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Osteosarcoma (OS) is the most common primary bone tumour in children and adolescents, with high
degree of malignancy and an extremely poor prognosis. Ferroptosis, a non-traditional mode of regulated
cell death (RCD) characterised by iron-dependent accumulation of lipid reactive oxygen species (ROS), is
closely associated with a variety of cancers. It has been demonstrated that ferroptosis can regulate OS
progression and exert an essential role in the treatment of OS, which is potentially of great value. By tar-
geting ferroptosis in OS, the present review article summarises the relevant mechanisms and therapeutic
applications along with discussing current limitations and future directions, which may provide a new
strategy for the treatment of OS.
� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Ferroptosis-related in different types of musculoskeletal cancer.

Cancer type Compound Target Effect References

Osteosarcoma PEITC Consuming GSH Inducing ferroptosis [30,40]
Nanomedicine Accumulating Fe2+ ; consuming GSH Inducing ferroptosis [29]
Tirapazamine Suppressing SLC7A11 Inducing ferroptosis [70]
EF24 Accumulating ROS Inducing ferroptosis [25]
KDM4A Accelerating system Xc Inhibiting ferroptosis [52]
STAT3 Accumulating GPX4 Inhibiting ferroptosis [35]
Artemisinin Affecting Fe2+ levels Inducing cytotoxicity [79]

Rhabdomyosarcoma Fenretinide Accumulating ROS Inducing ferroptosis [20]
RSL3 Consuming GPX4 Inducing ferroptosis [17,19]
Erastin Suppressing system Xc Inducing ferroptosis [17–19]
NR4A1 Consuming ROS Inhibiting ferroptosis [7]
Ferrostatin-1 Consuming ROS Inhibiting ferroptosis [19]

Fibrosarcoma HO-1 Accumulating Fe2+ Inducing ferroptosis [13]
Serine hydrolase inhibitor Accumulating ROS Inducing ferroptosis [14]
ALOX15 activator Accelerating lipid oxidation Inducing ferroptosis [15]
IDH2 Accumulating GSH Inhibiting ferroptosis [16]
Lysosome inhibitor Consuming ROS Inhibiting ferroptosis [21]
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1. Introduction

Osteosarcoma (OS) is a primary musculoskeletal cancer origi-
nating from primitive mesenchymal cells and is most common in
children and teenagers, accounting for approximately 2.4% of pedi-
atric and adolescent cancers worldwide [1,2]. Due to its high
malignancy, early metastasis and susceptibility to drug resistance,
it features a high rate of disability and mortality as well as an
extremely poor prognosis [3]. Although lots of attempts have been
made to develop novel drugs and therapies for treating OS, the
results are unsatisfactory and the 5-year survival rate remains rel-
atively low [4]. The current outlook for OS treatment is not promis-
ing, and new treatment strategies are urgently needed.

Ferroptosis is a neoteric form of regulated cell death (RCD) dis-
covered in recent years and caused by iron catalysis and lipid per-
oxidation which can lead to reactive oxygen species (ROS)
deposition [5]. The current view is that although a moderate
increase in ROS can promote tumour cell proliferation, excessive
ROS accumulation will result in irreversible oxidative damage
thereby inducing ferroptosis [6,7]. And ROS scavenging is the pri-
mary responsibility of glutathione peroxidase 4 (GPX4), produced
by glutathione (GSH), which is also the only known intracellular
enzyme that can reduce lipid hydroperoxides [8]. Ferroptosis inter-
venes in a wide range of illness processes including cancer, cardio-
vascular disease and neurological disease, and performs an
essential role [9].

In the present review, the revealed mechanisms and applica-
tions of ferroptosis in OS are summarised thoroughly, and the rel-
evant limitations and future directions are discussed in depth.
2. Ferroptosis in cancer

Ferroptosis acts as a non-negligible factor in regulating the
growth process of cancer cells [10], and exploring the role of
ferroptosis-related regulatory mechanisms in cancer is of great sig-
nificance for both disease cognition and treatment. Since most of
the current therapeutic regimens work by inducing apoptosis in
tumour cells, once tumour cells undergo apoptotic escape, they
will become resistant, resulting in less sensitive treatment and
worse prognosis [11]. Distinct from apoptosis, ferroptosis, a novel
type of programmed cell death, possesses unique characteristics
and has shown potential value in the study of tumours [10]. In par-
ticular, in musculoskeletal cancers, a range of cancers distin-
guished by their complexity and curative difficulty [12],
ferroptosis has been proven to affect target cells by mediating mul-
2

tiple enzymes and pathways [13–16]. The conventional inducers of
ferroptosis, RSL3, Erastin and the inhibitor Ferrostatin-1, have been
confirmed effective in certain musculoskeletal cancer cells [17–
19], and several agents can destroy tumour cells through ferropto-
sis to achieve prominent anti-neoplastic actions in musculoskeletal
cancers [20,21], all of which indicate the importance of ferroptosis
in the treatment of this type of cancers (Table 1). As the most com-
mon bone-derived tumour [22], OS has also turned out to be
tightly linked to ferroptosis, involving a variety of latent mecha-
nisms and therapeutic applications (Fig. 1).
3. Potential mechanisms underlying ferroptosis in
osteosarcoma

3.1. RCD

RCD manifests as controlled cell death with unique biochemical
features, morphological characteristics and immunological out-
comes involving tightly structured molecular regulatory mecha-
nisms and signaling cascade responses [23]. Several types of RCD,
including apoptosis, necroptosis and autophagy, have been shown
to act as important players in the disease development and clinical
prognosis of OS [24]. And the corresponding association of RCD
with ferroptosis in OS cells is gradually being clarified. By examin-
ing OS cells that induced ferroptosis alone and excluding other
forms of cell death such as apoptosis and pyroptosis, it was found
that the target cells exhibited significant cytotoxicity, leading to a
reduction in cell viability and a substantial increase in cell mortal-
ity [25].

In addition to acting alone, ferroptosis has been found to be clo-
sely associated with other forms of RCD in molecular studies of
cancer [26–28], which is equally applicable in OS. The novel ther-
apeutic agent for OS developed by Fu et al. was found to inhibit
tumour growth by inducing and synergizing ferroptosis and apop-
tosis [29], suggesting that ferroptosis can co-exist and co-operate
with another mode of cell death in OS cells. The study by Lv
et al. confirmed that OS cells from K7M2 mice treated with
chemotherapeutics triggered various models of RCD including fer-
roptosis, apoptosis and autophagy, and that when reverse inter-
vention with inhibitors corresponding to the death pathway was
used, cell survival was only partially rescued by inhibitors of other
pathways, except for inhibitors of ferroptosis which almost com-
pletely blocked cell death [30]. Ferroptosis may play a dominant
role while collaborating with multiple RCD types.



Fig. 1. Occurrence and regulation of ferroptosis in osteosarcoma cells. The accumulation of ROS is necessary for the development of ferroptosis. The peroxidation of
unsaturated fatty acids and the catalysis of iron are the initiating factors for the production of ROS, and the application of EF24 promotes the formation of ROS while
Ferrostatin-1 and Liproxstatin-1 suppress this process. In addition, the GPX4 pathway, which is essential for the inhibition of ferroptosis by ROS scavenging, is regulated by
several elements: Erastin and Sorafenib limit cystine transport by acting on System Xc ; Tirapazamine suppresses SLC7A11; KDMA4 mediates the demethylation of SLC7A11
to promote cystine transit; PEITC down-values GSH level; Ferrate not only depletes GSH but also increases iron content; STAT3/Nrf2 pathway facilitates GPX4 production and
RSL3 inhibits GPX4 generation. ROS, reactive oxygen species; EF24, 3,5-bis (2-fluorobenzylidine)-4- pyperidone; GPX4, glutathione peroxidase 4; KDM4A, lysine demethylase
4A; PEITC, b-phenethyl isothiocyanate; GSH, glutathione; STAT3, signal transducer and activator of transcription 3; Nrf2, nuclear factor erythroid 2-related factor 2.
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3.2. STAT3

Signal transducer and activator of transcription 3 (STAT3) is one
of seven STAT factors concerned with the management of cell
growth, differentiation and survival [31]. As a therapeutic target
for OS, activation of STAT3 can, in part, lead to adverse transforma-
tions such as cellular resistance, immune escape and distant
metastasis, therefore STAT3 inhibitors have been identified as
promising clinical candidates for OS [32]. Nuclear factor erythroid
2-related factor 2 (Nrf2) works as a downstream signaling mole-
cule of STAT3 [33], while GPX4, the crucial enzyme for ferroptosis,
has been proven to be modulated by Nrf2 in cancer [34]. Liu et al.
noted that STAT3 and Nrf2 were consequently elevated when GPX4
was raised in OS cells, and a series of in vitro experiments revealed
that STAT3 inhibitors reactivated ferroptosis of OS in Saos-2 and
MG-63 cell lines, which was achieved by the reduction of Nrf2
and GPX4 [35]. STAT3/Nrf2/GPX4 can act as a ferroptosis-related
pathway, and when the pathway is blocked, ROS increases and fer-
roptosis is reinforced. Successive studies on OS have also con-
firmed that STAT3 suppression leads to an increase in ROS [36,37].
3.3. MAPK

Mitogen-activated protein kinase (MAPK) pathway carries out
specific functions through a cascade of upstream, midstream and
downstream kinases operating on substrates [38]. As the key path-
way in the mechanism associated with OS, MAPK is decisive for the
balanced relationship between tumour cell viability and mortality
[39]. The recent study reported significant activation of MAPK fol-
3

lowed by high-level phosphorylation of ERK, p38 and JNK in OS
cells undergoing ferroptosis, and confirmed that the ROS/MAPK
pathway is involved in the ferroptosis mechanism of OS cells with
lipid ROS production being the main cause of MAPK activation [40].
Besides, numerous emerging anticancer substances have exhibited
varying degrees of cancer inhibition effect in vitro and in vivo OS
assays by mobilising the lipid ROS/MAPK pathway [41,42].
3.4. HIF

Hypoxia can contribute to tumourigenesis and treatment resis-
tance. Hypoxia-inducible factor (HIF) is a major regulator of
tumour microenvironment in the setting of low-oxygen to assist
cancer cells in adapting to hypoxic conditions [43] and is gaining
widespread attention as an emerging biomarker for multiple can-
cers [44]. Ferroptosis occurs as a result of excessive accumulation
of ROS, and the interaction between ROS and HIF in cancer has
been reported, but the regulatory mechanisms involved are not
yet clear [45]. Several studies have been presented showing that
HIF-1a and ROS level in OS are inversely correlated [46–48]. Sun
et al. discovered an amassing of ROS and increased cell mortality
in OS cells with low HIF-1a expression level [48]. In the drug
experiment where ROS accumulated through inactivation of
GPX4, it was found that OS cells induced ferroptosis with
decreased level of HIF-1a expression and a significant reduction
in the size of the hypoxic zone formed in mice bearing xenogeneic
OS [29]. Ferroptosis may synergize with the decline of HIF to stall
the progression of OS while restoring its chemotherapeutic drug
sensitivity to some extent.
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3.5. Demethylation

Lysine demethylase 4 (KDM4) subfamily H3K9 histone
demethylases, as epigenetic regulators, are mainly responsible for
the demethylation of histones H3K9 and H3K36 to influence chro-
mosome structure and modulate gene expression [49], resulting in
a pivotal function in cell differentiation, development and death,
and are involved in the study of diverse cancer prognosis and
mechanisms including OS [50,51]. Chen et al. clarified that deletion
of KDM4A induced ferroptosis in OS cells by applying different
forms of cell death inhibitors. Further, it was demonstrated that
this was related to the function of KDM4A mediating the
H3K9me3 demethylation modification of SLC7A11 which is the
essential component of System Xc- [52]. Disruption of SLC7A11
demethylation owing to knockdown of KDM4A results in loss of
System Xc- mobilization, slowing of cystine transport and GSH
production, thereby enhancing ferroptosis.
4. Ferroptosis in the treatment of osteosarcoma

4.1. Chemotherapy resistance

Chemotherapy has become an indispensable instrument in the
clinical management of OS [53]. Although rapid advances in treat-
ment techniques such as neoadjuvant chemotherapy and surgery
have marginally improved the prognosis of patients with non-
metastatic OS, approximately one third of patients still fail treat-
ment, with the emergence of chemoresistance significantly reduc-
ing the survival period [54]. The high susceptibility to
chemoresistance is also responsible for the lack of dramatic
improvement of OS survival rates in the last 20 years while there
have been various breakthroughs in outcomes for other cancers
[55]. It has been reported that OS cells undergoing ferroptosis
become more sensitive to doxorubicin by down-regulating the
expression of multidrug resistance gene and transporter P-
glycoprotein [29]. A growing number of studies suggest that the
arrival of ferroptosis may bring about a change in the unfavourable
situation of drug resistance against OS.

By examining cisplatin-resistant OS cells, Liu et al. observed
that GPX4 level were significantly higher in resistant cells com-
pared to non-resistant ones, and that this resistance occurred
through inhibition of ferroptosis, while the survival rate of non-
resistant cells in the cisplatin environment increased dramatically
with the addition of ferroptosis inhibitor Liproxstatin-1. Further
application of the ferroptosis agonist Erastin, RSL3 and the GPX4
pathway inhibitor BP-1–102 showed a reduction in GPX4, an incre-
ment in ROS and a corresponding improvement in cisplatin suscep-
tibility [35]. Another in vitro pilot study also showed a substantial
reduction in resistance to cisplatin when ferroptosis was activated
in OS cells [52]. The enhanced sensitivity to cisplatin when cellular
ferroptosis is triggered provides a new mindset and approach to
address the drug resistance dilemma in OS therapy.
4.2. Primary metastasis

OS possesses a high degree of aggressiveness and metastatic
potential [56] which predisposes to early metastasis, with a 5-
year survival rate of less than 30% for patients with metastases
[57]. In particular, lung metastases occur frequently, and due to
the lack of effective treatment, some patients may develop lung
metastases in less than one year, resulting in a serious social and
economic burden [58]. By affecting System Xc- in 143B and HOS
OS cell lines in vitro to limit GPX4 production, Chen et al. detected
a subsequent decrease in the invasive capacity of target cells that
underwent ferroptosis. Subsequent experiments in a mouse model
4

evidenced that the lung metastatic effect of OS was significantly
impaired when ferroptosis was evoked [52]. In a similar vein, Xu
et al. substantiated the enhanced metastatic ability of OS cells by
repressing the formation of ROS [46]. These evidences indicate that
ferroptosis may influence and inhibit primary metastasis in OS.

4.3. b-Phenethyl isothiocyanate

b-Phenethyl isothiocyanate (PEITC) is widely found in crucifer-
ous vegetables and has anti-cancer potential [59]. It is considered
to be of great value in OS treatment owing to its unique biological
properties such as low clearance and high bioavailability [60], and
its mechanism of action is thought to be linked to ferroptosis [61].
The study of ferroptosis covering HOS, U-2, MG-63 and 143B
human OS cell lines revealed that PEITC altered iron metabolism,
uplifting the expression of transferrin receptor 1 (TfR1) and elevat-
ing the level of reactive iron. Moreover, PEITC induced oxidative
stress. Malondialdehyde (MDA) and ROS, products of lipid peroxi-
dation, were raised and GPX4 was diminished to impair intracellu-
lar antioxidant defence systems [40]. This was also demonstrated
in the syngeneic orthotopic OS mouse model, where PEITC reduced
tumour size and weight with upregulating TfR1 expression and
downregulating GPX4 level [30]. PEITC can initiate ferroptosis as
one of its mechanisms by which it exerts anti-tumour effect in
the treatment of OS.

4.4. Nanomedicine

Nanomedicine, which has revolutionised the field of cancer
diagnosis and treatment through the precise delivery and targeted
distribution of the drugs it carries [62], has also made remarkable
progress in its application to OS [63]. A nanomedicine activated by
ultrasound displayed outstanding efficacy against OS by binding
doxorubicin and ferrate on a silica nanoplatform, with ferrate
being released via ultrasound-induced mild hyperthermia. The
release of ferrate enhanced the catalytic effect of iron on one hand
and inhibited the production of GSH on the other, touching off fer-
roptosis from multiple routes and consequently effectually
restraining the growth of OS together with doxorubicin [29]. In
addition, several distinct nanoparticles have shown similar roles
in the treatment of OS, leading to the induction of lipid peroxida-
tion and the production of ROS with the aim of accelerating the
lethal effect on tumour cells [64,65]. The combination of superior
function and high biocompatibility is the strength of nanomedicine
for clinical translation, and ferroptosis is injecting new vigour into
OS nanotherapy.

4.5. Tirapazamine

Tirapazamine (TPZ) has been identified for targeting hypoxic
tumour cells and previously as an adjuvant for cisplatin to enhance
its efficacy [66]. Recently, TPZ is often dependent on nanoplatform
and combined with phototherapy for its hypoxia-activated pro-
drug effect, and a variety of TPZ-dependent photodynamic thera-
pies have been validated for significant efficacy which is closely
correlated with the production of ROS [67–69]. However the speci-
fic association of TPZ with ROS and the cell killing mechanisms
involved remain elusive. In the latest study, Shi et al. demonstrated
for the first time that TPZ inhibited the proliferation of OS cells by
mediating ferroptosis through the observation of intracellular Fe2+

staining fluorescence and the detection of lipid peroxidation. This
inhibition was achieved by partial down-regulation of SLC7A11
and was reversed by SLC7A11 overexpression [70]. TPZ promotes
ferroptosis by reducing GPX4 and increasing ROS through suppres-
sion of SLC7A11, which may be one of its tumour killing
mechanisms.



J. Zhao, Y. Zhao, X. Ma et al. Journal of Bone Oncology 30 (2021) 100380
4.6. Curcumin and its analogues

Curcumin, a polyphenol derived from Curcuma longa, is an
innovative cancer therapeutic agent since it is associated with can-
cer progression through sophisticated biological mechanisms and
has low toxicity [71]. Curcumin has been indicated in numerous
studies to exert an antagonistic impact against OS through upreg-
ulation of ROS expression [72–74]. Lin et al. identified that EF24, a
synthetic analogue of curcumin, lowered OS cell survival accompa-
nied with elevated levels of iron, MDA and ROS, and followed by
the application of corresponding pathway inhibitors clarified that
only ferroptosis occurred and no other cell death mechanisms were
concerned [25]. Curcumin and its analogues are recognized as pos-
sessing immense potential in OS treatment underlying ferroptosis,
which is intimately linked to their pharmacological profile, con-
tributing to provide insight into their clinical value.
4.7. Artemisinin

Artemisinin is the main bioactive component of Artemisia
annua L. Although artemisinin is widely used as a traditional
anti-malarial drug, its anti-cancer properties are also generally
known [75] and can modulate relevant signaling pathways in OS
to curb proliferation andmetastasis [76,77]. In the study by Hosoya
et al., ROS production was detected in D17 canine OS cell lines trea-
ted with dihydroartemisinin and increased in a dose-dependent
manner [78]. However, Isani et al. discovered that artemisinin-
intervened OS cells had reduced iron concentrations compared to
untreated ones, which might contribute to the stimulation of the
labile redox-active iron pool thereby promoting ROS deposition
and ferroptosis [79]. The cytotoxicity of artemisinin on OS is
thought to be possibly related to ferroptosis, but more robust evi-
dence is needed to verify this.
5. Discussion and conclusions

As an emerging form of cell death, ferroptosis has presented sig-
nificant research potential and application value in clinical tumour
trials. By targeting ferroptosis in OS, the present article focuses on
summarizing, discussing and prospecting the underlying mecha-
nisms and related therapeutic applications, with the aim to eluci-
date the vital role of ferroptosis in OS. However, there remain
some incomplete conclusions and even results that conflict with
other studies. The previously reported dual effect of HIF in regulat-
ing ferroptosis of cancer cells [80] is not reflected in OS, and arte-
misinin, which is supposed to increase free iron levels in tumour
cells [81], decreased those levels in certain OS assays, all of which
need to be further verified. Moreover, according to existing studies,
the current ferroptosis research on the treatment of OS is still lim-
ited to chemotherapy, while other options such as radiotherapy
and immunotherapy, which have been shown to be closely associ-
ated with ferroptosis in solid tumours, have not been reported in
OS. It has been established that radiotherapy can regulate ferropto-
sis in various cancer cells by down-regulating SLC7A11 [82], up-
regulating ACSL4 [83], activating the cGAS pathway [84] and other
approaches. The relevance of immunotherapy to ferroptosis in cer-
tain specific tumour cells has been demonstrated [85,86], and the
immunogenicity of ferroptosis in fibrosarcoma, a kind of muscu-
loskeletal cancer as OS, has also been explored [87]. The impact
of ferroptosis in the non-pharmacological treatment of OS remains
to be confirmed due to the lack of sufficient evidence-based
practice.

As it stands, on one hand, future ferroptosis research in OS will
maintain a focus on topical cancer mechanisms, with typical can-
cer genes represented by RAS [88] and TP53 [89] indicating sub-
5

stantial potential in the ferroptosis pathway, while relevant
studies in OS have not yet been conclusive. On the other hand,
there will be a convergence of application research in the clinical
management of OS, including traditional chemotherapeutic agents,
novel chemotherapeutic agents, chemotherapy-related
nanomedicines and non-chemotherapeutic schemes such as
immunotherapy and radiotherapy. Despite the fact that the devel-
opment of targeting the ferroptosis pathway seems as expanded
treatment options for tumours, the current view is that
ferroptosis-promoting therapies are only suitable in the combina-
tion with other approaches [80] and given the high susceptibility
of OS to drug resistance, the synergistic effect of drugs involving
ferroptosis in the treatment of OS and the linked molecular mech-
anisms are undoubtedly of considerable value for both research
and clinical practice. In general, targeting ferroptosis offers a new
therapeutic strategy for OS.
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