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Abstract

Osteosarcoma (OS) is a rare cancer, yet the most prevalent primary bone cancer in adolescents and young
adults OS can be fatal and detrimental due to its high aggressiveness, early metastases, and chemo-resistance.
Recent research suggests that drugs that induce ferroptosis could treat osteosarcoma. It is unknown how erastin-
induced ferroptosis influences differential gene expression of System Xc, iron absorption, heme synthesis, and
mono- (MUFA) and polyunsaturated (PUFA) fatty acid levels in aggressive OS cells. In this study, we show that
erastin-induced ferroptosis decreases OS cell growth and survival by raising total ROS, mitochondrial membrane
potential, and downregulating VDAC2. Furthermore, erastin induces elevated levels of SLC7A11 and SLC3A2,
but downregulation of TFRC and HMOX]1 in OS cells. Notably, the addition of Ferrostatin-1 protects against
Erastin-induced cytotoxicity, implying that these agents induce ferroptosis. We also showed that Ferrostatin-1
provides partial protection against Erastin-induced ferroptosis by stimulating the unique transcriptional gene
profile of System Xc-, MUFA, and PUFA while inhibiting iron uptake and heme production in OS cells. These
findings show that Erastin inhibits the survival of aggressive OS cells, but it also increases the expression of genes
linked with anti-ferroptosis activity, which could lead to preventing ferroptosis in the aggressive OS phenotype.
Targeting this anti-ferroptotic differential gene expression mediated by erastin-induced ferroptosis in OS cells
may help to improve erastin’s efficacy.

Keywords Osteosarcoma - Ferroptosis - Erastin - Ferrosatatin-1 - ROS

Introduction

Osteosarcoma (OS) is a malignant tumor originating from primitive mesenchymal cells of the musculoskeletal
system. It predominantly affects children and adolescents, accounting for approximately 2.4% of all cancers
diagnosed in this age group worldwide (Lei et al. 2020; Sadykova et al. 2020). Due to its aggressive nature and
propensity for developing resistance to treatment, OS is associated with high rates of morbidity and mortality,
contributing to an overall poor prognosis (Zhang et al. 2018). In the United States, approximately 400 new cases
are diagnosed annually in children and young adults (Mirabello et al. 2009; Ottaviani and Jaffe 2009).
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Current standard treatment, comprising surgical resection combined with multi-agent chemotherapy typi-
cally doxorubicin and cisplatin, with or without methotrexate achieves long-term survival in approximately
70% of patients (Sadykova et al. 2020; Mirabello et al. 2009; Ottaviani and Jaffe 2009). Response to pre-
operative combination chemotherapy remains the most reliable prognostic indicator for overall survival in
patients with localized OS (Collins et al. 2013). However, outcomes for patients with metastatic or relapsed
disease have seen little improvement over the past three decades, with 5-year survival rates remaining at
approximately 20% (Bernthal et al. 2012; Meyers et al. 2011). Although targeted therapies and immuno-
therapy have advanced treatment for some malignancies, their impact on OS has been limited. Resistance
to therapy and disease recurrence continue to pose significant challenges, underscoring the urgent need for
more effective therapeutic strategies.

Ferroptosis is an iron-dependent form of regulated cell death driven by the accumulation of lipid hydrop-
eroxides (LOOH) and has been implicated in the suppression of cancer cell proliferation (Wang 2020; Zilka
et al. 2017). Therapeutic induction of ferroptosis has shown promising anti-tumor activity in musculoskeletal
malignancies, including OS (Brack et al. 2020; Torii et al. 2016). Deeper understanding of the molecular
mechanisms regulating ferroptosis is essential for advancing treatment strategies. Current therapies pre-
dominantly trigger apoptosis; however, apoptotic resistance remains a major limitation and contributes to
poor clinical outcomes (Xu et al. 2019). While modest increases in reactive oxygen species (ROS) may
enhance tumor progression, excessive ROS can induce irreversible oxidative damage, ultimately activating
ferroptotic cell death.(Galadari et al. 2017; Hedrick et al. 2019).

Glutathione peroxidase 4 (GPX4), a glutathione (GSH)-dependent enzyme, plays a pivotal role in cellular
antioxidant defense by directly reducing lipid hydroperoxides (LOOH) to their corresponding non-toxic lipid
alcohols. This unique function enables GPX4 to inhibit lipid peroxidation and prevent ferroptosis, a form
of regulated cell death driven by oxidative stress (Yang et al. 2014; Ursini et al. 2022; Zhang et al. 2024).
Ferroptosis inducers such as RSL3 and erastin have demonstrated therapeutic potential in musculoskeletal
cancer models (Codenotti et al. 2018; Schott et al. 2015). Erastin activates the ferroptotic pathway by binding
to voltage-dependent anion channels (VDAC), thereby disrupting mitochondrial function (Yang et al. 2020).
In combination with pharmacological agents such as celastrol, erastin enhances reactive oxygen species
(ROS) production, leading to mitochondrial membrane depolarization, degradation, and fission (Liu et al.
2021). Ferrostatin-1, a ferroptosis inhibitor, prevents lipid hydroperoxide (LOOH) accumulation and may
attenuate the cytotoxic effects of erastin (Yang et al. 2020).

Therefore, the primary objective of this study was to elucidate the molecular mechanisms by which eras-
tin induces ferroptosis in OS cells, with a specific focus on the regulation of System Xc~, enzymes of lipid
metabolic pathways, and iron-homeostasis genes. By characterizing these responses and examining how they
are modulated by the ferroptosis inhibitor ferrostatin-1 (Fer-1), we aim to identify transcriptional signatures
associated with ferroptotic vulnerability and potential therapeutic targets for advanced OS.

Material and methods

Cell culture

The 143B OS cell line was obtained from the American Type Culture Collection (ATCC). Cells were cul-
tured in Minimum Essential Medium (MEM; Biochrom, Berlin, Germany) supplemented with 10% fetal
bovine serum (FBS), 10% dialysed FBS, 10 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL streptomycin,
and 2.5 pg/mL fungizone. Cultures were maintained at 37 °C in a humidified incubator under normoxic
conditions (5% CO,). Routine screening for mycoplasma contamination was performed using the Universal
Mycoplasma PCR Detection Kit (ATCC).
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Reconstitution of erastin and ferrostatin-1 (Fer-1)

Erastin (Cat. # S7242, Selleckchem, PA, USA) and ferrostatin-1 (Fer-1) were initially dissolved in DMSO to
prepare stock solutions and subsequently diluted in culture medium to final working concentrations of 2.25 pM
for erastin and 2 pM for Fer-1. These concentrations were used consistently across all experimental conditions.

MTT assay

143B cells were seeded at a density of 10,000 cells per well in flat-bottomed 96-well plates and incubated at
37 °C for 24 h. Cells were then subjected to one of four treatment conditions for the following 48 h: DMSO
vehicle control; erastin administered during the final 24 h; continuous treatment with ferrostatin-1 (Fer-1)
for 48 h; or pre-treatment with Fer-1 for 24 h followed by combined treatment with erastin and Fer-1 for an
additional 24 h. Cell metabolic activity was assessed using the MTT assay (Cat. #30,006, Biotium, CA, USA).
MTT reagent was added to the cultures and incubated for 2 h. Absorbance was measured at 570 nm with a
reference wavelength of 630 nm using an ELx808 spectrophotometer (BioTek, Winooski, VT, USA). Back-
ground absorbance was subtracted, and all values were normalized to the DMSO-treated control group. Each
condition was tested in six technical replicates, and the experiment was independently repeated three times.

Reactive oxygen species (ROS) assay

A total of 10,000 143B cells were seeded per well in a flat-bottomed 96-well plate and incubated at 37 °C for
24 h. Cells were then assigned to one of four treatment groups for the subsequent 48 h: a DMSO vehicle con-
trol; erastin treatment during the final 24 h; ferrostatin-1 (Fer-1) treatment for the full 48 h; or pre-treatment
with Fer-1 for 24 h followed by co-treatment with Fer-1 and erastin for the remaining 24 h. Intracellular reac-
tive oxygen species (ROS) levels were quantified using the fluorescent probe 2',7'-dichlorodihydrofluorescein
diacetate (H,DCFDA; Invitrogen-Molecular Probes, Carlsbad, CA, USA). Fluorescence was measured using
a Gemini XPS microplate reader (Molecular Devices, Sunnyvale, CA, USA) at an excitation wavelength of
490 nm and an emission wavelength of 520 nm. Fluorescence values were normalized to both the DMSO
vehicle control and to cell viability to account for differences in cell numbers. Each treatment was performed
in six technical replicates, and the experiment was independently repeated three times.

Mitochondrial membrane potential (JC1) assay

143B cells (10,000 cells/well) were seeded in flat-bottomed 96-well plates and incubated at 37 °C for 24 h.
Cells were then treated under the following conditions for a total of 48 h: DMSO vehicle control; erastin added
during the final 24 h; continuous treatment with ferrostatin-1 (Fer-1) for 48 h; or pre-treatment with Fer-1 for
24 h followed by co-treatment with both erastin and Fer-1 for the subsequent 24 h. Mitochondrial membrane
potential (AWm) was assessed using the JC-1 dye (5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarb
ocyanine iodide; Biotium, Hayward, CA, USA). JC-1 was added to cultures for 15 min, and fluorescence was
measured with a Gemini XPS microplate reader (Molecular Devices). Red fluorescence (excitation 550 nm,
emission 600 nm) indicated intact mitochondria, while green fluorescence (excitation 485 nm, emission
545 nm) corresponded to depolarised mitochondria. Each treatment condition was performed in six technical
replicates, and the experiment was independently repeated three times.
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Isolation of RNA and amplification of cDNA

143B cells were seeded at a density of 250,000 cells per well in flat-bottomed 6-well plates and incubated at
37 °C for 24 h. Cells were then treated under one of four conditions for the subsequent 48 h: DMSO vehicle
control; erastin administered during the final 24 h; continuous treatment with ferrostatin-1 (Fer-1) for 48 h;
or pre-treatment with Fer-1 for 24 h followed by co-treatment with erastin and Fer-1 for the remaining 24 h.
Total RNA was extracted using the RNeasy Mini Kit (Qiagen), following the manufacturer’s protocol and
previously established methods (Chang et al. 2022; Schneider et al. 2022). Complementary DNA (cDNA)
was synthesised from 1 pg of total RNA using the QuantiTect Reverse Transcription Kit (Qiagen), according
to the manufacturer’s instructions. The resulting cDNA was subsequently used for quantitative real-time PCR
(qQRT-PCR) analysis.

Quantitative real-time PCR (qRT-PCR) analyses

Quantitative real-time PCR (qRT-PCR) was conducted on individual cDNA samples using the QuantiFast
SYBR Green PCR Kit (Qiagen) on an Applied Biosystems ViiA7 detection system. Gene expression was
assessed using commercially validated primers (QuantiTect Primer Assay and KiCqStart Primers; Sigma-
Aldrich) targeting components of the System Xc™ antiporter (SLC7AI11, SLC3A2), GPX4, VDAC?2, genes
involved in monounsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA) metabolism (ACSL3,
LPCAT3, ACSL4), and iron-regulated genes associated with ferroptosis (TFRC, HMOXI, FTHI, SLC40Al,
NCOA4). Expression levels were normalized to the housekeeping gene HPRTI. All reactions were performed
in triplicate, and relative gene expression was calculated using the 2C22€Y method.

Statistical analysis

Statistical analysis was performed using the unpaired, non-parametric Mann—Whitney test (GraphPad Prism
version 10.2.3; GraphPad Software, San Diego, CA, USA). A p-value of <0.05 was considered statistically
significant.

Results

ROS and mitochondrial membrane potential are key mediators of erastin-induced death in OS cells

Ferroptosis has recently gained attention as a therapeutic approach for targeting aggressive malignancies.
Among the OS cell lines examined, 143B cells demonstrated the most aggressive phenotype, characterized
by marked tumorigenicity, predominantly osteolytic lesions, and extensive pulmonary metastasis (Luu et al.
2005). To assess the potential of ferroptosis induction in this context, we treated 143B cells with erastin, a
known ferroptosis inducer. Erastin reduced cell viability in a dose-dependent manner (Fig. 1a) and signifi-
cantly suppressed metabolic activity by approximately 80% (p < 0.0001; Fig. 1b). To elucidate the underlying
mechanism, we evaluated reactive oxygen species (ROS) levels and mitochondrial membrane potential follow-
ing erastin exposure. Treatment with erastin led to a greater than fivefold increase in total ROS (p < 0.0001)
and a tenfold elevation in mitochondrial membrane potential (p < 0.0001; Fig. 1c—d). Furthermore, erastin
markedly downregulated VDAC2 mRNA expression in 143B cells (Fig. le), consistent with its mechanism
of action involving inhibition of voltage-dependent anion channels. These findings support the role of erastin
in inducing ferroptotic cell death through enhanced oxidative stress and suppression of VDAC?2 in aggressive
OS cells.
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Fig. 1 Erastin negatively impacts metabolic activity, levels of reactive oxygen species (ROS), mitochondrial membrane
potential, and mRNA expression of VDAC?2 in osteosarcoma cells. a Dose—response curves for the effect of erastin treat-
ment. Aggressive OS cells i.e., 143B cells were plated in six replicates in a 96-well plate and treated with 1 pmol/L to
4 pmol/L erastin. Survival was measured after 48 h using MTT assay. Mean + SD of the replicates normalized to DMSO
control are shown. b, Effect of ferroptosis inducer (erastin) on the growth of the 143B cells. Cells were plated in six rep-
licates in 96-well plates and treated with 2.25 erastin pmol/L 24 h. Metabolic activity was estimated using MTT assay.
¢ Effect of ferroptosis inducer (erastin) on the total ROS of the 143B cells. Cells were plated in six replicates in 96-well
plates and treated with 2.25 pmol/L 24 h. Total ROS was estimated using an ROS assay. Fold-change of the replicates nor-
malized to DMSO control. d Effect of ferroptosis inducer (erastin) on the mitochondrial membrane potential of the 143B
cells. Cells were plated in six replicates in 96-well plates and treated with 2.25 pmol/L 24 h. Mitochondrial membrane
potential was estimated using JC1 assay. Fold-change of the replicates normalized to DMSO control. e Effect of ferroptosis
inducer (erastin) on the VDAC2 mRNA expression in 143B. 250,000 cells were plated in triplicates in 6-well plates and
treated with 2.25 pmol/L 24 h. After 24 h RNA extracted, using 1 ug RNA cDNA synthesized and run qPCR.to detect the
mRNA expression of VDAC2. Data shown as mean +SD were analyzed by the Mann Whitney test. p-value <0.05 is sig-
nificant

These findings indicate that erastin induces cell death in aggressive OS (143B) cells by elevating total
reactive oxygen species, enhancing mitochondrial membrane potential, and downregulating VDAC2 mRNA
expression.

Erastin modulates system Xc~ without affecting enzymes associated with MUFA/PUFA metabolism

Erastin promotes ferroptosis primarily by inhibiting the cystine/glutamate antiporter System Xc™. To determine its
effect on genes associated with this pathway and with glutathione metabolism, we assessed the expression of SLC3A2,
SLC7A11, and GPX4 in OS cells following erastin treatment. Erastin significantly upregulated SLC3A2 expression by
more than two-fold (p =0.0059) and SLC7A 11 by over five-fold (p =0.0005) (Fig. 2a-b). In contrast, GPX4 mRNA
expression remained unchanged (Fig. 2c). These results suggest that erastin selectively modulates components of
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Fig. 2 Erastin alters mRNA expression for System Xc, monounsaturated, and polyunsaturated fatty acids. 250,000 cells
were plated in triplicates in 6-well plates and treated with 2.25 pmol/L 24 h following an incubation of 24 h in untreated
culture media. After 24 h RNA extracted, using 1 pg RNA cDNA synthesized and run qPCR to detect mRNA expression
of: a SLC3A2; b SLC7A11; ¢ GPX4; d ACSL3; e LPCAT3; and f ACSLA. Data shown as mean + SD were analyzed by the
Mann Whitney test. p-value <0.05 is significant

System Xc™ in OS cells, potentially reflecting a compensatory transcriptional response aimed at mitigating ferroptotic
stress.

Accumulating evidence suggests that elevated expression of enzymes involved in polyunsaturated fatty acid (PUFA)
metabolism, alongside reduced expression of monounsaturated fatty acid (MUFA) enzymes, contributes to ferroptosis
induction in cancer cells. Based on this, we examined the effect of erastin on the expression of key enzymes associ-
ated with MUFA and PUFA metabolism in OS cells. Specifically, we assessed ACSL3 (MUFA-related), LPCAT3,
and ACSL4 (both PUFA-related) following erastin treatment. As shown in Fig. 2d—f, erastin did not significantly
alter the expression levels of these genes. These results indicate that erastin-induced ferroptosis in OS cells occurs
independently of transcriptional changes in MUFA and PUFA metabolism, suggesting alternative mechanisms may
underlie its ferroptotic activity in this context.
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Fig.3 Erastin inhibits mRNA expression of iron-related genes. 250,000cells were plated in triplicates in 6-well plates and
treated with 2.25 pmol/L 24 h. After 24 h RNA extracted, using 1 ug RNA cDNA synthesized and run qPCR to detect
mRNA expression of: a TFRC; b HMOX1I; ¢ FTHI; d SLC40A1; and e NCOA4. Data shown as mean + SD were analyzed
by the Mann Whitney test. p-value <0.05 is significant

Erastin inhibits mRNA expression of iron-related genes induces ferroptosis in OS cells

Ferroptosis is an iron-dependent form of cell death characterized by dysregulation of iron homeostasis,
including activation of ferritinophagy and suppression of genes involved in heme metabolism, iron storage,
and transport (Chen et al. 2020). To explore how erastin modulates iron-related pathways in OS cells, we
assessed the expression of key genes involved in ferritinophagy, heme degradation, iron uptake, iron storage,
and export. Following erastin treatment, OS cells exhibited a marked reduction in the expression of TFRC (iron
uptake; p=0.0165), HMOX1 (heme metabolism; p=0.0405), and FTHI (ferritin heavy chain; p =0.0664),
each showing a decrease of less than 50% relative to control (Fig. 3a—c). In contrast, expression levels of
SLC40A1 (iron export) and NCOA4 (ferritinophagy) remained unchanged in response to erastin (Fig. 3d—e).
These findings suggest that erastin selectively downregulates specific components of intracellular iron han-
dling without modulating ferritinophagy or iron efflux mechanisms in OS cells.

These findings suggest that erastin promotes ferroptosis in OS cells through a mechanism distinct from
classical System Xc" inhibition, potentially by limiting iron uptake. The observed downregulation of HMOX1
may further indicate a concurrent suppression of anti-ferroptotic responses.
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Fig.4 Impact of ferrostatin-1 on reviving metabolic activity, levels of reactive oxygen species (ROS), mitochondrial mem-
brane potential, and expression of VDAC?2 in osteosarcoma cells pre-treated with erastin. Aggressive OS cells i.e., 143B
of 10,000 cells were plated in six replicates in a 96-well plate and pre-treated with 2 pmol/L Ferrostatin-1 (Fer-1) 24 h.
After 24 h media with a combination of 2 pmol/L Ferrostatin-1 (Fer-1) and 2.25 pmol/L erastin treated for another 24 h.
Survival was measured after 48 h using MTT assay. Mean + SD of the replicates normalized to DMSO control are shown.
a, Effect of ferroptosis inhibitor (Fer-1) on the growth of the prior erastin-induced 143B cells. Metabolic activity was esti-
mated using MTT assay. b Effect of ferroptosis inhibitor (Fer-1) on the total ROS of the prior erastin-induced 143B cells.
Total ROS was estimated using an ROS assay. Fold-change of the replicates normalized to DMSO control. ¢ Effect of fer-
roptosis inhibitor (Fer-1) on the total ROS of the prior erastin-induced 143B cells. Mitochondrial membrane potential was
estimated using JC1 assay. Fold-change of the replicates normalized to DMSO control. d Effect of ferroptosis inhibitor
(Fer-1) on the total ROS of the prior erastin-induced 143B cells. 250,000cells were plated in triplicates in 6-well plates and
pre-treated with 2 pmol/L Ferrostatin-1 (Fer-1)24 h. After 24 h media was replaced by a combination 2 pmol/L Ferrosta-
tin-1 (Fer-1) and 2.25 umol/L erastin and incubate for another 24 h. RNA extracted after completion of treatment, using
1 ug RNA cDNA synthesized and run qPCR.to detect the mRNA expression of VDAC2. Data shown as mean+SD were
analyzed by the Mann Whitney test. p-value <0.05 is significant

Effect of ferrostatin-1 on metabolic activity, oxidative stress, mitochondrial function, and VDAC2
mRNA expression in OS cells

To determine whether ferroptosis in OS cells is a reversible or preventable process, we investigated the protec-
tive effect of ferrostatin-1 (Fer-1), a known ferroptosis inhibitor, in 143B cells. Cells were pre-treated with Fer-1
for 24 h, followed by an additional 24-h exposure to a combination of erastin and Fer-1. A separate cohort was
treated with Fer-1 alone for 48 h to assess its independent effects. As shown in Fig. 4a, treatment with Fer-1
alone had no significant impact on metabolic activity. However, pre-treatment with Fer-1 partially attenuated the
cytotoxic effect of erastin, resulting in only a 20% reduction in metabolic activity (p <0.0001), compared to the
80% reduction observed with erastin alone (Fig. 1b).
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We next examined the influence of Fer-1 on reactive oxygen species (ROS) generation. As previously shown
(Fig. 1c), erastin treatment induced a greater than fivefold increase in total ROS. While co-treatment with Fer-1
significantly reduced ROS accumulation in erastin-exposed cells, ROS levels remained elevated—more than 50%
above control (p < 0.0006; Fig. 4b). Fer-1 alone did not alter ROS levels, indicating it does not provoke oxidative
stress under basal conditions.

We further assessed mitochondrial membrane potential, a hallmark of ferroptotic stress. Erastin treatment
alone resulted in a tenfold increase in mitochondrial membrane potential (Fig. 1d). In contrast, Fer-1 co-treatment
reduced this effect, producing only a twofold increase in erastin-treated cells (p < 0.0001; Fig. 4c). Notably, Fer-1
alone had no measurable effect on mitochondrial membrane potential in OS cells.

Finally, we investigated whether Fer-1 could modulate the expression of VDAC2, a known erastin target. As
shown in Fig. 4d, Fer-1 treatment alone had no impact on VDAC?2 expression. However, in the context of erastin
exposure, Fer-1 partially restored VDAC2 expression levels, suggesting a mitigating effect on erastin-induced
transcriptional suppression. These findings collectively indicate that Fer-1 exerts a partial protective effect against
erastin-induced ferroptosis in OS cells by modulating oxidative stress, mitochondrial function, and VDAC2
expression.

These findings suggest that Fer-1 confers partial protection against erastin-induced ferroptosis in aggressive
OS cells. This protective effect appears to be mediated through attenuation of oxidative stress, as evidenced by
a reduction in total reactive oxygen species (ROS) levels, and partial restoration of mitochondrial membrane
potential. Additionally, Fer-1 modestly increased VDAC2 mRINA expression in the presence of erastin, implicat-
ing this mitochondrial channel as a potential target in the ferroptotic pathway. Together, these results indicate
that Fer-1 mitigates ferroptotic damage by modulating key molecular and functional markers associated with
ferroptosis in OS cells.

Ferrostatin-1 pre-treatment enhances System Xc™ and lipid metabolic enzymes gene expression
in erastin-induced OS cells

Figures 2a—f demonstrates that erastin-induced ferroptosis in 143B OS cells does not result in suppression of
SLC3A2 or SLC7A11, the two essential components of the cystine/glutamate antiporter System Xc™. On the con-
trary, erastin treatment significantly increased the expression of both genes, suggesting a compensatory upregula-
tion in response to ferroptotic stress. This paradoxical induction of SLC3A2 and SLC7A11 may reflect a cellular
feedback mechanism aimed at restoring redox balance and resisting ferroptotic cell death in aggressive OS cells.
Furthermore, erastin had no observable effect on the expression of GPX4, a central antioxidant enzyme that
detoxifies lipid peroxides, nor on the expression of key enzymes involved in lipid metabolism, including ACSL3
(monounsaturated fatty acid metabolism), LPCAT3, and ACSL4 (polyunsaturated fatty acid metabolism).

To explore whether this adaptive gene expression profile could be altered by ferroptosis inhibition, we exam-
ined the effects of Fer-1 on these regulatory pathways. As shown in Fig. 5a—b, Fer-1 alone did not significantly
affect SLC3A2 or SLC7A11 expression. However, pre-treatment with Fer-1 for 24 h prior to combined Fer-1 and
erastin exposure led to a marked eightfold increase in the mRINA levels of both genes, suggesting that Fer-1 may
further enhance System Xc~ activity under ferroptotic conditions. This amplification may represent a protective
cellular response to oxidative stress, potentially contributing to resistance mechanisms.

Consistent with earlier findings, GPX4 expression remained unchanged across all treatment conditions, includ-
ing Fer-1 alone and Fer-1 pre-treatment followed by erastin exposure (Fig. 5c), indicating that its transcription is
not significantly influenced by ferroptosis or its inhibition in this model. Similarly, Fer-1 alone had no impact on
the expression of ACSL3, LPCAT3, or ACSL4. However, pre-treatment with Fer-1 followed by co-treatment with
erastin significantly upregulated the expression of these lipid-metabolizing enzymes by approximately twofold
(Fig. 5d-f).

These findings collectively suggest that Fer-1, in the context of ferroptotic stress, can modulate transcriptional
responses related to cystine import and lipid metabolism. This dual regulatory effect may contribute to an adaptive
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Fig.5 Effect of ferrostatin-1 on the mRNA expression of System Xc, monounsaturated, and polyunsaturated fatty acids
in osteosarcoma cells pretreated with erastin. Aggressive OS cells i.e., 143B of 250,000 cells were plated in triplicates in
6-well plates and pre-treated with 2 pmol/L Fer-1 for 24 h. After 24 h, media was replaced by a combination of 2 pmol/L
Fer-1 and 2.25 pmol/L erastin and incubated for another 24 h RNA extracted after completion of treatment, using 1 pg
RNA cDNA synthesized and run qPCR.to detect the mRNA expression of: a SLC3A2; b SLC7A11; ¢ GPX4; d ACSL3; e
LPCAT3; and f ACSL4. Data shown as mean + SD were analyzed by the Mann Whitney test. p-value <0.05 is significant

program that enhances cellular survival under ferroptotic conditions, potentially diminishing the efficacy of
ferroptosis-inducing agents in aggressive OS cells.

Ferrostatin-1 modulates iron homeostasis genes in erastin-induced OS cells

As previously demonstrated (Fig. 3a—c), erastin promotes ferroptosis in OS cells through downregulation of genes
involved in iron uptake (TFRC), heme metabolism (HMOX1), and iron storage (FTH1). To further assess whether
ferrostatin-1 (Fer-1) can counteract this effect, we investigated whether pre-treatment with Fer-1 prior to combined
erastin and Fer-1 exposure modulates the expression of iron-regulatory genes. Specifically, we examined genes
involved in iron uptake, heme degradation, ferritin synthesis, iron export, and ferritinophagy.

As shown in Fig. 6a—e, treatment with Fer-1 alone had no significant effect on the expression of TFRC, HMOX1,
FTHI, SLC40A1 (iron export), or NCOA4 (ferritinophagy). Interestingly, Fer-1 pre-treatment followed by co-
treatment with erastin produced only modest reductions in 7FRC (p =0.0389) and HMOX1 (p =0.0319) expression
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Fig.6 Effect of ferrostatin-1 on the mRNA expression of iron-related genes in osteosarcoma cells pretreated with erastin.
Aggressive OS cells i.e., 143B of 250,000 cells were plated in triplicates in 6-well plates and pre-treated with 2 pmol/L
Fer-1 for 24 h. After 24 h, media was replaced by a combination of 2 pmol/L Fer-1 and 2.25 pmol/L erastin and incubated
for another 24 h RNA extracted after completion of treatment, using 1 ug RNA cDNA synthesized and run qPCR.to detect
the mRNA expression of: a TFRC; b HMOX1I; ¢ FTHI; d SLC40AI; and e NCOA4. Data shown as mean+SD were ana-

lyzed by the Whitney test. p-value <0.05 is significant

levels, suggesting limited suppression of iron uptake and heme catabolism under these conditions. Notably, this
treatment significantly upregulated NCOA4 expression (p=0.0012), a key mediator of ferritinophagy, indicating
a potential shift toward enhanced ferritin degradation and intracellular iron mobilization.

These findings suggest that Fer-1 confers partial protection against ferroptosis in OS cells by attenuating iron
influx and heme metabolism, while paradoxically increasing NCOA4 expression potentially promoting ferritin-
ophagy. The reduction of HMOX1, typically involved in iron release from heme, may reflect a compensatory, anti-
ferroptotic response. Overall, the data highlights a complex regulatory interplay wherein Fer-1 may both suppress
and facilitate ferroptotic processes depending on the balance of iron regulatory mechanisms in the cellular context.

Discussion

In this study demonstrates that Erastin treatment significantly reduced cell viability and metabolic activity in
143B cells in a dose-dependent manner and induced ferroptosis, as evidenced by elevated reactive oxygen spe-
cies (ROS), increased mitochondrial membrane potential, and downregulation of VDAC2. Despite these effects,
erastin upregulated SLC3A2 and SLC7A 11 (System Xc~ components), suggesting a compensatory transcriptional
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response, while leaving GPX4, ACSL3, LPCAT3, and ACSLA4 expression unchanged. Additionally, erastin sup-
pressed genes involved iron homeostasis, including TFRC, HMOX1, and FTHI, without affecting SLC40A1 or
NCOA4. Pre-treatment with Fer-1 partially attenuated erastin-induced reductions in metabolic activity, ROS pro-
duction, and mitochondrial membrane hyperpolarization, and modestly restored VDAC2 mRNA expression. While
Fer-1 alone did not alter the expression of System Xc~, MUFA/PUFA, or iron-related genes, its pre-treatment
before erastin exposure significantly amplified SLC3A2, SLC7A11, ACSL3, LPCAT3, and ACSL4 expression.
Furthermore, Fer-1 pre-treatment resulted in a modest decrease in TFRC and HMOX1, and a significant increase
in NCOA4 expression, suggesting selective modulation of ferritinophagy and iron homeostasis under ferroptotic
stress. Collectively, these findings indicate that erastin induces ferroptosis in OS cells through mitochondrial
dysfunction and disrupted iron metabolism, while Fer-1 exerts partial protective effects and may contribute to
transcriptional adaptations that influence ferroptosis sensitivity (Fig. 7).

Many aggressive cancer cells provide indirect protection against Erastin by inhibiting GPX4 via GSH
depletion (Yang et al. 2014). GPX4 has recently been identified as a key regulator of ferroptosis (14), an
iron-dependent non-apoptotic mechanism of cell death (Galluzzi et al. 2015). Interestingly, Reina et al. found
that erastin can promote transcriptional activation of SLC7A11 (Reina and Pinto 2017). Overexpression of
SLC7A11 via gene transfection reduced erastin-induced cell death, but inhibition of SLC7AI1 expression
boosted erastin’s anticancer efficacy (Dixon et al. 2012). Erastin inhibits system X, which indirectly reduces
cystine uptake in cells. Erastin’s inhibition of system X suggests that, in addition to affecting VDAC perme-
ability, it can activate the ferroptosis pathway by targeting system X (Zhang et al. 2018). Consistent with
this, we found that erastin treatment reduced aggressive OS cell growth while increasing the transcriptional
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Fig. 7 Schematic representation of erastin and ferrostatin-1 (Fer-1) in aggressive OS cells. Treatment with erastin may
induce ferroptosis by sensitizing the survival of aggressive OS cells by modulation of total ROS and mitochondrial mem-
brane potential. In aggressive OS cells, treatment with Fer-1 before erastin treatment highlights the phenomena of activa-
tion of specific gene expression associated with anti-ferroptosis, which could eventually result in the emergence of resist-
ance to ferroptosis
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activity of SLC7A11 and SLC3A2, indicating compensatory transcriptional upregulation. In contrast, erastin
treatment does not alter the expression level of GPX4. Interestingly, we also found that Fer-1 can boost the
overexpression of SLC7A11 and SLC3A2 while having no effect on GPX4 expression in erastin-induced OS
cells, implying that it could develop anti-ferroptotic activity.

HMOX]1 performs dual functions in ferroptosis induction. On the one hand, erastin stimulates the expression
of HMOX1, which may increase ferroptosis in HT'1080 fibrosarcoma cells. They also demonstrated that HMOX1
deletion suppresses, whereas HMOX1 overexpression increases ferroptotic cancer cell death mediated by erastin
(Kwon et al. 2015). In contrast to this study, we found that erastin-induced OS cells reduce HMOX1 expression,
and Fer-1 pre-treatment in erastin-induced OS cells likewise inhibits HMOX1 expression, indicating that it may
have the potential to acquire resistance to ferroptosis.

The expression level of TFRC is reduced in renal papillary cell carcinoma, lung adenocarcinoma, paragan-
glioma, prostate cancer, and thyroid cancer, and the prognosis of patients with high TFRC expression is relatively
poor, implying that TFRC expression level is closely related to the prognosis of different cancers (Karthiya and
Khandelia 2020). Interestingly, we found that erastin-induced OS cells suppress the production of TFRC and
FTHI, which is specific to ferroptosis.

In contrast, erastin suppressed FTHI (ferritin heavy chain), potentially destabilizing ferritin complexes and
increasing the labile iron pool. NCOA4, which regulates ferritinophagy, remained unchanged, suggesting pre-
served intracellular iron mobilization. This expression profile points to a shift from iron uptake to redistribution
from internal stores as the predominant mechanism sustaining ferroptosis in this setting (Yan et al. 2021; Gao
et al. 2019).

These observations align with emerging evidence that ferroptosis can proceed independently of transferrin-
mediated uptake when intracellular iron sources, such as ferritin degradation, are activated (Dixon et al. 2012;
Mancias et al. 2015; Guggisberg et al. 2022). Our results reinforce this model, highlighting FTHI suppression and
stable NCOA4 expression as key features of iron homeostasis disruption under ferroptotic stress. The observed
TFRC downregulation may reflect a compensatory response to elevated cytosolic iron, rather than a barrier to
ferroptosis initiation.

ACSLA has been reported to be overexpressed in several cancer types (Wu et al. 2013, 2015; Sanchez-Martinez
et al. 2017; Xia et al. 2017). It enriches cellular membranes with long polyunsaturated -6 fatty acids and helps
produce lipid peroxidation. Furthermore, in comparison to ferroptosis-sensitive cancer cells, the expression
of ACSL4 was significantly downregulated in ferroptosis-resistant cancer cells (Yuan et al. 2016). As a result,
boosting ACSL4 promotes tumor growth and proliferation while also increasing ferroptosis susceptibility. In
contrast, our study observed no change in the expression levels of ACSL4 or LPCAT3 in erastin-induced OS cells.
Interestingly, Fer-1 treatment in earlier erastin-induced OS cells increases the expression of ACSL4 and LPCAT3,
indicating anti-ferroptotic activation.

The results of this study suggest that ferroptosis induction, particularly through agents such as erastin, repre-
sents a promising therapeutic avenue for the treatment of aggressive and treatment-resistant OS cells. By targeting
mitochondrial dysfunction and disrupting iron homeostasis, erastin effectively compromises OS cell viability.
Furthermore, the observation that ferroptosis inhibition via ferrostatin-1 leads to compensatory upregulation of
System Xc~ and lipid metabolism genes highlights potential mechanisms of resistance. This underscores the clini-
cal potential of combination strategies using ferroptosis inducers alongside inhibitors of adaptive antioxidants
or lipid regulatory pathways to enhance treatment efficacy and overcome resistance. Such approaches may be
particularly valuable in relapsed or refractory OS cases, where conventional therapies often fail.

While the findings presented here offer novel insights into the molecular mechanisms underlying ferroptosis
in OS, the study has several limitations. All experiments were conducted in vitro using a single cell line (143B),
which may not fully represent the heterogeneity of OS in patients. Further investigation in additional OS models
and in vivo systems is essential to validate these findings and assess therapeutic relevance. Additionally, although
mRNA expressions of key genes were examined, corresponding protein expression and functional validation were
not comprehensively evaluated. This limits the ability to confirm direct mechanistic effects. Finally, the safety
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profile and selectivity of ferroptosis induction in malignant versus normal osteogenic cells remain unknown, and
future studies should address these issues to inform potential clinical translation.

Despite these limitations, our findings offer important mechanistic insight into ferroptosis in OS and lay the
groundwork for future therapeutic development. Understanding how ferroptosis is influenced by cystine transport,
lipid metabolism, and heme-related gene regulation may inform novel therapeutic strategies, particularly for
patients with advanced or treatment-resistant OS cells. These results support the further exploration of ferroptosis
as a targeted vulnerability in OS.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1007/
s10616-025-00795-7.
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