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Sulfasalazine induces ferroptosis in
osteosarcomas by regulating Nrf2/
SLC7A11/GPX4 signaling axis

Qingqing Qin'>, Huaibin Zhang!>, Min Lail, Jiantong Wei?, Jun Qian?, Xingchao Chen?,
Xin Wang*3** & Yongping Wang'+4**

Osteosarcoma (OS), a highly malignant primary bone tumor, is characterized by early metastasis, drug
resistance, and a resultant poor prognosis, leading to significant disability and mortality. While diverse
treatment modalities exist, their therapeutic efficacy remains limited, underscoring the urgent need
to investigate effective targeted therapies. Sulfasalazine (SAS), a commonly used anti-inflammatory
drug prescribed for nonspecific gastrointestinal diseases, autoimmune rheumatic diseases, ankylosing
spondylitis, and various skin conditions, has recently garnered attention for its potential as an anti-
tumor agent, specifically its ability to induce ferroptosis, a novel form of regulated cell death. This
presents a promising new avenue for OS treatment. Ferroptosis plays a critical role in the malignant
progression of OS by regulating iron homeostasis and oxidative stress. To explore the potential of

SAS to induce ferroptosis in OS cells, we employed a combined approach of network pharmacological
analysis and molecular docking simulations. Network pharmacological analysis identified significant
overlap among key target genes of SAS, ferroptosis, and OS, suggesting a multifaceted mechanism of
action. Molecular docking simulations further corroborated the hypothesis that SAS targets ferroptosis
pathways in OS, solidifying the rationale for further investigation. Our results demonstrate that SAS
significantly inhibited the proliferation and migration of OS cells, inducing apoptosis and effectively
attenuating their malignant progression. Notably, SAS-treated OS cells displayed hallmarks of
ferroptosis, including iron accumulation, elevated levels of malondialdehyde and reactive oxygen
species, and reduced levels of glutathione and superoxide dismutase. To confirm the involvement of
ferroptosis, we treated SAS-exposed OS cells with the ferroptosis inhibitors DFO, Fer-1, and Lip-1,
which reversed the inhibitory effects of SAS on cell activity, further supporting the conclusion that
SAS triggers ferroptosis in these cells. We additionally observed that SAS decreased mitochondrial
membrane potential in OS cells, potentially indicating mitochondrial damage during ferroptosis.
Mechanistically, we found that SAS induced ferroptosis by downregulating the expression of

NRF2, subsequently decreasing the expression of the light chain subunit of the cysteine/glutamate
transporter system Xc- (SLC7A11) and glutathione peroxidase 4. Collectively, these findings
demonstrate that SAS triggers ferroptosis through the NRF2/SLC7A11/GPX4 signaling axis, thereby
inhibiting the biological activity of OS cells. This research provides a strong experimental basis for the
potential of SAS as a candidate drug for OS treatment and offers a novel targeted therapeutic strategy
for this disease.
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Osteosarcoma (OS) is the most common primary malignant bone tumor and originates from primitive
mesenchymal cells. While OS can develop in any bone, it predominantly affects the metaphysis of long
bones, particularly the distal femur, proximal tibia, and proximal humerus'. The incidence of OS peaks in
adolescents around 16 years of age, often presenting with localized pain followed by swelling and restricted
joint movement®. Although some studies suggest associations between OS and rapid bone growth, radiation
exposure from alkylating agents, and certain genetic diseases, the etiology remains unclear in most patients"*%.
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OS is characterized by a high propensity for local invasion and distant metastasis, with the lungs being the most
frequent site. Notably, over 90% of patients who do not receive chemotherapy succumb to pulmonary metastasis'-.
Current treatment strategies for OS involve neoadjuvant chemotherapy, surgical resection of both the primary
tumor and metastases, and postoperative adjuvant chemotherapy®’. Commonly used chemotherapeutic agents
include methotrexate, adriamycin, cisplatin, and ifosfamide®. Despite these multimodal approaches, the 5-year
overall survival rate for OS has remained relatively constant at 65-70% over the past two decades. The prognosis
for patients with metastatic disease is considerably poorer, with a 5-year survival rate of approximately 20%,
thereby underscoring the exigent need for innovative therapeutic agents and treatment paradigms to enhance
patient outcomes.

Sulfasalazine (SAS), a compound composed of salicylic acid and sulfapyridine, is a commonly prescribed
anti-inflammatory drug for the clinical management of nonspecific gastrointestinal disorders, autoimmune
rheumatic diseases, ankylosing spondylitis, and certain dermatological conditions®!!. Emerging evidence
suggests that SAS possesses not only anti-inflammatory properties but also therapeutic potential in diverse
cancers. Specifically, SAS can inhibit cysteine import and induce ferroptosis via the system Xc- pathway, thereby
suppressing the proliferation and metastasis of gastric and endometrial cancer cells'*!?. For example, SAS
treatment inhibited esophageal cancer TE-1 cell proliferation and significantly reduced xCT and glutathione
peroxidase 4(GPX4) mRNA and protein expression; these effects were partially reversed by the addition of
ferrostatin-1, a ferroptosis inhibitor'!. Similarly, SAS significantly reduced oxidative stress resistance in triple-
negative breast cancer cells by targeting system Xc- to deplete glutathione (GSH), resulting in ferroptosis!'>. As a
key target of SAS, system Xc- can suppress the progression of various malignancies by inhibiting cysteine uptake,
depleting intracellular GSH, and promoting reactive oxygen species (ROS) accumulation. These collective
findings support the hypothesis that SAS’s anticancer activity may be mediated, at least in part, through the
induction of ferroptosis.

Ferroptosis, a distinct form of regulated cell death, is mechanistically differentiated from apoptosis, autophagy,
and pyroptosis by its dependence on iron and the accumulation of lipid peroxides(LP) at the cell membrane!®.
Morphologically, ferroptotic cells are characterized by cellular swelling, membrane disruption, and mitochondrial
shrinkage with cristae reduction, contrasting with the apoptotic features of cell shrinkage, preserved membrane
integrity, chromatin condensation, and apoptotic body formation. The core mechanism involves the Fenton
reaction, in which iron ions generate excess ROS, driving a LP cascade. In contrast to autophagy and pyroptosis,
characterized by autophagosome formation and enhanced lysosomal activity, or membrane rupture with
chromatin condensation, respectively!”18, dysregulation of iron metabolism, ROS overproduction, and aberrant
LP activation are recognized hallmarks of ferroptosis. Ferroptosis can be triggered through extrinsic or intrinsic
pathways. Extrinsic mechanisms involve inhibition of cell membrane transporters, such as the cystine/glutamate
transporter (system Xc”), or activation of iron export proteins, including ferroportin, serum transferrin, and
lactotransferrin. Conversely, intrinsic mechanisms involve the blockade of intracellular antioxidant enzymes,
such as GPX4". The cystine/glutamate antiporter system Xc", composed of SLC7A11 (light chain) and SLC3A2
(heavy chain) subunits, is a key regulator of ferroptosis. SLC7A11 promotes GSH synthesis by mediating cystine
influx, thereby enhancing GPX4’s inhibitory effect on ferroptosis®. This process plays a significant role in the
progression of gastric, hepatic, and breast cancers?!=23, and inducing ferroptosis in tumor cells can inhibit
their advancement. Furthermore, ferroptosis is a key regulatory node in the pathogenesis, progression, and
treatment of O$?*-%6. NRF2, an upstream regulator of SLC7A11, promotes tumor cell survival by upregulating
SLC7A11 expression, thereby exacerbating malignancy. Consequently, inhibiting the NRF2 signaling pathway
to downregulate the SLC7A11/GPX4 axis represents a potential therapeutic strategy to induce ferroptosis and
inhibit OS progression.

This study demonstrated that SAS inhibits OS cell progression by inducing ferroptosis. We further identified
the NRF2/SLC7A11/GPX4 signaling pathway as a key mediator of SAS’s effects on OS. These findings elucidate
a novel mechanism underlying the anti-OS activity of SAS, supporting its potential as a therapeutic agent for
OS treatment.

Materials and methods

SAS, ferroptosis, and target identification in OS

The molecular structure of SAS was obtained from the PubChem database (https://pubchem.ncbi.nlm.nih.g
ov/). Potential SAS targets were predicted using the PharmMapper (https://www.lilab-ecust.cn/pharmmappe
r/)SwissTargetPrediction (https://www.swisstargetprediction.ch/), and SEA (https://sea.bkslab.org/) databases.
Ferroptosis-related gene targets were retrieved from the GeneCards database (https://www.genecards.org/).
OS-associated targets were identified in the GeneCards, DisGeNET (https://www.disgenet.org/), and OMIM
databases (https://www.omim.org/), using “osteosarcoma’ as the search term. Overlapping targets among OS,
ferroptosis, and SAS were identified using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/), representing
potential mechanisms by which SAS may modulate ferroptosis in the treatment of OS.

Protein—protein interaction network construction and GO/KEGG enrichment analysis
Common target genes were input into the STRING database (https://string-db.org/), with the species limited
to Homo sapiens. The resulting data were imported into Cytoscape 3.10.3 to construct a protein-protein
interaction (PPI) network. To identify and visualize key genes, the Centiscape 2.2 plugin was utilized to calculate
gene degree, proximity centrality, and betweenness centrality based on these metrics. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of the common target genes were
performed using the DAVID database (https://david.ncifcrf.gov/). GO analysis encompassed biological process
(BP), cellular component (CC), and molecular function (MF) categories.
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Molecular docking

The structure of SAS in SDF format was retrieved from the PubChem database. Accession numbers of target
proteins were obtained from the UniProt database (https://www.uniprot.org/), and the corresponding three-d
imensional structures were acquired from the Protein Data Bank (PDB; https://www.rcsb.org/). Target protein
structures were prepared using PYMOL software by removing water molecules and any bound ligands. Using
AutoDock Tools 1.5.7, hydrogen atoms were added, and partial charges were assigned; the prepared structures
were then saved in pdbqt format. Molecular docking was performed using AutoDock Vina 2.0, and binding
energies were calculated. The resulting interactions were visualized using PyMOL software.

Reagents and antibodies

SAS was obtained from Sigma-Aldrich (St. Louis, Missouri, USA). Deferoxamine (DFO), liproxstatin-1 (Lip-1),
and ferrostatin-1 (Fer-1) were purchased from MCE (New Jersey, USA). A panel of primary antibodies was used
for the experiments. These included GAPDH (1:1000; Boster, Wuhan, China), ferritin heavy chain 1 (FTHI)
(1:1000; Proteintech, Wuhan, China), nuclear factor erythroid 2-related factor 2 (NRF2) (1:1000; Boster, Wuhan,
China), solute carrier family 7 member 11 (SLC7A11) (1:1000; Proteintech, Wuhan, China), and GPX4 (1:1000;
Proteintech, Wuhan, China).

Cell culture

The human OS cell lines MG63 and U20S were used in this study. MG63 cells, obtained from Servicebio (Wuhan,
China), were cultured in Dulbeccos Modified Eagle Medium (DMEM) supplemented with non-essential amino
acids (NEAA). U20S cells, obtained from Pricella (Wuhan, China), were cultured in McCoy’s 5A medium. Both
culture media were supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (1000 pug/mL
streptomycin + 100 U/mL penicillin). The cells were maintained in a humidified incubator at 37 °C with 5% CO,,.
The medium was replaced regularly based on visual observation of the medium color.

Cell viability

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8; BioScience, Shanghai, China). Absorbance
at 450 nm was measured using a microplate reader (Thermo Fisher, China), and cell viability was calculated as
follows:

Cell vzabzlzty(%) = [(Asample - Ablank) / (Acontrol - Ablank)] x 100

Cell proliferation assay

MG63 and U20S cells were seeded in 96-well plates at a density of 5000 cells per well and allowed to attach.
Following attachment, the cells were treated with a range of SAS concentrations for 24 h. Cell proliferation was
assessed using an EAU kit (Abbkine, Wuhan, China). Specifically, after treatment with the EdU cell proliferation
assay reagent according to the manufacturer’s instructions, images were captured using a fluorescence microscope
(Olympus, Germany) and analyzed.

Flow cytometry examination

For cell cycle analysis, MG63 and U20S cells(1 x 10° per well) were seeded per well in 6-well plates and treated
with 0.25, 0.5, and 1.0 mM SAS for 24 h. The cells were then harvested and analyzed by flow cytometry (BD
Biosciences, USA) using a cell cycle staining kit (Multi Sciences, Shanghai, China). Apoptosis was also assessed
by flow cytometry using an Annexin V-FITC apoptosis detection kit (Multi Sciences, Shanghai, China). In
addition, mitochondrial membrane potential (MMP) was measured using a JC-1 fluorescent probe (Beyotime,
Shanghai, China) and analyzed by flow cytometry. Finally, ROS levels were determined using an ROS detection
kit (Jian Cheng, Nanjing, China) and analyzed by flow cytometry.

Cell migration assay

Cell migration was assessed using both scratch and Transwell assays. In vitro scratch assays were performed
as follows: MG63 and U20S cells were seeded in six-well plates and grown to confluence. A scratch was then
created using a 200 pL pipette tip, and the cells were treated with various concentrations of SAS. Cell migration
into the scratched area was observed and photographed using an inverted microscope (Nikon, Shanghai, China)
at 0 and 24 h. For Transwell assays, 200 pL of cell suspension was added to the upper chamber and 600 uL
of complete medium containing 20% FBS was added to the lower chamber. Following incubation, cells that
had migrated to the lower surface of the membrane were fixed, stained, observed, and photographed using an
inverted microscope.

Ferrous iron assay

MG63 and U20S cells were evenly seeded in six-well plates and allowed to attach. Following attachment, the
cells were treated with a range of SAS concentrations and incubated for 24 h. After incubation, ferrous iron levels
were quantified using a ferrous ion assay kit (Solarbio, Beijing, China), and absorbance values were measured at
510 nm using a microplate reader.

GSH assay

MG63 and U20S cells were evenly seeded in six-well plates and allowed to attach. Following attachment, the
cells were treated with 0.0 mM, 0.25 mM, 0.5 mM, and 1.0 mM SAS and incubated for 24 h. After incubation, the
cells were divided into two groups. One group was used for protein concentration determination, as described
below. The remaining cells were disrupted by manual homogenization, and GSH levels were quantified using a
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GSH assay kit (Jian Cheng, Nanjing, China). Absorbance values were measured at 405 nm using a microplate
reader.

SOD assay

MG63 and U20S cells were evenly seeded in six-well plates and allowed to attach. Following attachment, the
cells were treated with a range of SAS concentrations and incubated for 24 h. After incubation, the cells were
harvested, and an appropriate volume of PBS buffer was added to the cell pellet. The cells were disrupted by
manual homogenization using a glass homogenizer in an ice bath for 3-5 min. Superoxide dismutase (SOD)
activity was then quantified using a SOD assay kit (Jian Cheng, Nanjing, China). The kit reagents were then
added to a 96-well plate, and the mixture was incubated for 20 min at room temperature. The absorbance values
were measured at 450 nm using a microplate reader.

MDA assay

MG#63 and U20S cells were evenly seeded in six-well plates and allowed to attach. Following attachment, the
cells were treated with 0.25 mM, 0.5 mM, and 1.0 mM SAS for 24 h. After incubation, the cells were divided
into two groups: one for protein quantification and the other for malondialdehyde(MDA) analysis. For the
MDA assay, cells were homogenized, and the MDA assay kit (Jian Cheng, Nanjing, China) reagents were added.
Following vortex mixing, the samples were heated at 95 °C for 40 min, cooled in running water, and centrifuged
at 4000 x g for 10 min. The supernatant (0.25 mL) was then transferred to a 96-well plate, and absorbance was
measured at 530 nm using a microplate reader.

Western blot analysis

MG63 and U20S cells were treated with various concentrations of SAS for 24 h, harvested, and lysed using
RIPA lysis buffer (Epizyme, Shanghai, China) supplemented with a protease inhibitor. Protein concentration was
determined using a BCA protein assay kit (Epizyme, Shanghai, China). Equal amounts of protein were separated
by SDS-PAGE, transferred to PVDF membranes, and blocked with 5% skim milk (Epizyme, Shanghai, China)
for 1.5 h. The membranes were incubated with primary antibody at 4 °C overnight, washed three times with
TBST (Servicebio, Wuhan, China), and incubated with secondary antibody for 1 h at room temperature. Protein
bands were visualized using a chemiluminescence detection kit (Epizyme, Shanghai, China).

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from cells using TRIzol reagent (Takara, Japan) and reverse transcribed into cDNA.
RT-qPCR was performed using a thermal cycling protocol. This protocol consisted of an initial denaturation step
at 95 °C for 35 s, followed by 40 cycles of denaturation at 95 °C for 5 s and annealing at 60 °C for 34 s. Relative
gene expression was calculated using the 2724 method (target genes listed in Table 1).

Statistical analysis

Experimental data were analyzed using SPSS version 26.0 and GraphPad Prism version 8. Data are presented as
mean * standard deviation (SD). Statistical significance was determined by one-way ANOVA or Student’s t-test,
as appropriate. A P value of < 0.05 was considered statistically significant.

Results

Network pharmacological analysis of SAS, ferroptosis, and OS

Potential targets of SAS were predicted using the PharmMapper, SwissTargetPrediction, and SEA databases,
yielding 290, 100, and 89 targets, respectively. After removing duplicate entries, a total of 424 potential SAS
targets were identified. Gene targets related to ferroptosis were retrieved from the GeneCards database, resulting
in 1516 targets. OS-related targets were obtained from the GeneCards, DisGeNET, and OMIM databases.
Applying a Score > 1.0 as the selection criterion, 1163 potential targets were identified in GeneCards. DisGeNET
and OMIM yielded 1024 and 11 disease-related targets, respectively. After removing duplicate entries across
these three databases, a total of 1596 OS-related targets were identified. Intersecting the target genes of SAS,
ferroptosis, and OS resulted in 35 common target genes, visualized using a Venn diagram generated with Venny
(Fig. 1A). Analysis of the PPI network of these 35 targets using Cytoscape 3.10.3 revealed a network comprising
35 nodes and 243 edges (Fig. 1B). Employing thresholds of Degree unDir>13.88571429, Betweenness

Gene Primer sequence

GAPDH-F | 5-CATCTTCTTGTGCAGTGCC-3’

GAPDH-R | 5-ACCAGCTTCCCATTCTCAG-3’

NRF2-F 5-GTATGCAACAGGACATTGAGCAAG-3

NRE2-R 5-TGGAACCATGGTAGTCTCAACCAG-3’
5
5
5
5

SLC7A11-F | 5-GCAGTTGCTGGGCTGATTT-3’
SLC7A11-R | 5-CTGTACTAAATGGGTCCGAATAGAG-3’
GPX4-F -TGGCCTTCCCGTGTAACCAG-3’
GPX4-R -CCGTTCACGCAGATCTTGCT-3’

Tablel. primer sequence.
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Fig. 1. Network pharmacological analysis of SAS, ferroptosis, and OS. (A) Venn diagram illustrating common
target genes among SAS, ferroptosis, and OS. (B) PPI network of OS targets modulated by SAS via ferroptosis.
(C) Core target genes involved in SAS-mediated ferroptosis in OS. (D) PPI network highlighting core target
genes through which SAS modulates ferroptosis in OS. (E) GO enrichment analysis results. (F) KEGG pathway
enrichment analysis results.

unDir >21.82857143, and Closeness unDir>0.018523047, ten key genes were identified (Fig. 1C), forming a
sub-network of 10 nodes and 45 edges (Fig. 1D). Line thickness, color intensity, and combined score in the
network diagram are proportional to the combined score value. Key target genes included MDM2, EGFR,
PTGS2, and AKT1 (Fig. 1D). GO enrichment analysis was performed on the identified intersection targets
related to SAS treatment of OS via ferroptosis using the David database. As illustrated in Fig. 1E, GO enrichment
analysis revealed that BP primarily encompassed response to xenobiotic stimulus, negative regulation of
apoptotic process, positive regulation of transcription by RNA polymerase II, positive regulation of nitric oxide
biosynthetic process, positive regulation of cell population proliferation, positive regulation of DNA-templated
transcription, cellular response to estradiol stimulus, cellular response to reactive oxygen species, positive
regulation of smooth muscle cell proliferation, and response to estrogen. CC analysis indicated enrichment
in protein-containing complex, cytoplasm, nucleus, plasma membrane, nucleoplasm, glutamatergic synapse,
extracellular space, extracellular region, basolateral plasma membrane, and perinuclear region of cytoplasm.
MEF analysis highlighted protein binding, enzyme binding, identical protein binding, ubiquitin protein ligase
binding, protein kinase binding, nitric oxide synthase regulator activity, disordered domain specific binding,
protein phosphatase binding, calmodulin binding, and chromatin binding. KEGG pathway enrichment analysis
revealed a significant enrichment in pathways including proteoglycans in cancer, prostate cancer, endocrine
resistance, estrogen signaling pathway, human cytomegalovirus infection, C-type lectin receptor signaling
pathway, thyroid hormone signaling pathway, bladder cancer, fluid shear stress and atherosclerosis, and breast
cancer (Fig. 1F)?7%,

Molecular docking of SAS with ferroptosis and OS target genes

To evaluate the potential binding affinity of SAS to key target proteins—including MDM2, EGFR, PTGS2,
and AKT1—molecular docking simulations were performed. The resulting interactions were visualized using
PyMOL software (Fig. 2). Binding energy values were used to assess the binding strength between SAS and each
target protein, where lower binding energy indicates a stronger, more favorable interaction. The binding energies
of SAS with MDM2, EGFR, PTGS2, and AKT1 were -7.7, -3.1, =9.4, and —6.7 kcal/mol, respectively, indicating
that SAS exhibits the strongest binding affinity for PTGS2.

SAS inhibits OS cell viability

To evaluate the effects of SAS on OS cell viability, MG63 and U20S cells were treated with SAS (0, 0.25, 0.5, 0.75,
1.0, 1.5, and 2.0 mM) for 24, 48, and 72 h. The chemical structure of SAS is shown in Fig. 3A. Cell viability was
measured using the CCK-8 assay (Fig. 3B). As demonstrated in Fig. 3C and D, SAS inhibited OS cell viability in a
concentration- and time-dependent manner. The half-maximal inhibitory concentrations (IC50) of SAS against
MG®63 cells were 0.58 mM, 0.38 mM, and 0.22 mM at 24, 48, and 72 h, respectively. Comparable values for U20S
cells were 0.61 mM, 0.33 mM, and 0.24 mM at the same time points. Subsequent analyses utilized SAS at 0.25,
0.5, and 1.0 mM, with both cell lines exposed for 24 h.
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Fig. 2. Molecular docking of sulfasalazine (SAS) with osteosarcoma target gene molecules. Docking poses of
SAS with (A) MDM2, (B) EGFR, (C) PTGS2, and (D) AKTI.
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Fig. 3. SAS inhibits OS cell viability. (A) Chemical structure of SAS. (B) Viability of MG63 and U20S cells
treated with SAS for 24, 48, and 72 h, as determined by CCK-8 assay. (C, D) Statistical analysis comparing
the effects of varying SAS treatment durations at a fixed concentration (C) and varying SAS concentrations
at a fixed duration (D) on the viability of MG63 and U20S cells. (Data were presented as mean+SD, n=3;
“P<0.05. ns, no statistical significance.)

Effect of SAS on OS cell behavior

To investigate the effects of SAS on OS cell behavior, MG63 and U20S cells were treated with 0.25, 0.5, and
1.0 mM SAS for 24 h. Our results indicated that SAS significantly inhibited cell proliferation, as demonstrated
by EDU assays (Fig. 4A) .Further analysis of cell cycle distribution (Fig. 4B) revealed G1 phase arrest following
SAS treatment. Furthermore, wound-healing assays (Fig. 4C) and Transwell assays (Fig. 4D) indicated that SAS
inhibited cell migration in a concentration-dependent manner. Finally, flow cytometric analysis (Fig. 4E) showed
that SAS induced apoptosis in a concentration-dependent manner. These findings collectively demonstrate that
SAS suppressed multiple aspects of OS cell malignant behavior.

SAS induced cell death via triggering ferroptosis

We next investigated whether SAS induces ferroptosis in OS cells. MG63 and U20S cells were treated with
0.5 mM SAS for 24 h, with or without the ferroptosis inhibitors DFO, Fer-1, and Lip-1. As shown in Fig. 5A, SAS
significantly reduced cell viability, an effect that was partially reversed by co-treatment with these inhibitors.
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Fig. 4. Effect of SAS on OS Cell Behavior. (A) EDU staining assay showing the effect of 24-h SAS treatment

on MG63 and U20S cell proliferation. (B) Cell cycle distribution in MG63 and U20S cells following 24-h

SAS treatment, as determined by flow cytometry. Statistical analysis was performed to quantify the proportion
of cells in the G1 phase across all experimental groups. (C) Representative images of MG63 and U20S cells
treated with various concentrations of SAS for 24 h, illustrating the effect on cell migration. (D) Quantification
of cell migration in MG63 and U20S cells following 24-h treatment with various concentrations of SAS. (E)
Apoptosis rate in MG63 and U20S cells following 24-h SAS treatment, as determined by flow cytometry. (Data
were presented as mean +SD, n=3. *P<0.05 versus control group.)
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Fig. 5. SAS induced cell death via triggering ferroptosis. (A) Effect of 24-h treatment with ferroptosis
inhibitors (DFO, Fer-1, Lip-1) on the viability of MG63 and U20S cells, as determined by CCK-8 assay. (B)
Western blot analysis of FTHI protein expression in MG63 and U20S cells following 24-h SAS treatment. (C)
Intracellular Fe2 +levels in MG63 and U20S cells following 24-h SAS treatment. (D) Mitochondrial membrane
potential (MMP) in MG63 and U20S cells following 24-h SAS treatment, as determined by flow cytometry.
(Data were presented as mean+SD, n=3; 'P<0.05.)

Scientific Reports |

(2025) 15:30197 | https://doi.org/10.1038/s41598-025-13324-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Furthermore, SAS treatment decreased FTH1 protein expression and increased Fe?* release in a concentration-
dependent manner (Fig. 5B and C). Consistent with ferroptosis induction, SAS also decreased MMP in a
concentration-dependent manner (Fig. 5D). Taken together, these findings strongly suggest that SAS induces
ferroptosis in OS cells.

SAS induces ferroptosis in OS cells

To further investigate the role of ferroptosis in the anti-cancer activity of SAS, we evaluated key ferroptosis
markers in MG63 and U20S cells treated with 0, 0.25, 0.5, and 1.0 mM SAS for 24 h. Consistent with ferroptosis
induction, GSH levels decreased in a concentration-dependent manner (Fig. 6A). Similarly, superoxide SOD
expression was reduced (Fig. 6B). In contrast, MDA levels increased significantly (Fig. 6C), with the most
pronounced effect observed at 1.0 mM SAS. Furthermore, ROS levels also increased in a concentration-
dependent manner (Fig. 6D). These combined findings—specifically, the reduction in the antioxidant enzymes
GSH and SOD, along with the increase in LP markers MDA and ROS—support the conclusion that SAS induces
ferroptosis in OS cells.

Molecular mechanisms of SAS-induced effects on OS cells

To investigate the molecular mechanisms by which SAS affects OS cells, we assessed the protein expression of
NRF2, SLC7A11, and GPX4 in MG63 and U20S cells treated with 0.25, 0.5, and 1.0 mM SAS for 24 h. SAS
treatment resulted in a concentration-dependent decrease in the protein expression of NRF2, SLC7A11,and GPX4
(Fig. 7A). This effect was partially reversed by co-treatment with the NRF2 agonist RTA-408, which increased
the expression of these proteins (Fig. 7B). Consistent with these protein findings, SAS also suppressed the mRNA
expression of NRF2, SLC7A11, and GPX4 in a concentration-dependent manner (Fig. 7C). Collectively, these
findings indicate that SAS exerts its anti-tumor effects in OS cells, at least in part, by modulating the NRF2/
SLC7A11/GPX4 signaling pathway.

Discussion

OS is the most common primary malignant bone tumor, characterized by a high propensity for local invasion
and metastasis. Current treatment modalities often yield unsatisfactory outcomes, underscoring the need for
targeted therapeutic strategies predicated on novel mechanisms of action. Consequently, the development of
such strategies has emerged as a key research priority to improve the prognosis of patients with OS. SAS, an
FDA-approved anti-inflammatory agent used to treat conditions like Crohn’s disease, rheumatoid arthritis,
and inflammatory bowel disease, has attracted interest in cancer therapy due to its ability to inhibit system
Xc-, deplete cellular GSH, and induce ROS accumulation*°. Notably, analysis of a “drug-ferroptosis-disease”
interaction network based on multi-omics data reveals significant gene overlap in key targets of SAS, ferroptosis,
and OS. Building on this, topological analysis of the PPI network identified a core target group within the SAS-
ferroptosis-OS regulatory network, and GO and KEGG analyses revealed their primary functions. These core
targets are predominantly involved in biological processes such as response to xenobiotic stimulus, protein-
containing complex assembly, and protein binding, as well as molecular functions including oxidative stress
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response and cell death regulation. These findings suggest that SAS’s effects on these biological processes
contribute to its ability to induce ferroptosis in OS cells. These signaling pathways play a pivotal role in the
SAS-mediated ferroptotic effect in tumors. In support of these findings, molecular docking simulations of SAS
with the protein structures of key target genes, including MDM2, EGFR, PTGS2, and AKT1, further support
the potential of SAS to counteract OS via ferroptosis. Given its established clinical safety profile, SAS possesses
significant translational potential for drug repurposing in OS-targeted therapy, warranting further efficacy
validation through prospective clinical trials. To further investigate the potential of SAS as an OS therapeutic,
we conducted in vitro studies to assess its effects on proliferation, migration, and apoptosis of OS cells.

Consistent with these network analyses and molecular docking simulations, this study demonstrated that
SAS inhibited OS cell proliferation, inducing G1 cell cycle arrest in MG63 and U20S cells. Furthermore, SAS
suppressed OS cell migration, a critical process in tumor invasion and metastasis. Tumor cell migration facilitates
invasion of surrounding tissues and subsequent hematogenous dissemination to distant sites®, highlighting
its importance as a therapeutic target. Consistently, we observed that SAS reduced OS cell migration in a
concentration-dependent manner. In addition to inhibiting proliferation and migration, SAS also induced
apoptosis in OS cells, further contributing to its anti-tumor effects. Apoptosis, a programmed cell death process
crucial for maintaining homeostasis, is often dysregulated in cancer’'~%. Therefore, its induction represents
another avenue for cancer therapy.

To investigate whether ferroptosis plays a role in SAS’s anti-OS activity, we treated cells with SAS in
combination with known ferroptosis inhibitors. Consistent with SAS inducing ferroptosis, we observed that
in OS cells treated with SAS, viability decreased; however, co-treatment with DFO, an iron chelator, along with
Fer-1 and Lip-1, which are additional specific ferroptosis inhibitors, partially restored cell viability. Ferroptosis
is a distinct form of RCD driven by intracellular iron accumulation. Consequently, inhibiting iron accumulation
can prevent ferroptosis. This protective effect, coupled with the concentration-dependent decrease in MMP
induced by SAS (compared to control), strongly suggests that SAS exerts its anti-OS activity, at least in part, via
ferroptosis induction.

Since ferroptosis is driven by iron accumulation, we next investigated the effects of SAS on key regulators of
iron homeostasis, including FTH1. FTHI is the primary intracellular iron storage protein, forming a complex
with ferritin light chain to efficiently bind and store free iron. Iron release from FTH1 is crucial for maintaining
cellular iron homeostasis. Normally, cellular iron homeostasis is tightly regulated through processes involving
intestinal absorption, red blood cell degradation, and recycling>°. Free Fe?" is oxidized to Fe3 + by ceruloplasmin,
binds to transferrin, and undergoes endocytosis. Ultimately, it is reduced back to Fe** by STEAP3 for storage
in labile iron pools and ferritin. However, disruption of this tightly controlled balance can trigger ferroptosis.
Consistent with SAS disrupting this homeostasis and inducing ferroptosis, we observed that FTH1 protein
expression in OS cells decreased in a concentration-dependent manner following SAS treatment. These findings
suggest that SAS disrupts iron homeostasis, leading to the accumulation of Fe?*. In addition to disrupting iron
homeostasis, ferroptosis is also characterized by increased oxidative stress and lipid peroxidation. Therefore,
we next investigated the effects of SAS on key regulators of oxidative stress, including GSH and SOD, as well as
markers of lipid peroxidation and ROS production.

In contrast to the role of oxidative stress in ferroptosis, GSH, a thiol tripeptide composed of glutamate,
cysteine, and glycine, functions as a critical antioxidant. Similarly, SOD, another antioxidant enzyme, catalyzes
the dismutation of superoxide radicals, mitigating LP. Given that accumulation of LP products and ROS is a
hallmark of ferroptosis, we investigated the effect of SAS on these parameters in OS cells. Our results show
that SAS treatment reduced GSH and SOD levels, while simultaneously inducing a concentration-dependent
increase in both LP and ROS levels. MDA, a major product of LP, served as a marker of ferroptosis in this
context. Since GSH synthesis is crucial for mitigating lipid peroxidation, we next investigated the effects of SAS
on System xc-, a key regulator of GSH synthesis.

System xc —is a cystine/glutamate antiporter responsible for the equimolar exchange of extracellular cystine
for intracellular glutamate. This heterodimeric transporter is composed of two subunits: a heavy chain, solute
carrier family 3 member 2 (SLC3A2), and a light chain, solute carrier family 7 member 11 (SLC7A11/xCT).
SLC7A11, a multipass transmembrane protein, mediates the antiport activity, while SLC3A2, a single-pass
transmembrane protein, stabilizes SLC7A11 and ensures its proper localization within the cell membrane.
The activity of System xCT is critically linked to ferroptosis, an iron-dependent form of regulated cell death
triggered by the accumulation of LP. Specifically, System xc- promotes the import of cystine, a crucial precursor
for the synthesis of GSH. GPX4, a key suppressor of ferroptosis, utilizes GSH to detoxify LP, thereby preventing
ferroptosis®®. Consequently, inhibition or depletion of SLC7A11, which impairs cystine uptake and thus GSH
synthesis, has been shown to induce ferroptosis in various cancer cells*”*%. Conversely, SLC7A11 overexpression
enhances GSH synthesis and promotes resistance to ferroptosis. Taken together, these findings underscore
the critical role of SLC7A11-mediated cystine uptake in maintaining cellular GSH levels, protecting against
ferroptosis, and supporting cellular survival under oxidative stress.

The NRF2/SLC7A11/GPX4 axis plays a crucial role in regulating ferroptosis. NRF2 is a transcription factor
that upregulates SLC7A11 expression, which in turn regulates GPX4 activity through its role in GSH synthesis.
Consequently, inhibition of this axis promotes ferroptosis and suppresses tumor growth in various cancers*-%2,
while activation can inhibit ferroptosis in other disease contexts by increasing GSH synthesis and antioxidant
defenses®>%. In this study, SAS treatment reduced the protein expression of NRF2, SLC7A11, and GPX4 in
MG63 and U20S cells in a concentration-dependent manner, an effect that was reversed by co-treatment with
an NRF2 agonist. Consistent with these protein expression findings, SAS also suppressed the mRNA expression
of NRF2, SLC7A11, and GPX4 in a concentration-dependent manner.

These findings suggest that SAS induces ferroptosis in OS cells by disrupting iron homeostasis, increasing
oxidative stress, and inhibiting the NRF2/SLC7A11/GPX4 axis, demonstrating promising in vitro anti-OS activity
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(Fig. 8). Clinical translation faces challenges, despite SAS’s favorable safety profile, multitargeted effects, and
cost-effectiveness, because effective in vitro concentrations exceed achievable systemic levels. Future strategies
should focus on reducing the effective dose via combination therapies with chemotherapeutics or ferroptosis-
sensitizing agents (e.g., Erastin or NRF2 inhibitors) and on developing nanocarriers or local sustained-release
systems for enhanced drug delivery. This research is limited by the absence of in vivo data and examination
of the interplay between SAS-induced ferroptosis and other programmed cell death pathways (e.g., apoptosis,
autophagy, and pyroptosis) in OS cells. Future investigations will further elucidate SAS’s role and mechanisms
in OS.
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