteosarcoma (Fig. S1). The chemical structure of 
naringenin is shown (Fig. S2).The cell viability of HOS, U2, and MG63 
osteosarcoma cells treated with different concentrations (0–800 μM) of 
naringenin for 24 h was measured using the CCK-8 assay, the results 
revealed that naringenin significantly inhibited cell growth in a dose- 

dependent manner, with half-maximal inhibitory concentrations 
(IC50) of 482.3 μM, 522.1 μM, and 276.4 μM for HOS, U2, and MG63 
cells, respectively (Fig. 1B). Further time gradient experiments(0–72 h) 
demonstrated that naringenin also inhibited the growth of osteosarcoma 
cells in a time-dependent manner (Fig. 1C). Colony formation assays and 
Transwell invasion assays showed that naringenin significantly sup
pressed the clonogenic ability (Fig. 1D) and invasion capacity (Fig. 1E) 
of HOS, U2, and MG63 cells.

3.2. Naringenin promotes ferroptosis in osteosarcoma cells

To investigate the mechanism by which naringenin inhibits the 
proliferation of osteosarcoma cells, various cell death inhibitors were 
added alongside naringenin as a control, and the activity of cells in each 
group was observed. The results showed that the ferroptosis inhibitors 
DFO and Fer-1 both effectively rescued the activity of osteosarcoma 
cells, notably, DFO exhibited the strongest rescue effect (Fig. 2A). 
Furthermore, we attempted to observe the changes in mitochondria 
associated with ferroptosis after naringenin treatment. We fixed the 
osteosarcoma cells post-treatment and examined their microstructure 
using transmission electron microscopy. The results indicated that the 
volume of mitochondria in the cells treated with naringenin decreased, 
mitochondrial membrane density increased, and the number of mito
chondrial cristae reduced. Importantly, the ferroptosis inhibitor DFO 
effectively restored the mitochondrial morphology of osteosarcoma cells 
(Fig. 2B). Based on DFO’s role in rescuing cell vitality and mitochondrial 
morphology, we speculate that naringenin’s inhibitory effect on osteo
sarcoma cells is related to ferroptosis. To further explore the specific 
mechanism by which naringenin induces ferroptosis in osteosarcoma 
cells, we divided the osteosarcoma cell lines into three groups: control 
group (NC group), naringenin treatment group, and DFO rescue group, 
and measured the changes in intracellular reactive oxygen species (ROS) 
(Fig. 2C), malondialdehyde (MDA) (Fig. 2D), and ferrous ions (Fe2+) 
(Fig. 2E). The results showed that the increases in ROS, MDA, and Fe2+

levels induced by naringenin were significantly reversed by DFO. This 
indicates that naringenin inhibits the proliferation of osteosarcoma 
through cellular ferroptosis. Further colony formation and Transwell 
invasion assays demonstrated that the inhibitory effects of naringenin on 
the colony formation (Fig. 2F, S3) and invasion ability (Fig. 2G, S4) of 
osteosarcoma cells were also rescued by DFO. To verify the effects of 
naringenin in vivo, we randomly divided nude mice into three groups 
(saline group, naringenin group, DFO rescue group) for a tumor-bearing 
experiment (Fig. 2H). The results indicated that naringenin significantly 
inhibited the growth of osteosarcoma in vivo (Fig. 2I,S5), and this 
inhibitory effect could be reversed by DFO. To assess the biosafety of 
naringenin, we conducted HE staining (Fig. 2J) and biochemical tests 
(Fig. S6) on the hearts, livers, spleens, lungs, and kidneys of age- 
matched nude mice without osteosarcoma injection, as well as the 
aforementioned three groups of nude mice. The results showed no sig
nificant differences among the groups. Moreover, the half-maximal 
inhibitory concentration (LC50) of naringenin for normal human oste
oblast hFOB 1.19 cells was 1433 μM, which is significantly higher than 
the half-maximal inhibitory concentration (IC50) for the three osteo
sarcoma cell lines (Fig. 2K), indicating that naringenin has good 
biosafety.

3.3. Naringenin inhibits MGST2 expression through transcriptional 
regulation via STAT3

STAT3 is an important transcription factor that plays significant roles 
in immune regulation, stem cell maintenance, and the metastasis of 
cancer cells. Given the critical role of STAT3 in various diseases, we are 
focusing on targeted therapeutic strategies against STAT3 to develop 
new drugs that inhibit its activity. First, molecular docking experiments 
indicated that hesperetin interacts with a binding site on the STAT3 
protein (Fig. 3A, S7). Through Western blot analysis, we verified that 
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Fig. 1. A: CCK-8 toxicity assay for drug screening. B: CCK-8 assay to determine the half-maximal inhibitory concentration (IC50) of naringenin in osteosarcoma cell 
lines. C: CCK-8 assay to assess the time gradient effects of naringenin in osteosarcoma cell lines. (n = 3, **P < 0.01).: Cells were divided into two groups (NC and 
Nar), and colony formation was observed in each group. (n = 3, ****P < 0.0001). E: Cells were divided into two groups (NC and Nar), and invasion was observed in 
each group. (n = 3, ****P < 0.0001). S1: Network pharmacology analysis identifying the binding targets of naringenin in osteosarcoma.S2: Chemical structure 
of naringenin.

Y. Li and X. Bai                                                                                                                                                                                                                                 Journal of Bone Oncology 50 (2025) 100657 

5 



(caption on next page)

Y. Li and X. Bai                                                                                                                                                                                                                                 Journal of Bone Oncology 50 (2025) 100657 

6 



hesperetin reduces the expression of STAT3 in osteosarcoma cells, while 
the STAT3 agonist Colivelin can reverse this effect (Fig. 3B, S8, S9). After 
screening 32 highly expressed genes from the osteosarcoma gene library 
(Fig. 3C), we treated osteosarcoma cells with the STAT3 agonist Col
ivelin and the inhibitor Statiic, and q-PCR analysis revealed that changes 
in the expression of the MGST2 gene were significantly positively 
correlated with STAT3 regulation (Fig. 3D). The osteosarcoma cells were 
divided into control (NC group), hesperetin treatment group, and Col
ivelin treatment group. The results showed that hesperetin treatment 
significantly reduced MGST2 expression, and this change could be 
restored by Colivelin (Fig. 3E, 3B). Therefore, we conclude that hes
peretin affects the expression of MGST2 by regulating the STAT3 tran
scription factor. To further explore how STAT3 regulates the expression 
of MGST2, we used the JASPAR database to predict the STAT3 binding 
sites in the MGST2 promoter (Fig. 3F) and identified three potential 
binding motifs (P1, P2, P3) (Fig. 3G). Subsequently, ChIP-qPCR exper
iments confirmed the STAT3 binding sites in the MGST2 promoter re
gion, showing that the P1 site is the primary binding site for STAT3, 
while P2 and P3 are not (Fig. 3H, 3I, 3 J). We further designed wild-type 
(WT1) and mutant-type (MUT1) luciferase reporter gene plasmids con
taining the P1 site and transfected them into 293 T cells. The results of 
luciferase activity assays indicated that STAT3 overexpression signifi
cantly increased the activity of the WT1 MGST2 promoter reporter gene, 
with no significant effect on MUT1 (Fig. 3K).

3.4. Silencing MGST2 promotes ferroptosis in osteosarcoma cells

Based on bioinformatics analysis, we found a significant positive 
correlation between MGST2 and GPX4 (Fig. 4A). After validating the 
transfection efficiency, we selected si-MGST2#1, which had the highest 
knockdown efficiency, for subsequent experiments (Fig. 4B, 4C, S10). 
Through q-PCR and Western blot analysis, we discovered that knocking 
down MGST2 significantly decreased the mRNA and protein expression 
of GPX4 in osteosarcoma cells, consistent with the bioinformatics pre
dictions. Furthermore, this decrease in expression could be reversed by 
the ferroptosis inhibitor DFO (Fig. 4D, 4E, S11, S12). We divided the 
osteosarcoma cells into three groups: the control group (si-NC group), 
the MGST2 knockdown group (si-MGST2 group), and the DFO rescue 
group, measuring changes in intracellular ROS (Fig. 4F), MDA (Fig. 4G), 
and Fe2+ (Fig. 4H). The results showed that the increase in ROS, MDA, 
and Fe2+ levels caused by MGST2 knockdown was significantly reversed 
by DFO. Further colony formation assays and Transwell invasion ex
periments indicated that MGST2 knockdown significantly inhibited the 
colony formation (Fig. 4I, S13) and invasion abilities (Fig. 4J, S14) of 
osteosarcoma cells, and this inhibitory effect could be rescued by DFO. 
These results suggest that MGST2 plays a key role in regulating ferrop
tosis in osteosarcoma cells, and its silencing promotes the ferroptosis 
process, subsequently inhibiting cell proliferation and invasion.

3.5. Naringenin promotes ferroptosis in osteosarcoma both in vivo and in 
vitro via the STAT3-MGST2 pathway

This study divided osteosarcoma cells into four groups: control group 
(NC group), naringenin treatment group, Colivelin rescue group, and 

DFO rescue group. Through q-PCR (Fig. S15), Western blot (Fig. 5A, 
S16-19), and immunofluorescence (Fig. 5B and S20) analyses, we found 
that naringenin significantly reduced the mRNA and protein expression 
levels of MGST2, STAT3, phosphorylated STAT3 (p-STAT3), and GPX4 
in osteosarcoma cells. However, this reduction effect could be reversed 
by the STAT3 agonist Colivelin and the ferroptosis inhibitor DFO. In 
further experiments, we assessed the levels of ROS (Fig. 5C), MDA 
(Fig. 5D), and Fe2+ (Fig. 5E) in each group of cells. The results showed 
that the increases in ROS, MDA, and Fe2+ levels caused by naringenin 
treatment were significantly reversed by Colivelin and DFO. In colony 
formation assays (Fig. 5F and S21) and Transwell invasion assays 
(Fig. 5G and S22), naringenin treatment significantly inhibited the col
ony formation and invasive capacity of osteosarcoma cells, and this 
inhibitory effect could also be rescued by Colivelin and DFO. In the in 
vivo experiments, we randomly divided nude mice into four groups 
(saline group, naringenin group, Colivelin group, and DFO group). 
Tumor growth results showed that both Colivelin and DFO were able to 
reverse the inhibitory effect of naringin on osteosarcoma growth (Figs 
S23, S24). Further immunohistochemical (IHC) analysis of tumor tissues 
revealed that naringin treatment significantly reduced the expression of 
MGST2, STAT3, GPX4, and the proliferative marker Ki67, while treat
ment with Colivelin and DFO restored the expression of these genes 
(Fig. 5H, 5I). In summary, naringenin effectively promotes ferroptosis in 
osteosarcoma cells in vitro and in vivo through the STAT3-MGST2 
pathway, and this effect can be reversed by the STAT3 agonist and 
ferroptosis inhibitors.

4. Discussion

Osteosarcoma is a malignant tumor with a high incidence among 
adolescents, characterized by strong local infiltration and a tendency to 
metastasize. Although surgery and chemotherapy have significantly 
improved the prognosis for osteosarcoma patients, the overall prognosis 
remains unsatisfactory [34]. Surgery is typically the first-line treatment, 
while chemotherapy is considered to improve the prognosis for patients 
with localized osteosarcoma. With the application of multi-drug 
chemotherapy regimens, long-term survival rates can increase to 70 % 
[35]. However, the effectiveness of chemotherapy for osteosarcoma still 
faces several challenges, including toxicity to normal tissues, the 
development of drug resistance, and the rapid clearance of drugs from 
the body. Although multiple studies have shown that certain drugs can 
enhance the sensitivity of osteosarcoma to chemotherapy in vitro, their 
clinical application still requires considerable time [36,37]. Although 
progress has been made in the treatment of osteosarcoma, many unre
solved issues remain, such as tumor recurrence, drug resistance, and 
distant metastasis, particularly in patients with advanced or metastatic 
osteosarcoma, where prognosis is still poor. Therefore, there is an urgent 
need to conduct in-depth research on the mechanisms of chemo
resistance, develop novel adjunctive drugs, explore the potential 
mechanisms underlying osteosarcoma progression, optimize existing 
treatment strategies, and implement more precise, individualized ther
apies to improve patient survival rates and quality of life.

Ferroptosis is a unique form of regulated cell death that is signifi
cantly different from other forms of cell death such as apoptosis, 

Fig. 2. A: CCK8 experiment to detect cell viability. B: Transmission electron microscopy to observe the mitochondrial morphological changes in osteosarcoma cells 
(scale bars: 2 μm and 500 nm). C: Cells were divided into three groups (NC, Nar, and Nar + DFO), and the reactive oxygen species (ROS) levels were observed in each 
group. D: Cells were divided into three groups (NC, Nar, and Nar + DFO), and malondialdehyde (MDA) levels were observed in each group (n = 3, ****P < 0.0001). 
E: Cells were divided into three groups (NC, Nar, and Nar + DFO), and Fe2+ levels were observed in each group. F, S3: Cells were divided into three groups (NC, Nar, 
and Nar + DFO), and colony formation was observed in each group(n = 3, ****P < 0.0001). G, S4: Cells were divided into three groups (NC, Nar, and Nar + DFO), 
and invasion was observed in each group(n = 3, ****P < 0.0001). H: Osteosarcoma cells were injected subcutaneously into nude mice. When the tumor diameter 
reached 2–3 mm, the subcutaneous xenograft model mice were treated with different regimens (saline, 10 mg/kg Nar, and Nar + 10 mg/kg DFO), three times a week 
until the experiment ended. I: Representative images of the subcutaneous xenograft model mice. J: Hematoxylin-eosin (HE) staining showing the morphology of the 
heart, liver, spleen, lungs, and kidneys of nude mice from different treatment groups (scale bar: 50 μm). K: After 48 h of naringenin (Nar) treatment, the cell viability 
of hFOB 1.19 cells was measured using the CCK8 method. S3: Size and weight statistics of the osteosarcoma model (n = 5, ***P < 0.001). S4: Liver and kidney 
function measurements for mice in different groups (n = 5, ns: not significant).
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Fig. 3. A, S7: Molecular docking experiments predict the binding capability of Nar with STAT3. B: Cells are divided into three groups (NC, Nar, and Nar + Colivelin) 
to observe the protein expression levels in each group. C: Screening targets from the gene library. D: q-PCR analysis to screen for differentially expressed genes. E: 
Cells are divided into three groups (NC, Nar, and Nar + Colivelin) to observe the mRNA expression levels in each group (n = 3, ****P < 0.0001). F-G: JASPAR 
predicts the binding sites of STAT3 and MGST. H-J: ChIP-qPCR validates the binding targets (n = 3, ***P < 0.001).K: Dual-luciferase reporter assay verifies the 
binding of STAT3 and MGST (n = 3, ****P < 0.0001). S8-9: Relative protein expression(n = 3, ****P < 0.0001).
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Fig. 4. A: Correlation analysis of MGST2 and GPX4 in the database. B-C: Verification of knockdown efficiency of MGST2 (n = 3, ****P < 0.0001). D-E: Dividing cells 
into three groups (si-NC, si-MGST2, and si-MGST2 + DFO) to observe the mRNA and protein expression levels in each group (n = 3, ***P < 0.001). F: Dividing cells 
into three groups (si-NC, si-MGST2, and si-MGST2 + DFO) to observe the ROS expression levels in each group. G: Dividing cells into three groups (si-NC, si-MGST2, 
and si-MGST2 + DFO) to observe the MDA expression levels in each group (n = 3, ****P < 0.0001). H: Dividing cells into three groups (si-NC, si-MGST2, and si- 
MGST2 + DFO) to observe the Fe2+ expression levels in each group. I, S13: Dividing cells into three groups (si-NC, si-MGST2, and si-MGST2 + DFO) to observe the 
colony formation status in each group(n = 3, ****P < 0.0001). J, S14: Dividing cells into three groups (si-NC, si-MGST2, and si-MGST2 + DFO) to observe the 
invasion status in each group(n = 3, ****P < 0.0001). S10-12: Relative protein expression(n = 3, ****P < 0.0001).
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autophagy, and necrosis. Its main characteristics include the substantial 
accumulation of lipid peroxides and reactive oxygen species [12]. The 
occurrence of ferroptosis is mediated by iron and is associated with 
distinct morphological changes observed under electron microscopy, 
such as a decrease in mitochondrial volume, increased membrane den
sity, and a reduction or disappearance of cristae [38,39]. Studies have 
shown that inducing ferroptosis can reduce the resistance of tumor cells 
to chemotherapy drugs to some extent, and its inhibitory effects on the 
occurrence and progression of osteosarcoma have also been confirmed 
[40–45]. Therefore, the mechanisms of ferroptosis can be utilized to 
address tumor resistance and explore new chemotherapeutic agents, 
thereby updating existing clinical treatment strategies [44]. Addition
ally, research on ferroptosis in immune evasion, changes in the tumor 
microenvironment, and its impact on immunotherapy has provided new 
perspectives for its potential as a novel strategy in cancer treatment. 
However, the clinical application of ferroptosis still faces many chal
lenges, such as the precise regulation of iron metabolism and its po
tential toxicity to normal cells, which require further in-depth research 
and optimization.

Naringenin has been confirmed to have an inhibitory effect on tumor 
growth [45–50], but its specific role in osteosarcoma has not yet been 
clarified. This study aims to investigate the in vitro and in vivo thera
peutic effects of naringenin on osteosarcoma and its underlying mech
anisms. In vitro experiments showed that naringenin significantly 
reduced the viability, clonogenic ability, and invasiveness of osteosar
coma cells. Next, we sought to explore the mechanisms by which nar
ingenin inhibits osteosarcoma cells. Observations using transmission 
electron microscopy revealed that the morphology of mitochondria in 
naringenin-treated osteosarcoma cells was similar to that in cells un
dergoing ferroptosis. The characteristics of ferroptosis include reduced 
mitochondrial volume, increased membrane density, decreased or ab
sent cristae, and outer membrane rupture. Our study indicates that 
naringenin treatment leads to the accumulation of reactive oxygen 
species (ROS), overexpression of malondialdehyde (MDA), and accu
mulation of Fe2+ in osteosarcoma cells, all of which can be reversed by 
the ferroptosis inhibitor DFO. The inhibitory effects of DFO are consis
tent with previous research findings [49]. Based on these experimental 
results, we propose that ferroptosis plays a crucial role in naringenin- 
induced osteosarcoma cell death [50–54]. Although naringenin has 
demonstrated significant antitumor activity in experimental models, its 
efficacy and safety in clinical applications still require further valida
tion. Current research provides a theoretical basis for naringenin as a 
potential candidate for cancer treatment, but its clinical translation still 
faces challenges such as bioavailability and optimization of drug de
livery systems. With further research, naringenin is expected to become 
an adjunctive or combination therapy in cancer treatment.

Next, we will investigate the molecular mechanisms by which nar
ingenin induces ferroptosis. Studies have found that naringenin can 
inhibit the expression of STAT3, thereby reducing the expression of the 
downstream gene MGST2. We confirmed that STAT3 can bind to the 
promoter region of MGST2, promoting its transcription. However, 
further exploration is needed to validate the mutations at other binding 
sites. Naringenin prevents the expression of MGST2 by regulating STAT3 

and its phosphorylation status, but the specific regulatory mechanisms 
of phosphorylation still require in-depth study. GPX4, as an important 
regulator of ferroptosis, can convert lipid hydroperoxides into non-toxic 
lipid alcohols, thereby preventing ferroptosis. Our experiments show 
that silencing MGST2 leads to a significant decrease in GPX4 levels in 
osteosarcoma cells, accompanied by a series of ferroptosis-related 
changes. Finally, through in vivo experiments, we observed that nar
ingenin effectively slowed the growth of subcutaneously transplanted 
tumors with minimal damage to other cells and tissues, demonstrating 
good biosafety and laying a theoretical foundation for its clinical 
application. It is worth noting that although subcutaneous xenograft 
models offer high operability and reliability, they still have certain 
limitations. These models cannot fully replicate the appropriate tumor 
microenvironment, and the location of tumor growth may affect its 
biological characteristics, including tumor size, metastatic potential, 
and chemotherapy sensitivity. Therefore, to obtain more clinically 
relevant and translatable research results, this study still requires the 
integration of multiple animal models and techniques to comprehen
sively evaluate the biological characteristics and therapeutic effects of 
osteosarcoma.

5. Conclusions

This study found that naringenin is an effective anti-osteosarcoma 
drug. It induces ferroptosis in osteosarcoma cells by inhibiting the 
STAT3-MGST2 signaling pathway (Fig. S25). Therefore, this compound 
may represent an emerging and promising approach for the treatment of 
osteosarcoma.
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Fig. 5. A: Cells were divided into four groups (NC, Nar, Nar + Colivelin, and Nar + DFO) to observe the protein expression levels in each group. B: Cells were divided 
into four groups (NC, Nar, Nar + Colivelin, and Nar + DFO) to examine the levels of antigen–antibody expression in each group. C: Cells were categorized into four 
groups (NC, Nar, Nar + Colivelin, and Nar + DFO) to assess the levels of reactive oxygen species (ROS) in each group. D: Cells were divided into four groups (NC, Nar, 
Nar + Colivelin, and Nar + DFO) to evaluate the levels of malondialdehyde (MDA) in each group (n = 3, ****P < 0.0001). E: Cells were separated into four groups 
(NC, Nar, Nar + Colivelin, and Nar + DFO) to measure the levels of Fe2+ in each group. F,S21: Cells were organized into four groups (NC, Nar, Nar + Colivelin, and 
Nar + DFO) to observe colony formation in each group(n = 3, ****P < 0.0001). G,S22: Cells were grouped into four (NC, Nar, Nar + Colivelin, and Nar + DFO) to 
analyze the invasion capabilities of cells in each group(n = 3, ****P < 0.0001). H-I: Immunohistochemical analysis was conducted on tumor tissues from subcu
taneous tumor-bearing nude mice, assessing the expression levels of various indicators (scale bar: 50 μm, n = 3, ****P < 0.0001). S15: Cells were divided into four 
groups (NC, Nar, Nar + Colivelin, and Nar + DFO) to examine mRNA expression levels in each group (n = 3, ****P < 0.0001). S16-19: Relative protein expression(n 
= 3, ****P < 0.0001). S20: Cells were classified into four groups (NC, Nar, Nar + Colivelin, and Nar + DFO) to study antigen–antibody expression levels. S23: 
Representative images of the subcutaneous xenograft model mice. S24: Size and weight statistics of the osteosarcoma model (n = 5, ***P < 0.001). S25: Diagram 
illustrating the mechanism of action of naringenin.
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