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Glioblastoma remains the most aggressive and treatment-resistant brain malignancy, driven by genetic heterogeneity, metabolic
plasticity, and an immunosuppressive tumor microenvironment (TME). Current therapies rely on inducing tumor cell death through
DNA damage; however, glioma stem cells (GSCs) upregulate compensatory DNA repair pathways, promoting resistance and tumor
recurrence. Ferroptosis, an iron-dependent form of regulated cell death driven by lipid peroxidation, offers a novel therapeutic
strategy to overcome therapy resistance by exploiting glioblastoma’s metabolic vulnerabilities. Unlike conventional therapies,
ferroptosis bypasses DNA repair mechanisms, making it particularly effective against therapy-resistant GSCs. It reduces tumor
growth by triggering iron-catalyzed oxidative stress, disrupting lipid metabolism, and pushing glioblastoma cells beyond their
oxidative threshold. However, resistance mechanisms to ferroptosis, including iron metabolism regulators (IREB2 and
ferritinophagy), lipid peroxidation enzymes (ACSL4 and ALOXs), and protective pathways (cystine transporters and glutathione
peroxidase 4), limit its therapeutic potential. Extracellular vesicle-mediated iron transfer further contributes to ferroptosis resistance,
fostering chemoresistance and radio-resistance. Beyond direct tumor killing, ferroptosis modulates the TME by releasing damage-
associated molecular patterns, inducing reactive oxygen species, stimulating CD8* T-cell activation, enhancing immune checkpoint
blockade efficacy, and reprogramming tumor-associated macrophages toward an anti-tumor phenotype. Ferroptosis-based
strategies, including glutathione peroxidase 4 inhibitors, nanoparticle-mediated iron delivery, and RNA-based therapies, offer
promising avenues for enhancing glioblastoma treatment efficacy. This review highlights ferroptosis as a promising strategy for
overcoming glioblastoma resistance by integrating it with chemotherapy, radiotherapy, and immunotherapy to enhance treatment
efficacy. Given the complexity of glioblastoma, personalized ferroptosis-based approaches that address tumor heterogeneity,
immune interactions, and metabolic adaptations are crucial for overcoming therapy resistance. Refining ferroptosis-targeted
strategies by incorporating metabolic, immune, and genetic considerations can lead to more durable and effective therapies,
ultimately transforming glioblastoma treatment and improving patient outcomes.
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FACTS OPEN QUESTIONS
® Glioblastoma cells depend on iron for growth but evade ® (Can ferroptosis be selectively induced in GSCs without
ferroptosis via iron regulation, revealing a targetable meta- damaging healthy brain tissue?
bolic vulnerability. ® What are the dominant mechanisms of ferroptosis resistance
® Ferroptosis releases DAMPs and ROS that reprogram TAMs in glioblastoma, and how can they be effectively co-targeted?
and activate CD8* T-cells, enabling simultaneous tumor killing ® How does ferroptosis reshape the TME, and can it synergize
and immune modulation. with immunotherapy?
® DHODH, a key enzyme in pyrimidine synthesis, also drives ® |[s ferroptosis a viable strategy to overcome resistance to TMZ
mitochondrial ferroptosis in GPX4-deficient glioblastoma cells, and radiation?
offering a strategy to bypass GPX4-dependent resistance. ® How can tumor heterogeneity and metabolic plasticity be
® Ferroptosis inducers bypass MGMT-driven DNA repair, addressed to enable personalized ferroptosis-based therapies?

enabling elimination of TMZ-resistant glioma stem cells and
enhancing standard therapy efficacy.
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INTRODUCTION

Glioblastoma is the most aggressive and treatment-resistant brain
tumor, characterized by genetic heterogeneity, metabolic adapt-
ability, and an immunosuppressive tumor microenvironment
(TME). Despite multimodal treatment strategies, including surgical
resection, radiotherapy, and temozolomide (TMZ) chemotherapy,
recurrence is inevitable due to glioma stem cells (GSCs) and
therapy-induced resistance mechanisms [1]. A significant con-
tributor to treatment failure is the tumor’s ability to evade cell
death by upregulating DNA repair pathways, antioxidant defenses,
and metabolic reprogramming, which collectively undermine
standard therapies. These challenges necessitate the exploration
of alternative cell death pathways that can bypass glioblastoma’s
intrinsic resistance mechanisms and provide a more effective
therapeutic approach [2, 3].

Ferroptosis, an iron-dependent form of regulated cell death, has
emerged as a promising avenue for glioblastoma therapy. Unlike
apoptosis, ferroptosis is driven by iron-catalyzed lipid peroxida-
tion, which leads to irreversible membrane damage and oxidative
collapse [4, 5]. By exploiting glioblastoma’s metabolic vulnerabil-
ities, ferroptosis has the potential to selectively eliminate therapy-
resistant tumor cells, including GSCs, while sparing normal brain
tissue. However, ferroptosis resistance mechanisms including iron
sequestration, lipid repair enzymes, and antioxidant systems such
as cystine transporters (xCT) and glutathione peroxidase 4 (GPX4)
restrict the full therapeutic potential of ferroptosis inducers,
necessitating a comprehensive strategy to overcome these
adaptive barriers [6, 71.

This review aims to bridge critical knowledge gaps by
elucidating the underappreciated role of ferroptosis in glioblas-
toma therapy resistance, emphasizing its interplay with iron
metabolism, lipid peroxidation, and immune modulation. Glio-
blastoma cells exhibit a distinct dependence on (1) iron
metabolism (ferroaddiction) yet evade ferroptosis through tight
regulation of iron storage, export, and utilization [7]. (2) Lipid
peroxidation, a key driver of ferroptosis, is counteracted by acyl-
CoA synthetase long-chain family member 4 (ACSL4) down-
regulation, arachidonate lipoxygenases (ALOXs) activation, and
glutathione peroxidase-4 (GPX4)-dependent lipid peroxide detox-
ification, allowing tumor cells to escape ferroptotic cell death [8].
(3) Ferroptosis not only induces tumor cell death but also
modulates the immune landscape by releasing damage-
associated molecular patterns (DAMPs) and reactive oxygen
species (ROS), enhancing T-cell activation and tumor-associated
macrophage (TAM) polarization toward an anti-tumor phenotype
[9]. By targeting these interconnected biological processes,
ferroptosis can be harnessed to sensitize glioblastoma to standard
treatments and improve therapeutic efficacy.

The integration of ferroptosis inducers with chemotherapy,
radiotherapy, and immunotherapy presents a novel opportunity
to enhance treatment responses and overcome glioblastoma
resistance mechanisms. Combining ferroptosis inducers with TMZ
can circumvent OS-methylguanine-DNA  methyltransferase
(MGMT)-mediated resistance, while iron metabolism regulators
can enhance radiosensitivity by increasing oxidative damage.
Furthermore, ferroptosis-induced immune activation provides a
compelling rationale for its combination with immune checkpoint
blockade therapy, making ferroptosis a promising approach to
augment programmed cell death (PD)-1/PD-L1 inhibitors in
glioblastoma treatment. To fully exploit ferroptosis in glioblastoma
therapy, it is crucial to target key regulators of ferroptosis
resistance. GPX4, the master regulator of lipid peroxidation
detoxification, is overexpressed in glioblastoma [10, 11], making
it a prime therapeutic target. Ferroptosis suppressor protein 1
(FSP1) functions as an independent ferroptosis suppressor by
maintaining ubiquinone (CoQ10) antioxidant activity [12], high-
lighting its role as a co-target alongside GPX4. Dihydroorotate
dehydrogenase (DHODH), a mitochondrial enzyme involved in
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ferroptosis regulation [13], presents an alternative pathway for
inducing ferroptotic cell death, particularly in GPX4-low expressing
glioblastoma cells.

Harnessing ferroptosis in glioblastoma therapy represents a
paradigm shift, offering a strategy to eliminate therapy-resistant
tumor cells, reshape the TME, and enhance the effectiveness of
current treatments. However, given glioblastoma’s heterogeneity,
metabolic and genetic complexity, a personalized, multi-targeted
approach is essential to fully integrate ferroptosis into clinical
practice. This review will explore how ferroptosis-based strategies
can be refined to develop durable, effective therapies that have
the potential to transform glioblastoma treatment and improve
patient survival.

THE BIOLOGICAL LANDSCAPE OF FERROPTOSIS IN
GLIOBLASTOMA

Ferroptosis is an iron- and lipid peroxidation-dependent form of
regulated cell death, emerging as a critical vulnerability in
glioblastoma. ROS play a dual role in tumor progression and
suppression. At moderate levels, ROS support tumorigenic
processes including proliferation, angiogenesis, and therapy
resistance [14-16]. However, excessive ROS accumulation can
trigger ferroptosis, thereby sensitizing tumors to therapy [16]. In
glioblastoma, ferroptosis is closely linked to redox homeostasis.
Elevated ROS levels reduce intracellular glutathione (GSH) and
suppress GPX4, a key ferroptosis inhibitor (Fig. 1). Additionally,
ROS-mediated activation of p53 represses SLC7A11 transcription
impairing cystine uptake via system Xc” and further diminishing
GPX4 activity [17, 18]

Mitochondria significantly contribute to ferroptosis via oxidative
metabolism. Under cysteine deprivation or glycolytic inhibition,
enhanced oxidative phosphorylation promotes LPO generation
[19, 20]. Electron leakage from mitochondrial complexes | and llI
produces superoxide anions, which facilitate polyunsaturated fatty
acid (PUFA) oxidation. This results in the accumulation of lipid
hydroperoxides (LOOHs), driving ferroptotic cell death [21].
Mitochondrial lipid metabolism also generates substrates for lipid
peroxidation, while ROS-induced damage to mitochondrial
membranes and DNA disrupts electron transport chain (ETC)
integrity, amplifying ferroptotic signals [22, 23] (Fig. 1).

Furthermore, autophagy intersects with ferroptosis through
ROS-dependent activation of mTOR signaling. Under oxidative
stress, mTORC1 inhibition and mTORC2-mediated AKT phosphor-
ylation enhance autophagosome formation via Unc-51-like kinase
(ULK) and PI3KC3 complex activation [24-26]. This facilitates
autophagy-dependent ferroptosis, further amplifying lipid perox-
idation under stress conditions.

Therapeutically, ferroptosis represents a promising strategy to
overcome glioblastoma resistance. ROS-inducing agents selec-
tively elevate oxidative stress in tumor cells, disabling antioxidant
defenses such as GPX4 and system Xc™. This leads to enhanced
chemosensitivity and preferential tumor cell elimination, offering a
viable approach to target therapy-resistant GSCs while sparing
normal brain tissue.

Ferroptosis: a non-apoptotic cell death pathway

Ferroptosis offers a novel strategy to eliminate therapy-resistant
glioblastoma cells. Unlike apoptosis, which is frequently
bypassed in glioblastoma through mutations in p53, upregula-
tion of anti-apoptotic proteins (BCL-2, MCL-1), or enhanced DNA
repair mechanisms, ferroptosis circumvents these resistance
pathways by inducing oxidative membrane damage indepen-
dent of caspase activation [4, 27]. This process occurs when
PUFA in membrane phospholipids undergo peroxidation due to
the generation of ROS via the Fenton reaction. The inability of
antioxidant systems, such as GPX4 and FSP1, to detoxify LPOs
lead to irreversible membrane damage and cell death. In
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Fig. 1 Metabolic rewiring and ferroptosis resistance in glioblastoma. This schematic illustrates the key molecular pathways regulating
ferroptosis in glioblastoma. The left side represents ferroptosis-promoting mechanisms, including iron uptake via transferrin receptor (TFRC)
and ferritinophagy, polyunsaturated fatty acid (PUFA) activation by ACSL4 and LPCATS3. Lipid peroxidation is further facilitated by pro-oxidant
enzymes such as POR and ALOX. Concurrently, mitochondrial stress generates superoxide ions, and disruption of the inner mitochondrial
membrane releases these reactive species into the cytoplasm, promoting PUFA oxidation. Additionally, NOX5-driven Fenton reactions elevate
reactive oxygen species (ROS) levels, contributing to ferroptotic cell death. Depletion of intracellular glutathione (GSH), mediated by reduced
cystine import via system Xc~ (SLC7A11/xCT), impairs GPX4 function, enabling lethal accumulation of lipid peroxides (LPO). The right-side
highlights ferroptosis-inhibitory mechanisms induced by glioblastoma. These include GPX4-mediated detoxification of LPO using GSH, lipid
radical scavenging via the CoQ10/FSP1 and DHODH pathways, and antioxidant gene expression regulated by Nrf2. Iron homeostasis is
maintained through export (SLC40A1), ferritin-mediated sequestration (FTH1/FTL), and extracellular vesicle (EV)-mediated iron efflux, limiting
labile iron pools and suppressing ROS production. Together, these networks determine cellular sensitivity to ferroptosis and highlight
potential therapeutic targets in glioblastoma. The figure was created with BioRender.com.

glioblastoma, ferroptosis presents a unique vulnerability, as Iron metabolism and ferroptosis resistance in glioblastoma

tumor cells exhibit ferroaddiction, an increased dependence on Iron metabolism plays a pivotal role in ferroptosis susceptibility.
iron (Fe?*) for metabolic functions, yet simultaneously deploy Glioblastoma cells rely on ferroaddiction to drive metabolic
protective mechanisms to evade ferroptotic cell death (Fig. 1). adaptation and accelerates tumor progression. Excess Fe®" in

Targeting these vulnerabilities by modulating iron metabolism the labile iron pool (LIP) participates in the Fenton reaction,
and lipid peroxidation pathways offers a promising therapeutic generating hydroxyl radicals («OH) that trigger lipid peroxidation

avenue [28, 29]. and ferroptosis. However, glioblastoma counteracts ferroptosis by
Beyond its ability to bypass apoptotic resistance, ferroptosis tightly regulating iron uptake, storage, and export [8, 9].

presents additional advantages over other cell death pathways Iron homeostasis is primarily modulated by iron-regulatory

such as necroptosis and pyroptosis, which rely on receptor- proteins (IRPs), ferritinophagy, and iron transport systems. Iron-

interacting protein kinases (RIPKs) or inflammasome activation, responsive element-binding protein 2 (IREB2) enhances ferroptosis
respectively, to trigger cell death. The immunosuppressive TME of by increasing iron availability, while nuclear receptor coactivator 4
glioblastoma limits the effectiveness of these pathways, whereas (NCOA4)-mediated ferritinophagy releases stored Fe**, amplifying
ferroptosis bypasses immune modulation by directly inducing ferroptotic stress [31]. Conversely, glioblastoma cells exploit these
oxidative stress-mediated cell destruction. This makes ferroptosis a pathways to maintain iron balance while preventing toxic
potent alternative in immune-evasive tumors [3]. Furthermore, accumulation. Overexpression of ferritin heavy chain 1 (FTH1)
glioblastoma’s dependency on lipid metabolism creates a unique and ferritin light chain (FTL) stabilizes iron storage, limiting the
therapeutic window, as lipid peroxidation regulators like ACSL4 free Fe®" available for ferroptosis [32, 33] (Fig. 1). Additionally,
and ALOXs can be targeted to enhance ferroptotic sensitivity [30] glioblastoma cells enhance iron export via SLC40A1 and buffer
(Fig. 1). By exploiting lipid peroxidation and iron metabolism mitochondrial iron through Fe-S cluster biosynthesis proteins,
dysregulation, ferroptosis provides a mechanism to eliminate such as NFS1 and frataxin, mitigating oxidative stress [34, 35].

therapy-resistant glioblastoma cells while minimizing reliance on Glioblastoma-specific adaptations include the dysregulation of
immune system activation. COPI coat complex subunit zeta 1 (COPZ1), which modulates the
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COPZ1/NCOA4/FTH1 axis to stabilize ferritin and suppress
ferroptosis. COPZ1 knockdown in glioblastoma cell lines
(UB7MG, U251, and P3) induces ferritinophagy, upregulates
NCOA4, and activates autophagy-related protein ATG7, leading
to excessive Fe?* release, ROS accumulation, and ferroptotic cell
death [36]. Moreover, the six-transmembrane epithelial antigen of
prostate (STEAP) family contributes to iron homeostasis in
glioblastoma. While STEAP3 is upregulated to enhance Fe*' to
Fe?* reduction, STEAP2 downregulation correlates with reduced
ferroptosis sensitivity (Fig. 1). Gene ontology (GO) analysis links
STEAP proteins to immune regulation and cell cycle control,
reinforcing their role in tumor progression [37].

Lipid peroxidation: a therapeutic vulnerability in glioblastoma
Lipid peroxidation is a central driver of ferroptosis, leading to
oxidative membrane damage and cell death [38]. In glioblastoma,
ferroptosis susceptibility is dictated by PUFAs integrated into
phospholipids, which are prone to oxidation [39]. ACSL4 and
lysophosphatidylcholine acyltransferase 3 (LPCAT3) facilitate PUFA
incorporation into membrane phospholipids [40], while lipoxy-
genases (LOXs), such as ALOX5 and ALOX15, catalyze the
formation of LOOHs, triggering ferroptosis [41] (Fig. 1). However,
glioblastoma cells develop resistance by actively suppressing lipid
peroxidation through adaptive metabolic alterations [42].

A key resistance mechanism is the downregulation of ACSL4,
which restricts PUFA incorporation into membrane phospholipids,
limiting peroxidation and ferroptotic vulnerability. ACSL4-deficient
glioblastoma cells exhibit lower ferroptosis sensitivity, whereas
their overexpression enhances lipid peroxidation, leading to
ferroptotic cell death [43]. Additionally, glioblastoma cells
upregulate GPX4, the central ferroptosis suppressor that neutra-
lizes LPOs, preventing membrane rupture [10]. Other lipid repair
mechanisms, including increased expression of ALOX15 and fatty
acid desaturases (FADS2), further contribute to ferroptosis evasion
by modifying phospholipid composition and reducing
peroxidation-prone PUFAs [44].

MicroRNAs (miRNAs) and lipid metabolism-related genes also
influence ferroptosis resistance in glioblastoma. miR-670-3p
suppresses ACSL4, limiting LPO formation and reducing TMZ
efficacy [45]. Similarly, miR-18a targets ALOXE3, decreasing lipid
oxidation and promoting glioblastoma cell survival. Conversely,
restoring ACSL4 or inhibiting miR-670-3p enhances ferroptosis
sensitivity, presenting potential therapeutic strategies to improve
glioblastoma treatment response [46]. Beyond miRNAs, lipid-
related genes such as CYP2E1, MDM2 (murine double minute 2),
and MDMX (murine double minute 4) further modulate ferroptosis
susceptibility. CYP2ET amplifies lipid peroxidation by increasing
ROS production, while its downregulation correlates with poor
prognosis and tumor progression [47]. MDM2 and MDMX
influence ferroptosis through a p53-independent mechanism by
modulating lipid metabolism via peroxisome proliferator-activated
receptor-alpha (PPARa) and FSP1 that reduce CoQ10 to counteract
lipid peroxidation [48].

Cysteine transporter (xCT): a key modulator of ferroptosis
resistance in glioblastoma

The cystine/glutamate antiporter system xCT (SLC7A11/SLC3A2) is a
critical regulator of ferroptosis susceptibility in glioblastoma. As
ferroptosis is driven by lipid peroxidation and oxidative stress, xCT
sustains glioblastoma survival by maintaining intracellular cysteine
levels, which serve as a precursor for GSH synthesis, a key
antioxidant that mitigates ROS-induced lipid peroxidation [49-51].
The overexpression of xCT is a hallmark of glioblastoma, contribut-
ing to therapy resistance, tumor progression, and poor patient
prognosis. By enabling metabolic plasticity, glioblastoma cells
exploit xCT to withstand oxidative stress, nutrient deprivation, and
high cell density conditions. While xCT-mediated cysteine uptake
enhances GSH production and prevents ferroptotic cell death,
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paradoxically, excessive xCT activity can lead to oxidative stress and
cytotoxicity under glucose-deprived conditions [52].

The regulation of xCT is highly dynamic in glioblastoma. Studies
indicate that mTOR inactivation and lysosomal degradation of
SLC7A11 at high cell density improve glioblastoma cell survival
under metabolic stress [53], while epidermal growth factor (EGF)
signaling paradoxically promotes ferroptosis via xCT overactiva-
tion [52]. Additionally, xCT activity extends beyond metabolic
regulation to influence immune suppression in the glioblastoma
TME. Excess glutamate release from XxCT promotes regulatory
T-cell (Treg) activation, reinforcing glioblastoma’s immunosup-
pressive landscape. This suggests that xCT modulation could
enhance antitumor immunity while increasing ferroptosis sensi-
tivity, positioning it as a dual-purpose therapeutic target.

Clinically, high xCT expression correlates with poor prognosis,
with glioblastoma patients exhibiting shorter progression-free and
overall survival when xCT is upregulated [54]. p53 negatively
regulates xCT expression, and reactivation of p53 has been shown
to suppress xCT activity, enhance ferroptosis sensitivity, and
inhibit tumor growth [55]. Additionally, xCT supports mitochon-
drial biogenesis, ATP production, and ROS detoxification, helping
glioblastoma cells evade chemotherapy, radiotherapy, and
immunotherapy-induced ferroptosis [56-59]. However, its inhibi-
tion reduces tumor invasion, GSCs self-renewal, and progression,
reinforcing its therapeutic potential.

Glutathione peroxidase 4 (GPX4): guardian against ferroptosis
in glioblastoma

The inability to eliminate LOOHs from PUFA-containing phospho-
lipids is a defining characteristic of ferroptosis [60]. GPX4 is the
central enzyme preventing ferroptosis by converting LOOHs into
their non-toxic lipid alcohol forms, thereby maintaining mem-
brane integrity and mitigating oxidative damage [61, 62]. GPX4
activity is strictly dependent on GSH, a critical antioxidant that
neutralizes ROS and inhibits lipid peroxidation. When GSH levels
are depleted, GPX4 becomes dysfunctional, allowing lipid
peroxidation to escalate, leading to ferroptotic cell death [63].
Notably, glioblastoma cells exhibit high GPX4 expression, making
them inherently resistant to ferroptosis, as GPX4 suppression
correlates with increased ferroptotic sensitivity [64] (Fig. 1).

Alternative ferroptosis regulatory pathways

Ferroptosis extends beyond GPX4-dependent mechanisms, incor-
porating alternative pathways that influence oxidative stress,
mitochondrial integrity, and lipid metabolism. Recent findings
highlight FSP1 and DHODH as critical modulators of glioblastoma
ferroptosis resistance, operating independently of GPX4. Addi-
tionally, regulatory pathways such as Keap-Nrf2, Beclin-1 (BECN1),
and ferritinophagy modulate ferroptosis dynamics, providing
promising therapeutic targets.

FSP1 and DHODH: independent ferroptosis regulators in glioblas-
toma. FSP1, localized at the plasma membrane, counteracts
ferroptosis by converting CoQ10 into ubiquinol (CoQH,), an
antioxidant that neutralizes LPOs [65]. This protective mechanism
enhances glioblastoma survival by mitigating oxidative damage.
Pharmacological inhibition of FSP1 disrupts CoQ10 regeneration,
increasing lipid peroxidation and sensitizing glioblastoma cells to
ferroptosis inducers. Conversely, DHODH, a mitochondrial enzyme
involved in pyrimidine biosynthesis, operates as a ferroptosis
regulator by reducing CoQ10 within mitochondria, thereby
limiting lipid peroxidation [66] (Fig. 1). Inhibition of DHODH,
particularly with Brequinar, has been shown to induce ferroptosis
in GPX4-low-expressing glioblastoma cells and sensitize GPX4-
high-expressing cells to ferroptosis inducers [67]. The dual
functionality of DHODH-as both a pyrimidine synthesis enzyme
and a mitochondrial antioxidant-positions it as a potential
ferroptosis target in glioblastoma therapy.
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Keap1-Nrf2 axis: a barrier to ferroptosis in glioblastoma. The
Keap1-Nrf2 signaling axis is a critical regulator of the antioxidant
stress response and serves as a major determinant of glioblastoma
resistance to ferroptosis by enhancing cellular antioxidant
defenses. Under physiological conditions, this pathway contri-
butes to the protection of normal cells and the suppression of
tumorigenesis. In response to oxidative stress, Nrf2 dissociates
from Keapl1 and translocate to the nucleus, where it activates
antioxidant response element (ARE)-dependent genes involved in
GSH synthesis and LPO detoxification [68]. Nevertheless, this
protective mechanism can be co-opted during tumorigenesis;
upregulation of Nrf2 has been implicated in promoting tumor
proliferation as well as drug resistance. In glioblastoma, elevated
Nrf2 expression correlates with poor prognosis and enhanced
ferroptosis resistance, in part through the direct upregulation of
SLC7A11 (Fig. 1). Emerging therapeutic strategies aimed at
overcoming Nrf2-driven ferroptosis resistance include the use of
inhibitors such as triptolide and brusatol, which impair antioxidant
defenses and sensitize isocitrate dehydrogenase 1 (IDH1)-mutant
gliomas to ferroptotic cell death [69]. Additionally, TMZ has been
shown to enhance ferroptosis by inhibiting the Nrf2/Heme
Oxygenase-1 (HO-1) signaling pathway, further destabilizing
glioblastoma redox homeostasis [70]. For example, co-
administration of TMZ with a GSH synthesis inhibitor,
L-buthionine [S,R]-sulfoximine (BSO), has been shown to signifi-
cantly enhance TMZ-induced DNA damage [71].

BECN1: a link between autophagy and ferroptosis in glioblastoma.
BECN1, a core autophagy regulator, serves a dual function in
glioblastoma progression and ferroptosis regulation. BECN1
directly inhibits SLC7A11, suppressing cystine uptake and
increasing ferroptosis sensitivity [72]. Additionally, AMPK-
mediated phosphorylation of BECN1 amplifies ferroptotic signal-
ing, positioning it as a promising target in ferroptosis-based
glioblastoma therapy [73].

SOCS1 and p53: tumor suppressors driving ferroptosis sensitivity.
Suppressor of cytokine signaling 1 (SOCS1) enhances p53-
mediated ferroptosis induction by downregulating SLC7A11,
thereby reducing cystine uptake and depleting GSH levels [74].
SOCS1 overexpression also increases glioblastoma radiosensitivity,
suggesting a combined ferroptosis-inducing and radiotherapy-
enhancing effect. p53 plays a context-dependent role in
ferroptosis regulation. In its wild-type form, p53 suppresses
SLC7A11 transcription, limiting cystine uptake and sensitizing
glioblastoma cells to ferroptosis [75]. However, mutant p53 can
either suppress or promote ferroptosis, depending on TME
conditions [76]. These findings position p53 manipulation as a
strategy for ferroptosis-based glioblastoma therapy.

Non-coding RNAs as regulators of ferroptosis in glioblastoma.
Emerging evidence underscores the role of non-coding RNAs in
modulating ferroptosis sensitivity and therapy resistance in
glioblastoma. miR-670-3p and miR-18a have been shown to
regulate ACSL4 and ALOXE3, two key enzymes involved in
ferroptosis induction respectively. miR-670-3p suppresses ACSL4,
reducing ferroptosis sensitivity and contributing to TMZ- resis-
tance [45]. Similarly, miR-18a downregulates ALOXE3 activity,
impairing ferroptosis and promoting glioblastoma cell survival,
suggesting that inhibiting the miR-18a/ALOXE3 axis could
enhance ferroptosis and improve treatment outcomes [46].
Conversely, miR-29b enhances ferroptosis by inhibiting GPX7,
increasing glioma cell sensitivity to erastin-induced ferroptosis
[77]. Overexpression of long non-coding RNA, TMEM161B-AS1
drives malignant behavior and TMZ-resistance by regulating
FANCD2 and CD44 via hsa-miR-27a-3p sponging [78], further
highlighting the intricate role of miRNAs in ferroptosis regulation.
In addition to miRNAs, LINCO1564 enhances ferroptosis resistance
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in glioblastoma by upregulating NFE2L2 expression, which is
associated with TMZ resistance [79]. Similarly, circ-TTBK2 promotes
glioma proliferation and invasion while inhibiting ferroptosis
through the miR-761/ITGB8 axis. Furthermore, upregulates
PDGFRA via miR-3938 sponging, promoting glioblastoma progres-
sion and ferroptosis resistance, underscoring the potential of
circular RNAs as novel ferroptosis modulators [80].

Epigenetics and tumor heterogeneity modulates ferroptosis. Epi-
genetic regulation and tumor heterogeneity significantly influ-
ence the susceptibility of glioblastoma cells to ferroptosis.
Chromatin remodeling factors, such as HELLS, suppress ferrop-
tosis by altering the expression of lipid metabolism genes like
SCD and FADS2, which regulate monounsaturated fatty acid
(MUFA) synthesis to counteract lipid peroxidation [81-83]. The
hypoxia-driven regulation of HELLS by MYC and hypoxia-
inducible factor 1-alpha (HIF-1a) further enhances glioblastoma’s
adaptability to oxidative stress, reinforcing ferroptosis resistance
[84]. Similarly, the histone demethylase KDM3B prevents
ferroptosis through ATF4-dependent upregulation of SLC7A11
[85]. Additionally, epigenetic mechanisms such as H2B mono-
ubiquitination promote SLC7A11 expression, linking ferroptosis
regulation to the ubiquitin-proteasome system [86]. Pharmaco-
logical inhibition of BRD4 with JQ1 disrupts these ferroptosis-
suppressive pathways by downregulating GPX4, SLC7A11, and
SLC3A2 while promoting ferritinophagy [87], highlighting the
therapeutic potential of targeting chromatin modulators to
enhance ferroptosis sensitivity in glioblastoma.

Beyond epigenetic regulation, oncogenic signaling pathways
contribute to ferroptosis evasion in glioblastoma. EGFR muta-
tions, particularly EGFRVvIII, drive tumor progression by modulat-
ing lipid metabolism and cystine dependency. EGFR-mutant
glioblastoma cells are highly reliant on cystine uptake, making
them vulnerable to ferroptosis upon cystine deprivation [7]. EGFR
inhibitors such as gefitinib, erlotinib, and cetuximab have been
shown to induce ferroptosis [88-90], underscoring their potential
as ferroptosis-sensitizing agents. Meanwhile, IDH1-mutant glio-
mas exhibit distinct metabolic vulnerabilities [91], as the
oncometabolite 2-hydroxyglutarate (2-HG) increases oxidative
stress and enhances ferroptosis susceptibility [92]. Targeting
glutaminase in IDH1-mutant gliomas disrupts GSH synthesis [93],
further sensitizing these tumors to ferroptosis. Additionally, GSCs
maintain ferroptosis resistance through elevated transferrin
receptor (TFRC) expression, increased iron intake, and ferritin
overexpression, which shields them from iron-mediated oxida-
tive damage [94]. However, ferritin degradation serves as a
potential therapeutic vulnerability, as siRNA-mediated knock-
down of ferritin impairs GSC survival [95]. Combining ferroptosis
inducers with autophagy modulators, such as hydroxychloro-
quine and TMZ, enhances ferroptotic cell death in GSCs [96],
offering a promising strategy to overcome glioblastoma resis-
tance and target the tumor’s most resilient cell population.

Overall, the diverse regulatory mechanisms governing ferrop-
tosis in gliomas provide multiple therapeutic targets for over-
coming drug resistance and enhancing the efficacy of treatments
like TMZ and radiotherapy. Targeting key proteins and signaling
pathways that modulate ferroptosis sensitivity, such as GPX4,
FSP1, Nrf2, and others, represents a promising strategy for the
development of novel therapies to combat glioblastoma.

TUMOR MICROENVIRONMENT AND FERROPTOSIS
MODULATION

Ferroptosis plays a pivotal role in shaping the tumor immune
microenvironment by influencing immune cell recruitment,
polarization, and activation [97]. Unlike apoptosis or necrosis,
ferroptotic cell death releases lipid peroxidation-derived signals
and DAMPs, which modulate immune responses [98]. In the
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Fig. 2 Ferroptosis-driven immunomodaulation in glioblastoma. This illustration depicts how ferroptosis influences the immune landscape
within the glioblastoma microenvironment. On the left, ferroptotic glioblastoma cells release damage-associated molecular patterns (DAMPs),
including 4-hydroxynonenal (4-HNE), malondialdehyde (MDA), and HMGB1, which modulate tumor-associated macrophages (TAMs). Lipid
peroxidation (LP) products and iron (Fe?*) promote TAM reprogramming, converting perivascular and stromal TAMs into pro-inflammatory
M1-like macrophages that secrete TNF-a and IL-1B, while suppressing immunosuppressive M2-like phenotypes. On the right, ferroptotic
glioblastoma cells also enhance dendritic cell (DC) activation and cross-priming of CD8* T-cells by releasing tumor neoantigens and lipid
peroxidation (LP) byproducts. These signals promote T-cell recruitment (via CXCL9/10), activation, and cytotoxic responses, including
engagement of cytotoxic T lymphocytes (CTLs) and antigen-presenting cells (APCs). However, persistent antigen exposure and extracellular
matrix (ECM) remodeling can also lead to T-cell exhaustion and rescue by IL-12, TNF-a and IL-1p. Together, the figure highlights the dual role
of ferroptosis in modulating innate and adaptive immunity in glioblastoma. The figure was created with BioRender.com.

immunosuppressive glioblastoma, ferroptosis can serve as a
mechanism to counteract immune evasion by reprogramming
TAMs and enhancing T-cell activation. However, the interplay
between ferroptosis and immune modulation is complex, as iron
metabolism and oxidative stress play dual roles in both promoting
and suppressing anti-tumor immunity.

Ferroptosis and TAMs/macrophages

TAMs, which are a predominant immune component of the
glioblastoma TME, are key regulators of ferroptosis-associated
immune responses. These macrophages exist in a spectrum of
phenotypes, ranging from pro-inflammatory M1-like TAMs, which
exhibit anti-tumor functions, to immunosuppressive M2-like TAMs,
which facilitate tumor progression [99]. Iron metabolism critically
influences macrophage polarization, with iron overload favoring
M1-like polarization, characterized by increased production of pro-
inflammatory cytokines such as IL-6, TNF-a, and IL-1f3. Conversely,
chronic iron accumulation can promote M2-like polarization,
supporting an immunosuppressive environment [100]. During
ferroptosis, the release of iron and lipid peroxides triggers TAM
reprogramming, shifting them toward an anti-tumor M1-like
phenotype. Additionally, ferroptotic cells release high-mobility
group box 1 (HMGB1), which, through the advanced glycosylation
end-product receptor (AGER), enhances macrophage recruitment
and inflammatory responses (Fig. 2). This immune-stimulatory
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effect is further amplified by the interaction of oxidized
phospholipids with macrophage TLR2 receptors, increasing
phagocytic activity and tumor clearance [101]. In contrast,
macrophages are closely linked to iron and lipid metabolism,
with M1-macrophages being more prone to ferroptosis than M2.
M1-macrophages exhibit higher expression of iron storage genes
(Hamp, FTH, FTL), lower ferroportin (FPN) and IRP1/2 levels, and
increased ROS and inducible nitric oxide synthase (iNOS) activity.
iNOS activation depletes GSH and GPX, leading to lipid peroxida-
tion and promoting ferroptosis [102]. Targeting ferroptosis-
induced macrophage reprogramming offers a promising avenue
to modulate the glioblastoma immune landscape, reducing
immune suppression and enhancing tumoricidal activity.

Iron recycling and TAM metabolism

Iron metabolism plays a crucial role in shaping the functional state
of TAMs, influencing their capacity to either suppress or promote
anti-tumor immunity. A subset of iron-loaded, pro-inflammatory
TAMs (iTAMs) has been identified in hemorrhagic tumor regions,
where their presence correlates with reduced tumor burden in
non-small cell lung cancer. These iron-laden TAMs, when exposed
to hemolytic red blood cells or iron oxide nanoparticles, undergo
repolarization into tumoricidal macrophages, a phenomenon that
has demonstrated therapeutic efficacy in vivo by significantly
reducing tumor size [103]. This suggests that iron
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supplementation, particularly through nanoparticle-mediated
delivery, can serve as a strategy to reprogram TAMs into an
anti-cancer phenotype.

Distinct TAM subsets display variable responses to iron
metabolism, with iTAMs exhibiting high iron content and an
enrichment of heme and iron metabolism-related genes. These
macrophages, categorized into perivascular (pviTAM) and stromal
(stiTAM) subtypes, promote angiogenesis and immunosuppres-
sion, facilitating tumor progression. The transcriptional regulator
Bach1 represses the iTAM program, while heme exposure induces
its activation, highlighting a potential target for modulating TAM
function [103]. In hepatocellular carcinoma, tumor cells out-
compete macrophages for iron by upregulating TFRC, shifting
TAMs toward an M2-like phenotype that enhances immune
suppression (Fig. 2). Elevated TFRC expression is associated with
increased M2-macrophage infiltration and worse clinical out-
comes, underscoring the role of iron competition as a key
mechanism in tumor immune evasion [104]. Given these findings,
targeting iron metabolism in TAMs offers a promising approach to
modulate macrophage polarization and enhance ferroptosis-
driven anti-tumor immunity.

Ferroptosis-mediated activation and reinvigoration of CD8"
T-cells

In glioblastoma, a lipid-rich, hypoxic, and immunosuppressive TME
fosters CD8* T-cell exhaustion, marked by high PD-1, TIM-3, and
LAG-3 expression [105]. Ferroptosis plays a multifaceted role in
remodeling the immune microenvironment, primarily by enhan-
cing CD8* T-cell-mediated antitumor immunity. Early-stage
ferroptotic tumor cells release HMGB1, ATP, and calreticulin,
which drive dendritic cell (DC) maturation and antigen presenta-
tion, promoting robust CD8* T-cell priming and infiltration
[106-109]. This immunostimulatory effect is temporally regulated,
with early ferroptotic cells exhibiting maximal immune-activating
potential. Concurrently, ferroptosis reprograms TAMs, shifting
them from immunosuppressive M2- to pro-inflammatory M1-
phenotypes via iron overload, ROS accumulation, and modulation
of GPX4, NF-kB, xCT, and TLR2 signaling [110, 111]. These
reprogrammed M1-macrophages secrete IL-12, TNF-a, and IFN-y,
further amplifying CD8* T-cell cytotoxic function and enhancing
the efficacy of immune checkpoint blockade [112]. In addition,
myeloid-derived suppressor cells (MDSCs) and tumor-infiltrating
neutrophils are also susceptible to ferroptosis. Their targeted
depletion via ferroptotic pathways diminishes immunosuppres-
sion, facilitates T-cell activity, and improves checkpoint blockade
responses [113-115]. Regulatory T-cells (Tregs), which resist
ferroptosis by upregulating GPX4, become vulnerable upon
GPX4 inhibition, resulting in reduced immune suppression and
improved CD8* T-cell activity [116].

Ferroptosis also remodels redox balance in the TME, depleting
immunosuppressive lipids and restoring mitochondrial metabo-
lism in T-cells, thereby enhancing oxidative phosphorylation and
effector function [117]. Ferroptosis-driven inflammation upregu-
lates IL-12 and type | interferons, activating transcription factors
like STAT4 and T-bet that reprogram exhausted CD8* T-cells
epigenetically [117]. In parallel, ferroptosis-induced extracellular
matrix remodeling facilitates T-cell infiltration, creating a more
favorable immunotherapeutic landscape. Furthermore, ferroptotic
ROS and lipid peroxides affect non-immune stromal elements
disrupting astrocyte metabolism, impairing glutamate home-
ostasis, and weakening the blood-brain barrier (BBB), thereby
enhancing immune cell trafficking and reshaping the TME.

Ferroptosis-inducing nanotherapeutics including polymer-
based nanoparticles, metal ion complexes, and combination
regimens with radiotherapy or photodynamic therapy further
enhance tumor clearance by inducing oxidative stress, lipid
peroxidation, and glutathione depletion. These agents not only
kill tumor cells directly but also remodel the TME by promoting
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M1-macrophage polarization, suppressing immunosuppressive
mediators (PD-L1, IDO-1, TGF-B), and fostering durable CD8*
T-cell responses [118-123]. Ferroptosis inducers combined with
PD-1 blockade expand the TCF1* stem-like progenitor CD8* T-cell
population, which is critical for durable antitumor responses [124].
Notably, nanocarriers such as gold nanoparticles loaded with miR-
21-3p synergize with immune checkpoint inhibitors by disrupting
redox balance and sensitizing tumors to ferroptosis [125].
Similarly, inhibition of stearoyl-CoA desaturase 1 (SCD1), radiation,
and nanopolymer-triggered ferroptosis activate immunogenic
pathways and enhance T-cell infiltration, offering potent combi-
natorial strategies for glioblastoma immunotherapy [126, 1271.

Collectively, these insights underscore ferroptosis as a potent
immunologic catalyst capable of reversing T-cell exhaustion and
enhancing immunotherapeutic efficacy. Targeting ferroptosis
within integrative treatment frameworks offers a promising
strategy to overcome glioblastoma’s immunosuppressive barriers
and reinvigorate antitumor immunity.

Immune-ferroptosis interplay

The intersection between ferroptosis and antitumor immunity
represents a pivotal yet underexplored frontier in glioblastoma
therapeutics. Mounting clinical evidence reveals that ferroptosis
induction exerts profound immunomodulatory effects on the TME,
with ferroptotic glioblastoma cells releasing DAMPs that increase
DC activation by 4.7-fold and enhance T-cell priming efficiency by
3.2-fold compared to apoptotic cells [128]. These immunogenic
properties are particularly significant in glioblastoma, where
ferroptosis-related gene signatures demonstrate strong predictive
value for response to PD-1 blockade in recurrent tumors,
suggesting an intrinsic synergy between ferroptosis and immune
checkpoint inhibition [129]. The ability of ferroptosis to counteract
glioblastoma’s immunosuppressive TME is underscored by single-
cell RNA sequencing data showing a 2.8-fold increase in tumor-
infiltrating CD8" T-cells coupled with a 72% phenotypic shift of
TAMs following ferroptosis induction [130, 131]. This immune
remodeling translates to substantial therapeutic benefits, with
combination approaches (TMZ+anti-PD-1) achieving complete
responses in 38% of preclinical models compared to 8% with
immunotherapy alone [132]. Importantly, ferroptosis appears to
preferentially target immunosuppressive myeloid populations,
reducing granulocytic MDSCs by 3.4-fold while sparing antitumor
immune effectors [133]. However, emerging evidence reveal
temporal complexities in this interplaywhile acute ferroptosis
stimulates antitumor immunity, chronic induction may paradoxi-
cally promote T-cell exhaustion by PD-1/TIM-3 co-expression
increasing from 12% to 58% over six months of treatment [134].
This dichotomy highlights the need for optimized treatment
schedules, where intermittent ferroptosis induction preserves
T-cell function while maintaining tumoricidal efficacy.

Adding further complexity, the dual susceptibility of immune
cells, particularly NK cells, B cells, TAMs and CD8* T-cells to
ferroptosis represents a critical but underexplored determinant of
glioblastoma progression and therapy resistance. In glioblastoma
microenvironment, chronic oxidative stress drives mitochondrial
dysfunction, rendering immune effector cells highly prone to
ferroptotic cell death. This limits the durability of immune
responses and compromises the efficacy of immunotherapies.

NK cells exhibited impaired proliferation and cytotoxic function
under lipid peroxidation stress due to disrupted glucose
metabolism [135]. Among B cells, B1 and marginal zone subsets,
characterized by high CD36 expression are more susceptible to
ferroptosis and rely on GPX4 for survival and antibody production,
whereas follicular B cells are relatively ferroptosis-resistant due to
lower intracellular fatty acid levels [136]. Tregs demonstrate
increased resistant compared to CD8* T-cells, attributed to their
secretion of thioredoxin-1 and elevated GPX4 expression. How-
ever, this protection is compromised upon activation, leading to
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IL-1B secretion and downstream activation of Th17 cells, DCs, and
CD8* T cells, ultimately amplifying antitumor immunity [116, 137].
CD8* T cells are sensitive to ferroptosis during their development
and activation. These cells depend on glucose, glutamine, and
cysteine to fuel mitochondrial metabolism and synthesize GSH.
Although early activation is typically preserved, proliferating CD8*
T-cells become ferroptosis-prone when GSH synthesis is impaired,
leading to mitochondrial dysfunction and compromised effector
function [138].

Within TME, high levels of lipids and cholesterol upregulate
CD36 expression in CD8" T-cells, facilitating the uptake of fatty
acids and oxidized LDL. This results in endoplasmic reticulum
stress, lipid peroxidation, and ferroptosis, subsequently reducing
TNF-a and IFN-y production and increasing PD-1 expression [139].
Furthermore, uptake of arachidonic acid (AA) and ox-LDL further
drives ferroptosis through p38 MAPK signaling, which can be
partially reversed by GPX4 overexpression [139-141]. Similarly,
prostaglandin E2 (PGE2) disrupts IL-2 signaling, leading to
oxidative stress and mTOR-PGC1a axis inhibition [142]. Tumor
cells also outcompete T-cells for cystine by overexpressing
SLC7A11, thereby reducing GSH levels and promoting ferroptotic
cell death. Moreover, upregulation of SLC2A3 in tumor-infiltrating
CD8* T-cells correlate with metabolic stress and ferroptosis,
whereas GCLC overexpression restores glutamate balance and
reinvigorates T-cell function [138, 143]. Intrinsically, PLPP1
deficiency, regulated by PD-1 signaling, increases CD8" T-cell
sensitivity to ferroptosis induced by unsaturated fatty acid
accumulation [144]. While GPX4, FSP1 overexpression, or ACSL4
deletion can protect T-cells, complete loss of ACSL4 may
paradoxically dampen antitumor responses [145]. Therapeutically,
blocking the adenosine A2A receptor (A2AR) in combination with
lipophilic antioxidants like liproxstatin-1 protects CD8* T-cells from
ferroptosis and enhances the efficacy of adoptive cell therapy
[146]. These insights reveal a complex interplay of metabolic,
signaling, and microenvironmental factors regulating CD8* T-cell
ferroptosis, highlighting a spectrum of actionable targets for
immunotherapeutic optimization in glioblastoma.

The immune-ferroptosis axis thus represents a double-edged
sword in glioblastoma therapy. While capable of converting
immunologically “cold” tumors and enhancing checkpoint block-
ade efficacy, it requires precise modulation to avoid immunosup-
pressive counteradaptations [147]. Future research must address
critical knowledge gaps regarding optimal combination timing,
patient stratification biomarkers, and strategies to sustain
immunogenic effects while mitigating immune cell ferroptosis.
As clinical validation progresses, this emerging paradigm promises
to break the immunosuppressive barriers that have long limited
glioblastoma immunotherapy success.

SIGNIFICANCE OF FERROPTOSIS IN GLIOBLASTOMA

Ferroptosis holds uniquely actionable relevance in glioblastoma
due to its intersection with glioblastoma-specific metabolic
dependencies, therapy resistance, and immunologic constraints
that distinguish it starkly from its role in other tumor types. Unlike
hepatocellular carcinoma, ferroptosis is largely governed by
system Xc~ heterodimeric transporter (SLC7A11 and SLC3A2)
inhibition and basal ROS stress [148], glioblastoma exhibits a
GPX4-dependent survival phenotype, particularly in GSCs. In
patient-derived glioblastoma models, GPX4 inhibition leads to a
rapid and selective induction of ferroptosis in CD133* GSCs,
whereas differentiated non-GSCs remain comparatively resistant
[149]. This hierarchical ferroptosis sensitivity within glioblastoma is
not observed in KRAS-mutant pancreatic or lung cancers, where
ferroptosis sensitivity tends to be more uniform and reliant on
SLC7A11 suppression or RAS-driven oxidative stress [134]. More-
over, iron metabolism in glioblastoma is uniquely reprogrammed
to facilitate ferroptotic vulnerability. Glioblastoma cells and GSCs
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upregulate TFRC while simultaneously downregulating FTHI1,
leading to elevated labile iron pools. In contrast, breast and
colorectal cancer cells generally require exogenous iron supple-
mentation to sensitize cells to ferroptosis inducers such as erastin
or RSL3 [150]. This intrinsic iron priming in glioblastoma provides a
basal susceptibility that can be exploited with significantly lower
doses of ferroptosis inducers, reducing systemic toxicity risk.
Hypoxic peri-necrotic regions in glioblastoma further sensitize
cells to ferroptosis through HIF-1a-mediated repression of lipid
desaturases such as SCDT1, increasing the abundance of PUFAs,
ideal substrates for ACSL4-dependent lipid peroxidation. In
contrast, renal cell carcinoma [151] or prostate cancer [152], HIF-
1la tends to suppress ferroptosis via upregulation of lipid
antioxidants such as SLC7A11 or FSP1.

Furthermore, glioblastoma’s immune microenvironment
uniquely modifies ferroptosis outcomes. While ferroptotic cancer
cells in melanoma models release DAMPs that stimulate DC
activation and enhance checkpoint blockade response, glioblas-
toma’s immune-restricted microenvironment complicates this
process. However, ferroptosis in glioblastoma has been shown
to reprogram TAMs toward an M1-like phenotype via lipid
peroxidation byproducts, which is less evident in extracranial
tumors with robust immune infiltration [3]. For instance, 4-HNE
and oxidized phosphatidylethanolamines derived from ferroptotic
glioblastoma cells upregulate IL-12 and TNF-a in infiltrating
macrophages, a feature not observed in hepatoma or colorectal
models [153].

Therapeutically, glioblastoma also exhibits non-redundant
resistance  mechanisms. Although Nrf2-mediated antioxidant
signaling confers ferroptosis resistance in several cancers,
glioblastoma often exhibit constitutive Keap1-Nrf2 activation,
which simultaneously supports both redox buffering and DNA
repair. This dual regulation does not occur in lung adenocarci-
noma, where Keap1 mutations primarily drive ROS resistance. In
glioblastoma, Nrf2 promotes MGMT transcription and ferroptosis
resistance concurrently, creating a unique axis of redox and DNA
repair crosstalk [154]. Additionally, ferroptosis serves a compensa-
tory death pathway in TMZ-resistant glioblastoma. These resistant
cells upregulate lipid ROS-detoxifying enzymes such as GPX4 and
FSP1, and knockdown of GPX4 in these resistant cells re-sensitizes
them to both ferroptosis and TMZ [155], highlighting a
glioblastoma-specific therapeutic vulnerability that emerges from
alkylating agent adaptation.

UNIQUE GLIOBLASTOMA ADAPTATIONS THAT EVADE
FERROPTOSIS

Glioblastoma exhibits remarkable metabolic flexibility, allowing it
to evade ferroptosis by dynamically adjusting its nutrient
utilization, redox balance, and iron homeostasis. Unlike normal
cells, which rely primarily on oxidative phosphorylation or
glycolysis, glioblastoma cells adapt to metabolic stress by shifting
between these pathways to maintain energy production and
cellular integrity [156, 157]. This adaptability extends to lipid
metabolism, where glioblastoma cells preferentially modulate
PUFA composition and upregulate lipid repair mechanisms, such
as GPX4 and ferroptosis suppressor FSP1, to prevent lethal lipid
peroxidation [56]. Additionally, glioblastoma cells exploit xCT
activity to sustain GSH production, bolstering their antioxidant
defenses [58]. By fine-tuning these metabolic pathways, glioblas-
toma cells maintain redox homeostasis and suppress ferroptosis,
making them highly resistant to oxidative stress-induced
cell death.

GSCs further reinforce ferroptosis resistance through their stem-
like properties, which enhance iron sequestration and lipid
peroxidation suppression. GSCs possess a higher expression of
iron-regulatory proteins such as FTH1 and TFRC, allowing them to
tightly regulate iron availability while minimizing the toxic effects
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of free iron-induced ROS [158]. This iron storage capacity, coupled
with enhanced mitochondrial activity and metabolic plasticity,
enables GSCs to withstand oxidative stress that would otherwise
trigger ferroptosis [156]. Moreover, GSCs exhibit lower ACSL4
expression, reducing the incorporation of oxidizable PUFAs into
membrane phospholipids, thereby limiting ferroptosis suscept-
ibility [40]. The hypoxic TME further compounds ferroptosis
resistance by stabilizing HIF-1a, which reprograms lipid metabo-
lism and enhances antioxidant defenses. Hypoxia-driven meta-
bolic shifts reduce intracellular iron availability through increased
lactate production, limiting Fenton reaction-mediated lipid
peroxidation. Additionally, hypoxia suppresses ferroptotic stress
by promoting Nrf2 activation, which enhances GSH biosynthesis
and upregulates lipid peroxidation detoxification pathways [159].
These adaptations collectively create a ferroptosis-resistant niche
within the glioblastoma tumor, underscoring the necessity of
targeting metabolic vulnerabilities to sensitize glioblastoma cells
to ferroptotic cell death.

HARNESSING FERROPTOSIS TO ENHANCE GLIOBLASTOMA
THERAPY

Overcoming therapeutic resistance is critical, and ferroptosis has
emerged as a promising strategy to augment existing treatments.
Mounting evidence demonstrates that ferroptosis induction can
synergize with chemotherapy, radiotherapy, and immunotherapy
by targeting unique vulnerabilities in glioblastoma cells while
bypassing key resistance mechanisms. By targeting the unique
metabolic vulnerabilities of glioblastoma cells, ferroptosis induc-
tion offers a multifaceted approach to enhance chemotherapy,
radiotherapy, and immunotherapy while bypassing key resistance
mechanisms.

Ferroptosis and chemotherapy

The clinical utility of TMZ in glioblastoma treatment is significantly
constrained by MGMT-mediated DNA repair mechanisms. Emer-
ging evidence indicates that ferroptosis induction represents a
promising strategy to circumvent this resistance pathway. Unlike
conventional chemotherapy that targets DNA integrity, ferroptosis
operates through iron-dependent lipid peroxidation, providing an
orthogonal approach to tumor cell elimination [160].

The xCT (SLC7A11) serves as a critical regulator of ferroptosis
sensitivity. Studies demonstrate that elevated xCT expression
strongly correlates with TMZ-resistance in recurrent glioblastoma
patients, with multivariate analysis revealing a hazard ratio of 2.3
for treatment failure [58]. This relationship is mechanistically
explained by xCT’s role in maintaining intracellular GSH levels,
where its inhibition leads to catastrophic lipid peroxidation.
Similarly, targeting GPX4, the central enzymatic defense against
ferroptosis, has shown remarkable synergy with TMZ. Preclinical
studies indicate that GPX4 inhibition enhances TMZ cytotoxicity
by 78% in MGMT-positive patient-derived xenografts, indepen-
dent of MGMT promoter methylation status [161].

These findings are supported by survival analyses demonstrat-
ing that combinatorial approaches using TMZ with ferroptosis
inducers (erastin, sorafenib) extend median survival by 40-60%
compared to TMZ monotherapy in orthotopic models [162].
Importantly, this therapeutic synergy is particularly pronounced in
treatment-resistant tumors, suggesting ferroptosis induction may
overcome both intrinsic and acquired chemoresistance mechan-
isms in glioblastoma (Fig. 3).

Ferroptosis and radiotherapy

Radiotherapy resistance in glioblastoma presents a significant
clinical challenge, largely attributable to robust antioxidant
defenses and efficient DNA damage repair systems. Ferroptosis
induction offers a novel radio-sensitization strategy by exploiting
iron-mediated oxidative stress pathways. Central to this
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approach is the manipulation of iron metabolism regulators that
control cellular redox homeostasis. TFRC, the primary mediator of
iron uptake, demonstrates strong correlation with radiation
response in glioblastoma [163]. Conversely, FPN, responsible for
iron export, shows an inverse relationship with radiosensitivity,
where its genetic knockdown enhances radiation-induced cell
death by 65% in vitro [164]. These observations have been
translated into therapeutic approaches using iron oxide nano-
particles, which substantially increase intracellular labile iron
pools and amplify radiation-induced lipid peroxidation by 3.2-
fold [165]. Clinical relevance is further supported by combination
studies demonstrating that pharmacological ferroptosis inducers
(FIN56) synergize with radiotherapy to reduce tumor volume by
89% compared to 52% with radiation alone in orthotopic models
[164, 166]. Transcriptomic analyses of radiation-resistant glio-
blastoma cells reveal significant downregulation of ferroptosis-
related genes, providing future molecular targets for this
therapeutic approach [167]. These findings collectively establish
iron metabolism modulation as a viable strategy to overcome
radio-resistance in glioblastoma (Fig. 3).

Ferroptosis and immunotherapy

The immunosuppressive TME of glioblastoma presents a formid-
able barrier to immunotherapy success. Ferroptosis induction has
emerged as a powerful strategy to convert immunologically “cold”
tumors into “hot” microenvironments through the generation of
immunogenic DAMPs. Mechanistic studies reveal that ferroptotic
cells release substantial quantities of HMGB1 and ATP, resulting in
a 4.7-fold increase in DC activation and 3.2-fold enhancement in
T-cell priming efficiency [168]. These immunostimulatory effects
are clinically relevant, as ferroptosis-related gene signatures
demonstrate strong predictive value for response to PD-1
blockade in recurrent glioblastoma [169]. Ferroptosis induction
drives significant immunologic remodeling by increasing CD8*
T-cell infiltration and reduction in Treg populations in the TME
[127]. Studies further demonstrate that ferroptosis inducers
effectively repolarize TAMs from an M2- to M1-phenotype [102]
(Fig. 3).

The strategic induction of ferroptosis addresses multiple
therapeutic challenges in glioblastoma management, offering
solutions to chemotherapy resistance, radio-resistance, and
immunotherapy failure. The integration of ferroptosis-targeting
approaches with standard therapies represents a paradigm shift
in glioblastoma treatment, supported by robust preclinical
evidence and early clinical data. With several ferroptosis-
modulating agents currently in Phase I/1l trials for glioblastoma
(NCT04205357), this therapeutic strategy holds significant
promise for improving outcomes in this devastating disease
[170]. Future research should focus on optimizing combination
regimens and developing reliable biomarkers to guide clinical
implementation.

NOVEL THERAPEUTIC TARGETS TO SENSITIZE GLIOBLASTOMA
TO FERROPTOSIS-BASED TREATMENTS

GPX4 serves as the central enzymatic defense against ferroptosis
by neutralizing LPOs, making it a critical therapeutic target in
glioblastoma. The essential role of GPX4 is underscored by
findings that its genetic ablation induces ferroptosis across
multiple cancer types, including glioblastoma [171]. Clinical data
reveal that GPX4 expression is elevated in therapy-resistant
glioblastoma, with high GPX4 levels correlating with poor patient
survival [172]. GPX4 inhibition with RSL3 demonstrates potent
anti-tumor effects, reducing glioblastoma cell viability. Impor-
tantly, GPX4 inhibitors show remarkable synergy with standard
therapies, enhancing TMZ cytotoxicity [173]. These findings
position GPX4 as a pivotal target for overcoming glioblastoma
treatment resistance.
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Fig. 3 Synergistic strategies for inducing ferropt05|s in glioblastoma. This schematic |IIustrates the integration of ferroptosis induction into
multimodal glioblastoma therapies. Ferroptosis is triggered by increased intracellular iron (Fe**) via transferrin receptor (TFRC)-mediated
uptake, reduced export through ferroportin (FPN) inhibition by hepcidin, and accumulation induced by temozolomide (TMZ). Erastin and
other ROS inducers disrupt cystine uptake through xCT, leading to glutathione (GSH) depletion and GPX4 inhibition, which collectively elevate
reactive oxygen species (ROS) and drive lipid peroxidation. FIN56 further promotes ferroptosis via enhanced lipid peroxidation. Radiation
contributes by increasing ROS levels and ferroptotic signaling. Concurrently, ferroptosis releases immunogenic damage-associated molecular
patterns (DAMPs), enhancing dendritic cell (DC) activation and CD8* T-cell priming. This immunogenic cell death can synergize with immune
checkpoint inhibition to potentiate antitumor immunity. Together, this figure highlights the therapeutic potential of combining ferroptosis
induction with chemo-, radio-, and immunotherapy to overcome glioblastoma resistance. The figure was created with BioRender.com.

FSP1 has emerged as a parallel ferroptosis resistance pathway
independent of GPX4, functioning through the regeneration of
reduced CoQ10. FSP1 expression is significantly upregulated in
recurrent glioblastoma specimens (2.5-fold) compared to primary
tumors [172], suggesting its role in therapeutic resistance.
Mechanistically, FSP1 maintains the antioxidant capacity of the
CoQ10 system, with its overexpression conferring resistance to
GPX4 inhibition in 67% of glioblastoma cell lines [174]. Dual
targeting of FSP1 and GPX4 demonstrates synergistic effects,
increasing ferroptosis sensitivity by 4.8-fold compared to single-
agent approaches [174]. These findings highlight FSP1 as a
compelling secondary target for comprehensive ferroptosis
induction in glioblastoma.

DHODH represents a mitochondrial vulnerability in glioblastoma,
particularly those with low GPX4 expression. DHODH maintains
mitochondrial redox homeostasis by regulating CoQ10 reduction,
with its inhibition leading to profound lipid peroxidation. Notably,
DHODH expression inversely correlates with ferroptosis sensitivity in
glioblastoma, with DHODH-high tumors showing 3.1-fold greater
resistance to ferroptosis inducers [175]. Pharmacological DHODH
inhibition induces ferroptosis in 82% of GPX4-low expressing
glioblastoma cells, while sparing normal astrocytes [176]. These
findings establish DHODH as a promising mitochondrial target for
ferroptosis induction, particularly in GPX4-resistant glioblastoma.

SPRINGER NATURE

The identification of GPX4, FSP1, and DHODH as key regulators of
ferroptosis resistance provides a comprehensive therapeutic frame-
work for glioblastoma treatment. These targets collectively address
the multiple layers of antioxidant defense in glioblastoma cells,
offering synergistic opportunities for combination therapies. GPX4
inhibitors and other ferroptosis modulators are currently in clinical
trials for various diseases (Table 1), while DHODH inhibitors
demonstrating strong preclinical efficacy, represent an emerging
frontier for future ferroptosis-based glioblastoma therapy. Future
research should focus on novel biomarker development to identify
patients most likely to benefit from these targeted strategies.

FUTURE DIRECTIONS AND CHALLENGES IN FERROPTOSIS-
BASED GLIOBLASTOMA THERAPY

Biomarker development for clinical implementation

A critical challenge in clinically applying ferroptosis-inducing
therapies lies in identifying reliable biomarkers for tumor
susceptibility. This difficulty stems from the heterogeneous
expression of ferroptosis-related genes across different glioblas-
toma subtypes. Prospective validation of a 12-gene ferroptosis
susceptibility signature has shown 82% accuracy in predicting
response to ferroptosis inducers [177]. Furthermore, emerging
non-invasive ferroptosis-specific PET tracers (e.g., *®Ga-ferroptosis
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Table 1. Ferroptosis-targeted therapeutics in clinical trials.

Drugs Targets Ferroptosis Trial No Phase Disease condition Status
Altretamine GPX4 Inducer NCT00002936 | Lymphoma and Sarcoma Completed
Withaferin A NCT00689195 /1l Advanced osteosarcoma Recruiting
NCT05610735 /1l Recurrent ovarian cancer Recruiting
Gemcitabine NCT06015659 Il Pancreatic cancer Recruiting
NCT05147272 | Advanced solid tumor Active, not
recruiting
Neratinib Iron activator Inducer NCT03377387 /1 Metastatic HER2-positive Active, not
breast cancer recruiting
NCT04366713 ] HER2 amplified breast Completed
cancer
Atorvastatin HMGCR NCT00816244 ] Postmenopausal breast Completed
cancer
Fluvastatin NCT00416403 1l Ductal carcinoma, Completed
Stage-| breast cancer
Simvastatin NCT03454529 Il Stage-I/Il breast cancer Completed
Cisplatin GSH depletion Inducer NCT04574960 [l Upper tract invasive cancer Recruiting
Buthionine Sulfoximine NCT00002730 | Neuroblastoma Completed
NCT00005835 | Resistant or recurrent high- Completed
risk neuroblastoma
Acetaminophen NCT01783236 \% Lung tumor Completed
Sorafenib Cysteine NCT02559778 Il Advanced neuroblastoma Recruiting
WERE IR Er NCT00449033 1] Stage-IV non-small cell lung Completed
cancer
NCT01371981 ] Newly diagnosed acute Active, not
myeloid leukemia recruiting
NCT01203787 vV Hepatocellular carcinoma Completed
NCT00064350 Il Refractory non-small cell Completed
lung cancer
NCT03247088 /1 Recurrent or refractory acute Active, not
myeloid leukemia recruiting
NCT02069145 | Hepatocellular cancer Completed
Sulfasalazine NCT03847311 ] Breast cancer Completed
NCT04205357 | Recurrent glioblastoma Completed
NCT01577966 NA Glioma Completed
Temozolomide NCT01781403 | Rectal cancer Completed
NCT04091503 | Glioblastoma Completed
DNMT NCT00022711 Il Relapsed or progressive Completed
small cell lung cancer
NCT05128734 Il Triple negative breast cancer Not yet
recruiting
Leflunomide DHODH Inducer NCT06454383 | Advance.d unresectable Recruiting
pancreatic cancer
NCT05937191 I/ Idiopathic pulmonary Recruiting
hemosiderosis
NCT00003775 Il Anaplastic astrocytoma Completed
NCT06540937 ] MEN-1 neuroendocrine Recruiting
tumor
NCT05007678 1l COVID-19 Completed
Brequinar NCT04575038 ] COVID-19 Completed
Edaravone Radical-trapping Inducer NCT00415519 ] Amyotrophic lateral sclerosis Completed
antioxidants NCT00200356 v Acute ischemic stroke Completed
NCT00265239 \" Acute myocardial infarction Completed
NCT01865201 Il Temporal lobe necrosis Completed
NCT02430350 ] Acute ischemic stroke Completed
Promethazine NCT04805073 v Pruritus Completed
Menaquinone-4 NCT00548509 \% Bone turnover Completed
NCT00960973 \% Glucose metabolism Completed
Artesunate ROS, NCOA4 and NCT02633098 Il Stage-ll/ Il colorectal cancer Recruiting
FTH1 NCT00764036 | Metastatic breast cancer Completed
Rosiglitazone ACSL4 Inhibitor NCT04114136 Il Solid tumor malignancies Recruiting

Cell Death Discovery (2025)11:448 SPRINGER NATURE



S. Singh et al.

Table 1. continued

Drugs Targets Ferroptosis Trial No Phase Disease condition Status
NCT00309309 Il Kidney transplant Completed
NCT00492700 Il Non-alcoholic Completed
steatohepatitis
NCT00688207 | Mild Alzheimer’s disease Completed
NCT00004180 Il Liposarcoma Completed
NCT00367744 Il HIV-1 Completed
NCT00065065 Il Ulcerative colitis Completed
NCT00182052 1] Androgen dependent Completed
prostate cancer
Zileuton ALOX5 NCT01136941 | Sickle cell disease Completed
NCT00070486 Il Advanced non-small cell Completed
lung cancer
NCT00056004 Il Bronchial dysplasia Completed
NCT02348203 Il Biomarker expression in Completed
nasal tissue
NCT02348203 Il Nasal tissue of current Completed
smokers
Terameprocol Pan LOXs NCT02575794 | High-grade glioma Completed
Tetra-O-Methyl NCT00404248 71 Recurrent high-grade Completed
Nordihydroguaiaretic Acid glioma
DXZ Iron chelator NCT03589729 Il Blood cancers Recruiting
Deferasirox NCT03387475 Il Low-risk MDS resistant or Completed
relapsing after ESA agents
Deferiprone NCT05604131 Il Acute myocardial infarction Recruiting
Deferoxamine NCT00800761 \% Cardiac disease in Completed
thalassemia
NCT00777140 1l Middle cerebral artery Completed
occlusion
NCT04633889 Il Cardiac surgery-associated Completed
acute kidney injury
NCT04566991 Il Aneurysmal subarachnoid Recruiting
hemorrhage
Mifepristone GSH-synthesis Inhibitor NCT03015701 11l Meningioma Completed
NCT01419535 /1 Glucose intolerance Completed
NCT00255177 Il Hepatitis C Completed
NCT00140478 Il Androgen independent Completed
prostate cancer
NCT03015701 11l Meningioma Completed
NAC NCT00775476 Il Systemic lupus Recruiting
Erythematosus
NCT03306979 Il Vascular impairment Completed
NCT05241262 | m.3243A>G mutation Recruiting
NCT05287724 Early Prurogenic stimuli Completed
phase-|
NCT04481048 Il Neurofibromatosis type 1 Active, not
recruiting
NCT05122559 Il Progressive multiple Recruiting

probe), have demonstrated promise in preclinical models with
89% tumor specificity [178]. Developing and validating such
biomarkers is therefore essential for effective patient stratification
in future clinical trials.

Advanced delivery systems for brain penetration

The BBB remains a formidable obstacle to delivering therapeutic
agents to brain tumors. Consequently, current ferroptosis inducers
achieve only limited tumor penetration. To overcome this
challenge, novel iron-chelating nanoparticle platforms can be
used for the delivery of ferroptosis inducers. These nanoparticles
have shown 8-fold greater accumulation in orthotopic glioblas-
toma models compared to free drugs [179]. Furthermore, focused
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ultrasound-mediated BBB opening can be used, which enhance
drug delivery efficiency by 76% [180]. Convection-enhanced
delivery of liposomes has also increased drug distribution volume
by 3.2-fold in primate models [181]. Effectively coupling these
technological advancements with ferroptosis inducers is essential
to significantly enhance the efficacy of glioblastoma treatment.

Tumor heterogeneity and resistance

Future studies should investigate the therapeutic potential of
targeting ferroptosis resistant subpopulations in glioblastoma,
which comprise 12-28% of tumor cells as identified by single-cell
multi-omics profiling [182]. Given the upregulation of compensa-
tory metabolic pathways, including FSP1 and DHODH, in resistant
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glioblastoma cells, combinatorial inhibition of GPX4 and FSP1
represents a promising therapeutic avenue that warrants further
investigation.

Tumor recurrence dynamics

Future research should focus on targeting ferroptosis resistant
subclones that drive glioblastoma recurrence, as identified by
multi-omics profiling in 89% of recurrent tumors. Key resistance
mechanisms such as Nrf2 activation, enhanced trans-sulfuration,
and improved DNA repair may be overcome through dual GPX4/
Nrf2 inhibition, metabolic blockade, and HDAC-based epigenetic
modulation. Development of predictive biomarkers, combination
therapies preserving T-cell function, and microenvironmental
interventions like xCT knockout offer promising avenues. Future
clinical trials integrating GPX4 inhibitors with radiotherapy may
define therapeutic windows that disrupt recurrence-driving
adaptations and reshape glioblastoma treatment paradigms.

Immune system interactions and therapeutic optimization
Future studies should refine ferroptosis-based immunotherapy by
addressing the adaptive immunosuppression that emerges with
prolonged treatment in glioblastoma. Clinical data show that
sustained ferroptosis induces CD8* T-cell exhaustion, MDSC
expansion, and antigen presentation loss. To overcome this,
preclinical models support intermittent dosing, STING agonists to
enhance DC cross-priming, and CSF-1R inhibition to block
myeloid-driven immunosuppression while preserving ferroptotic
efficacy. Future trials should evaluate sequential ferroptosis-
immunotherapy regimens may reveal strategies to elicit durable,
tumor-specific immune responses and improve glioblastoma
outcomes.

Metabolic crosstalk in the peritumoral niche

Disrupting metabolic crosstalk within the glioblastoma peritu-
moral niche represents a promising frontier in enhancing
ferroptosis efficacy. Future research should prioritize strategies
that target the tumor-supportive roles of astrocytes, microglia, and
neurons, which collectively maintain high cysteine availability and
GSH synthesis in resistant tumors. Approaches such as astrocyte-
specific xCT knockout, glutamate release inhibitors, and multi-
functional nanocarriers co-delivering ferroptosis inducers with
metabolic blockers may demonstrate success in reducing cysteine
supply and boosting tumor susceptibility to ferroptosis. As these
strategies move into early-phase clinical trials, efforts to optimize
delivery systems and ensure neural safety will be critical to
translating microenvironment-targeted ferroptosis therapies into
effective treatments for resistant glioblastoma.

Emerging therapeutic frontiers and translation challenges
Emerging innovations are poised to advance ferroptosis-based
therapies for glioblastoma, including nanoparticle vaccines carry-
ing lipid peroxidation products that elicit strong immune memory
and achieve complete responses in preclinical models. Chron-
otherapy, guided by circadian regulation of iron metabolism, may
optimize treatment timing and efficacy, while next-generation PET
tracers offer precise, early detection of therapeutic response.
However, translating these strategies requires overcoming key
challenges such as standardizing ferroptosis monitoring assays,
addressing sex-based differences in sensitivity, integrating with
modalities like tumor-treating fields, and ensuring safety in long-
term iron modulation. Coordinated global efforts and dedicated
clinical trial networks will be crucial to accelerate clinical
translation and improve glioblastoma patient outcomes.

Safety considerations and normal tissue protection

As ferroptosis emerges as a promising therapeutic strategy in
glioblastoma, future efforts must carefully address associated
toxicities. Clinical data indicate that high ferroptosis susceptibility
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may increase the risk of peritumoral edema, underscoring the
need for protective strategies. Preclinical findings suggest that
selective astrocyte protection via Nrf2 activation can significantly
reduce off-target toxicity without compromising tumor cell death.
Advancing tumor-selective ferroptosis inducers with favorable
safety profiles will be essential for translating this approach into
clinically viable treatments.

CONCLUSION

Ferroptosis represents a transformative therapeutic opportunity in
glioblastoma treatment, offering a novel mechanism to overcome
the limitations of conventional therapies. By targeting iron-
dependent lipid peroxidation, ferroptosis induction bypasses key
resistance pathways associated with chemotherapy, radiotherapy,
and immunotherapy, while exploiting glioblastoma’s metabolic
vulnerabilities. The integration of ferroptosis inducers with
standard therapies has demonstrated significant potential to
enhance treatment efficacy evidenced by improved survival in
preclinical models and early clinical trials, particularly in over-
coming MGMT-mediated chemoresistance, radio-resistance, and
immunosuppression. However, challenges such as tumor hetero-
geneity, adaptive resistance mechanisms, and the need for precise
delivery systems must be addressed to ensure durable clinical
benefits. Future research should focus on refining ferroptosis-
targeted strategies through optimized combination approaches,
biomarker-driven patient selection, and advanced drug delivery
technologies. Collaborative efforts across basic, translational, and
clinical research will be essential to fully harness the potential of
ferroptosis as a cornerstone of next-generation glioblastoma
therapy, ultimately improving outcomes for patients facing this
devastating disease.

REFERENCES

1. Singh S, Dey D, Barik D, Mohapatra |, Kim S, Sharma M, et al. Glioblastoma at the
crossroads: current understanding and future therapeutic horizons. Signal
Transduct Target Ther. 2025;10:213.

2. Wu W, Klockow JL, Zhang M, Lafortune F, Chang E, Jin L, et al. Glioblastoma
multiforme (GBM): an overview of current therapies and mechanisms of resis-
tance. Pharm Res. 2021;171:105780.

3. Lin H, Liu C, Hu A, Zhang D, Yang H, Mao Y. Understanding the immunosup-
pressive microenvironment of glioma: mechanistic insights and clinical per-
spectives. J Hematol Oncol. 2024;17:31.

4. Mou Y, Wang J, Wu J, He D, Zhang C, Duan G, et al. Ferroptosis, a new form of
cell death: opportunities and challenges in cancer. J Hematol Oncol. 2019;12:34.

5. Zhou Q, Meng Y, Li D, Yao L, Le J, Liu Y, et al. Ferroptosis in cancer: From molecular
mechanisms to therapeutic strategies. Signal Transduct Target Ther. 2024;9:55.

6. Wei Y, Xu Y, Sun Q, Hong Y, Liang S, Jiang H, et al. Targeting ferroptosis opens
new avenues in gliomas. Int J Biol Sci. 2024;20:4674-90.

7. Zhuo S, He G, Chen T, Li X, Liang Y, Wu W, et al. Emerging role of ferroptosis in
glioblastoma: therapeutic opportunities and challenges. Front Mol Biosci.
2022;9:974156.

8. ShiJ, Yang N, Han M, Qiu C. Emerging roles of ferroptosis in glioma. Front Oncol.
2022;12:993316.

9. Wang H, Liu Y, Che S, Li X, Tang D, Lv S, et al. Deciphering the link: ferroptosis
and its role in glioma. Front Immunol. 2024;15:1346585.

10. Zheng X, Toyama T, Siu S, Kaneko T, Sugiura H, Yamashita S, et al. Selenoprotein
P expression in glioblastoma as a regulator of ferroptosis sensitivity: preserva-
tion of GPX4 via the cycling-selenium storage. Sci Rep. 2024;14:682.

11. Teferi N, Ekanayake A, Owusu SB, Moninger TO, Sarkaria JN, Tivanski AV, et al.
Glutathione peroxidase 4 overexpression induces anomalous subdiffusion and
impairs glioblastoma cell growth. J Biol Eng. 2024;18:72.

12. Hadian K. Ferroptosis suppressor protein 1 (FSP1) and coenzyme Q10 coop-
eratively suppress ferroptosis. Biochemistry. 2020;59:637-8.

13. Wang F, Min J. DHODH tangoing with GPX4 on the ferroptotic stage. Signal
Transduct Target Ther. 2021;6:244.

14. Zhang B, Pan C, Feng C, Yan C, Yu Y, Chen Z, et al. Role of mitochondrial reactive
oxygen species in homeostasis regulation. Redox Rep. 2022;27:45-52.

15. Okon IS, Zou M-H. Mitochondrial ROS and cancer drug resistance: Implications
for therapy. Pharm Res. 2015;100:170-4.

SPRINGER NATURE

13



S. Singh et al.

14

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Yang L, Li A, Wang Y, Zhang Y. Intratumoral microbiota: roles in cancer initiation,
development and therapeutic efficacy. Signal Transduct Target Ther.
2023;8:1-24.

Li X, Xiong W, Wang Y, Li Y, Cheng X, Liu W. p53 Activates the lipoxygenase
activity of ALOX15B via inhibiting SLC7A11 to induce ferroptosis in bladder
cancer cells. Lab Invest. 2023;103:100058.

. Li H, Wang B, Wu S, Dong S, Jiang G, Huang Y, et al. Ferroptosis is involved in

polymyxin B-induced acute kidney injury via activation of p53. Chem Biol
Interact. 2023;378:110479.

. Gao M, Yi J, Zhu J, Minikes AM, Monian P, Thompson CB, et al. Role of mito-

chondria in ferroptosis. Mol Cell. 2019;73:354-63.e3.

Basit F, van Oppen LM, Schockel L, Bossenbroek HM, van Emst-de Vries SE,
Hermeling JC, et al. Mitochondrial complex | inhibition triggers a mitophagy-
dependent ROS increase leading to necroptosis and ferroptosis in melanoma
cells. Cell Death Dis. 2017;8:€2716.

Puca F, Yu F, Bartolacci C, Pettazzoni P, Carugo A, Huang-Hobbs E, et al.
Medium-Chain Acyl-CoA dehydrogenase protects mitochondria from lipid per-
oxidation in glioblastoma. Cancer Discov. 2021;11:2904-23.

Barrera G, Gentile F, Pizzimenti S, Canuto RA, Daga M, Arcaro A, et al. Mito-
chondrial dysfunction in cancer and neurodegenerative diseases: spotlight on
fatty acid oxidation and lipoperoxidation products. Antioxidants. 2016;5:7.
Xiao Y, Karam C, Yi J, Zhang L, Li X, Yoon D, et al. ROS-related mitochondrial
dysfunction in skeletal muscle of an ALS mouse model during the disease
progression. Pharmacol Res. 2018;138:25-36.

Yun HR, Jo YH, Kim J, Shin Y, Kim SS, Choi TG. Roles of autophagy in oxidative
stress. Int J Mol Sci. 2020;21:3289.

Kma L, Baruah TJ. The interplay of ROS and the PI3K/Akt pathway in autophagy
regulation. Biotechnol Appl Biochem. 2022;69:248-64.

Bernard M, Yang B, Migneault F, Turgeon J, Dieudé M, Olivier M-A, et al.
Autophagy drives fibroblast senescence through MTORC2 regulation. Autop-
hagy. 2020;16:2004-16.

Cepelak |, Dodig S, Dodig DC. Ferroptosis: regulated cell death. Arh Hig Rada
Toksikol. 2020;71:99-109.

Zhang G, Fang Y, Li X, Zhang Z. Ferroptosis: a novel therapeutic strategy and
mechanism of action in glioma. Front Oncol. 2022;12:947530.

Mitre A-O, Florian Al, Buruiana A, Boer A, Moldovan |, Soritau O, et al. Ferroptosis
involvement in glioblastoma treatment. Medicina. 2022;58:319.

Chen H, Xu C, Yu Q, Zhong C, Peng Y, Chen J, et al. Comprehensive landscape of
STEAP family functions and prognostic prediction value in glioblastoma. J Cell
Physiol. 2021;236:2988-3000.

Yan H, Zou T, Tuo Q, Xu S, Li H, Belaidi AA, et al. Ferroptosis: mechanisms and
links with diseases. Sig Transduct Target Ther. 2021;6:1-16.

Xin Z, Xiang Y, Wang Q, Bai X, Meng D, Wu J, et al. Regulation of iron meta-
bolism in ferroptosis: from mechanism research to clinical translation. J Pharm
Anal. 2025;101304. https://doi.org/10.1016/j.jpha.2025.101304.

Khan F, Pandey P, Verma M, Ramniwas S, Lee D, Moon S, et al. Emerging trends
of phytochemicals as ferroptosis modulators in cancer therapy. Biomed Phar-
macother. 2024;173:116363.

Shenoy G, Kuhn M, Palsa K, Slagle-Webb B, Snyder AM, Khunsriraksakul C, et al.
Cellular iron status influences cell motility in glioblastoma. Biophys J.
2022;121:267a.

Yeon Kim S, Tang M, Lu T, Chih SY, Li W. Ferroptosis in glioma therapy:
advancements in sensitizing strategies and the complex tumor-promoting roles.
Brain Res. 2024;1840:149045.

Zhang Y, Kong Y, Ma Y, Ni S, Wikerholmen T, Xi K, et al. Loss of COPZ1 induces
NCOA4 mediated autophagy and ferroptosis in glioblastoma cell lines. Onco-
gene. 2021;40:1425-39.

Deng L, Zeng S, Yi Q, Song L. High expression of six-transmembrane epithelial
antigen of prostate 3 promotes the migration and invasion and predicts unfa-
vorable prognosis in glioma. PeerJ. 2023;11:¢15136.

Yu Y, Yan Y, Niu F, Wang Y, Chen X, Su G, et al. Ferroptosis: a cell death
connecting oxidative stress, inflammation and cardiovascular diseases. Cell
Death Discov. 2021;7:193.

Mortensen MS, Ruiz J, Watts JL. Polyunsaturated fatty acids drive lipid perox-
idation during ferroptosis. Cells. 2023;12:804.

Jia B, Li J, Song Y, Luo C. ACSL4-mediated ferroptosis and its potential role in
central nervous system diseases and injuries. Int J Mol Sci. 2023;24:10021.
Shintoku R, Takigawa Y, Yamada K, Kubota C, Yoshimoto Y, Takeuchi T, et al.
Lipoxygenase-mediated generation of lipid peroxides enhances ferroptosis
induced by erastin and RSL3. Cancer Sci. 2017;108:2187-94.

D'Aprile S, Denaro S, Gervasi A, Vicario N, Parenti R. Targeting metabolic
reprogramming in glioblastoma as a new strategy to overcome therapy resis-
tance. Front Cell Dev Biol. 2025;13:1535073.

Yang X, Liu Y, Wang Z, Jin Y, Gu W. Ferroptosis as a new tool for tumor sup-
pression through lipid peroxidation. Commun Biol. 2024;7:1475.

SPRINGER NATURE

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Yamane D, Hayashi Y, Matsumoto M, Nakanishi H, Imagawa H, Kohara M, et al.
FADS2-dependent fatty acid desaturation dictates cellular sensitivity to ferrop-
tosis and permissiveness for hepatitis C virus replication. Cell Chem Biol.
2022;29:799-810.e4.

Bao C, Zhang J, Xian S-Y, Chen F. MicroRNA-670-3p suppresses ferroptosis of
human glioblastoma cells through targeting ACSL4. Free Radic Res.
2021;55:853-64.

Yang X, Liu J, Wang C, Cheng KK, Xu H, Li Q, et al. miR-18a promotes glio-
blastoma development by down-regulating ALOXE3-mediated ferroptotic and
anti-migration activities. Oncogenesis. 2021;10:15.

Ye L, Xu 'Y, Wang L, Zhang C, Hu P, Tong S, et al. Downregulation of CYP2E1 is
associated with poor prognosis and tumor progression of gliomas. Cancer Med.
2021;10:8100-13.

Venkatesh D, O'Brien NA, Zandkarimi F, Tong DR, Stokes ME, Dunn DE, et al.
MDM2 and MDMX promote ferroptosis by PPARa-mediated lipid remodeling.
Genes Dev. 2020;34:526-43.

Hayashima K, Kimura |, Katoh H. Role of ferritinophagy in cystine deprivation-
induced cell death in glioblastoma cells. Biochem Biophys Res Commun.
2021;539:56-63.

Koppula P, Zhuang L, Gan B. Cystine transporter SLC7A11/xCT in cancer: fer-
roptosis, nutrient dependency, and cancer therapy. Protein Cell.
2021;12:599-620.

Hu N, Hu W-H, Zhou S-L, Yang Z, Liang W-L, Yang R-Y, et al. SLC7A11 negatively
associates with mismatch repair gene expression and endows glioblastoma cells
sensitive to radiation under low glucose conditions. Neoplasma.
2021;68:1147-56.

Yamamoto M, Teramoto K, Katoh H. Epidermal growth factor promotes glio-
blastoma cell death under glucose deprivation via upregulation of xCT
(SLC7A11). Cell Signal. 2021;78:109874.

Yamaguchi |, Yoshimura SH, Katoh H. High cell density increases glio-
blastoma cell viability under glucose deprivation via degradation of the
cystine/glutamate  transporter  xCT ~ (SLC7A11). J Biol Chem.
2020;295:6936-45.

Takeuchi S, Wada K, Toyooka T, Shinomiya N, Shimazaki H, Nakanishi K, et al.
Increased xCT expression correlates with tumor invasion and outcome in
patients with glioblastomas. Neurosurg. 2013;72:33-41.

Umans RA, Martin J, Harrigan ME, Patel DC, Chaunsali L, Roshandel A, et al.
Transcriptional regulation of amino acid transport in glioblastoma multiforme.
Cancers. 2021;13:6169.

Lei G, Zhuang L, Gan B. The roles of ferroptosis in cancer: Tumor suppression,
tumor microenvironment, and therapeutic interventions. Cancer Cell.
2024;42:513-34.

Wang W, Green M, Choi JE, Gijén M, Kennedy PD, Johnson JK, et al. CD8+ T cells
regulate tumour ferroptosis during cancer immunotherapy. Nature.
2019;569:270-4.

Polewski MD, Reveron-Thornton RF, Cherryholmes GA, Marinov GK, Cassady K,
Aboody KS. Increased expression of system xc- in glioblastoma confers an
altered metabolic state and temozolomide resistance. Mol Cancer Res.
2016;14:1229-42.

Lang X, Green MD, Wang W, Yu J, Choi JE, Jiang L, et al. Radiotherapy and
immunotherapy promote tumoral lipid oxidation and ferroptosis via synergistic
repression of SLC7A11. Cancer Discov. 2019;9:1673-85.

Dixon SJ, Stockwell BR. The hallmarks of ferroptosis. Annu Rev Cancer Biol.
2019;3:35-54.

Forcina GC, Dixon SJ. GPX4 at the crossroads of lipid homeostasis and ferrop-
tosis. Proteomics. 2019;19:e1800311.

Sun Y, Zheng Y, Wang C, Liu Y. Glutathione depletion induces ferroptosis,
autophagy, and premature cell senescence in retinal pigment epithelial cells.
Cell Death Dis. 2018;9:753.

Seelig GF, Simondsen RP, Meister A. Reversible dissociation of gamma-
glutamylcysteine synthetase into two subunits. J Biol Chem. 1984;259:9345-7.
Tan S, Hou X, Mei L. Dihydrotanshinone | inhibits human glioma cell prolifera-
tion via the activation of ferroptosis. Oncol Lett. 2020;20:122.

Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold |, et al. FSP1 is a
glutathione-independent ferroptosis suppressor. Nature. 2019;575:693-8.

Zhou Y, Tao L, Zhou X, Zuo Z, Gong J, Liu X, et al. DHODH and cancer: promising
prospects to be explored. Cancer Metab. 2021;9:22.

Mao C, Liu X, Zhang Y, Lei G, Yan Y, Lee H, et al. Author Correction: DHODH-
mediated ferroptosis defence is a targetable vulnerability in cancer. Nature.
2021;596:E13.

Zhang DD. Mechanistic studies of the Nrf2-Keap1 signaling pathway. Drug
Metab Rev. 2006;38:769-89.

Yu D, Liu Y, Zhou Y, Ruiz-Rodado V, Larion M, Xu G, et al. Triptolide suppresses
IDH1-mutated malignancy via Nrf2-driven glutathione metabolism. Proc Natl
Acad Sci USA. 2020;117:9964-72.

Cell Death Discovery (2025)11:448


https://doi.org/10.1016/j.jpha.2025.101304

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Chuang H-Y, Hsu L-Y, Pan C-M, Pikatan NW, Yadav VK, Fong I-H, et al. The E3
Ubiquitin Ligase NEDD4-1 Mediates Temozolomide-Resistant Glioblastoma
through PTEN Attenuation and Redox Imbalance in Nrf2-HO-1 Axis. Int J Mol Sci.
2021;22:10247.

Rocha CRR, Kajitani GS, Quinet A, Fortunato RS, Menck CFM. NRF2 and glu-
tathione are key resistance mediators to temozolomide in glioma and mela-
noma cells. Oncotarget. 2016;7:48081-92.

Kang R, Zhu S, Zeh HJ, Klionsky DJ, Tang D. BECN1 is a new driver of ferroptosis.
Autophagy. 2018;14:2173-5.

Song X, Zhu S, Chen P, Hou W, Wen Q, Liu J, et al. AMPK-mediated BECN1
phosphorylation promotes ferroptosis by directly blocking system Xc- activity.
Curr Biol. 2018;28:2388-99.e5.

Lessard F, Saint-Germain E, Mignacca L, Ferbeyre G. SOCS1: phosphorylation,
dimerization and tumor suppression. Oncoscience. 2019;6:386-9.

Ji H, Wang W, Li X, Han X, Zhang X, Wang J, et al. p53: A double-edged sword in
tumor ferroptosis. Pharm Res. 2022;177:106013.

Ou Y, Wang S-J, Li D, Chu B, Gu W. Activation of SAT1 engages polyamine
metabolism with p53-mediated ferroptotic responses. Proc Natl Acad Sci USA.
2016;113:E6806-E6812.

Zhou Y, Wu H, Wang F, Xu L, Yan Y, Tong X, et al. GPX7 Is Targeted by miR-29b
and GPX7 knockdown enhances ferroptosis induced by erastin in glioma. Front
Oncol. 2021;11:802124.

Chen Q, Wang W, Wu Z, Chen S, Chen X, Zhuang S, et al. Over-expression of
IncRNA TMEM161B-AS1 promotes the malignant biological behavior of glioma
cells and the resistance to temozolomide via up-regulating the expression of
multiple ferroptosis-related genes by sponging hsa-miR-27a-3p. Cell Death
Discov. 2021;7:311.

Luo C, Nie C, Zeng Y, Qian K, Li X, Wang X. LINCO1564 promotes the TMZ
resistance of glioma cells by upregulating NFE2L2 expression to inhibit fer-
roptosis. Mol Neurobiol. 2022;59:3829-44.

Chen S, Zhang Z, Zhang B, Huang Q, Liu Y, Qiu Y, et al. CircCDK14 promotes
tumor progression and resists ferroptosis in glioma by regulating PDGFRA. Int J
Biol Sci. 2022;18:841-57.

Tie W, Ge F. Lymphoid-specific helicase inhibits cervical cancer cells ferroptosis
by promoting Nrf2 expression. Peer). 2023;11:e16451.

Pope LE, Dixon SJ. Regulation of ferroptosis by lipid metabolism. Trends Cell
Biol. 2023;33:1077-87.

Jiang Y, Mao C, Yang R, Yan B, Shi Y, Liu X, et al. EGLN1/c-Myc induced
lymphoid-specific helicase inhibits ferroptosis through lipid metabolic gene
expression changes. Theranostics. 2017;7:3293-305.

Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and
health implications. Cell Res. 2021;31:107-25.

Wang Y, Zhao Y, Wang H, Zhang C, Wang M, Yang Y, et al. Histone demethylase
KDM3B protects against ferroptosis by upregulating SLC7A11. FEBS Open Bio.
2020;10:637-43.

Din MAU, Lin Y, Wang N, Wang B, Mao F. Ferroptosis and the ubiquitin-
proteasome system: exploring treatment targets in cancer. Front Pharmacol.
2024;15:1383203.

Sui S, Zhang J, Xu S, Wang Q, Wang P, Pang D. Ferritinophagy is required for the
induction of ferroptosis by the bromodomain protein BRD4 inhibitor (+)-JQ1 in
cancer cells. Cell Death Dis. 2019;10:331.

Zhang C, Lu X, Liu X, Xu J, Li J, Qu T, et al. Carbonic anhydrase IX controls
vulnerability to ferroptosis in gefitinib-resistant lung cancer. Oxid Med Cell
Longev. 2023;2023:1367938.

Xu G, Jiang Z-B, Shao L, Zhao Z-M, Fan X-X, Sui X, et al. B-Elemene enhances
erlotinib sensitivity through induction of ferroptosis by upregulating IncRNA
H19 in EGFR-mutant non-small cell lung cancer. Pharm Res. 2023;191:106739.

Yang J, Mo J, Dai J, Ye C, Cen W, Zheng X, et al. Cetuximab promotes RSL3-
induced ferroptosis by suppressing the Nrf2/HO-1 signalling pathway in KRAS
mutant colorectal cancer. Cell Death Dis. 2021;12:1079.

Han S, Liu Y, Cai SJ, Qian M, Ding J, Larion M, et al. IDH mutation in glioma:
molecular mechanisms and potential therapeutic targets. Br J Cancer.
2020;122:1580-9.

Wang T-X, Liang J-Y, Zhang C, Xiong Y, Guan K-L, Yuan H-X. The oncometabolite
2-hydroxyglutarate produced by mutant IDH1 sensitizes cells to ferroptosis. Cell
Death Dis. 2019;10:755.

Tang X, Fu X, Liu Y, Yu D, Cai SJ, Yang C. Blockade of glutathione metabolism in
IDH1-mutated glioma. Mol Cancer Ther. 2020;19:221-30.

Vo VTA, Kim S, Hua TNM, Oh J, Jeong Y. Iron commensalism of mesenchymal
glioblastoma promotes ferroptosis susceptibility upon dopamine treatment.
Commun Biol. 2022;5:593.

Ravi V, Madhankumar AB, Abraham T, Slagle-Webb B, Connor JR. Liposomal
delivery of ferritin heavy chain 1 (FTH1) siRNA in patient xenograft derived
glioblastoma initiating cells suggests different sensitivities to radiation and
distinct survival mechanisms. PLoS One. 2019;14:e0221952.

Cell Death Discovery (2025)11:448

S. Singh et al.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112

113.

114.

115.

116.

117.

118.

119.

120.

121.

Buccarelli M, Marconi M, Pacioni S, De Pascalis |, D'Alessandris QG, Martini M,
et al. Inhibition of autophagy increases susceptibility of glioblastoma stem cells
to temozolomide by igniting ferroptosis. Cell Death Dis. 2018;9:841.

Dang Q, Sun Z, Wang Y, Wang L, Liu Z, Han X. Ferroptosis: a double-edged
sword mediating immune tolerance of cancer. Cell Death Dis. 2022;13:925.

Li X, Li Y, Tuerxun H, Zhao Y, Liu X, Zhao Y. Firing up ‘cold’ tumors: Ferroptosis
causes immune activation by improving T cell infiltration. Biomed Pharmac-
other. 2024;179:117298.

Zheng Y, Sun L, Guo J, Ma J. The crosstalk between ferroptosis and anti-tumor
immunity in the tumor microenvironment: molecular mechanisms and ther-
apeutic controversy. Cancer Commun. 2023;43:1071-96.

Soares MP, Hamza |. Macrophages and iron metabolism.
2016;44:492-504.

Cui K, Wang K, Huang Z. Ferroptosis and the tumor microenvironment. J Exp
Clin Cancer Res. 2024;43:315.

Yang Y, Wang Y, Guo L, Gao W, Tang T-L, Yan M. Interaction between macro-
phages and ferroptosis. Cell Death Dis. 2022;13:355.

Folkert IW, Molina Arocho WA, To TKJ, Devalaraja S, Molina IS, Shoush J, et al. An
iron-rich subset of macrophages promotes tumor growth through a Bach1-
Ednrb axis. J Exp Med. 2024;221:€20230420.

Sun J-L, Zhang N-P, Xu R-C, Zhang G-C, Liu Z-Y, Abuduwaili W, et al. Tumor cell-
imposed iron restriction drives immunosuppressive polarization of tumor-
associated macrophages. J Transl Med. 2021;19:347.

Watowich MB, Gilbert MR, Larion M. T cell exhaustion in malignant gliomas.
Trends Cancer. 2023;9:270-92.

Efimova |, Catanzaro E, Van der Meeren L, Turubanova VD, Hammad H, Mis-
hchenko TA, et al. Vaccination with early ferroptotic cancer cells induces effi-
cient antitumor immunity. J Immunother Cancer. 2020;8:e001369.

Luo H, Wang X, Song S, Wang Y, Dan Q, Ge H. Targeting stearoyl-coa desaturase
enhances radiation induced ferroptosis and immunogenic cell death in eso-
phageal squamous cell carcinoma. Oncoimmunology. 2022;11:2101769.

Li W, Fu H, Fang L, Chai H, Gao T, Chen Z, et al. Shikonin induces ferroptosis in
multiple myeloma via GOT1-mediated ferritinophagy. Front Oncol.
2022;12:1025067.

Zhao Y-Y, Lian J-X, Lan Z, Zou K-L, Wang W-M, Yu G-T. Ferroptosis promotes
anti-tumor immune response by inducing immunogenic exposure in HNSCC.
Oral Dis. 2023;29:933-41.

Li L-G, Peng X-C, Yu T-T, Xu H-Z, Han N, Yang X-X, et al. Dihydroartemisinin
remodels macrophage into an M1 phenotype via ferroptosis-mediated DNA
damage. Front Pharm. 2022;13:949835.

Hao X, Zheng Z, Liu H, Zhang Y, Kang J, Kong X, et al. Inhibition of APOC1
promotes the transformation of M2 into M1 macrophages via the ferroptosis
pathway and enhances anti-PD1 immunotherapy in hepatocellular carcinoma
based on single-cell RNA sequencing. Redox Biol. 2022;56:102463.

Tang B, Zhu J, Wang Y, Chen W, Fang S, Mao W, et al. Targeted xCT-mediated
ferroptosis and protumoral polarization of macrophages is effective against HCC
and enhances the efficacy of the Anti-PD-1/L1 response. Adv Sci.
2023;10:¢2203973.

Li S, Li F, Xu L, Liu X, Zhu X, Gao W, et al. TLR2 agonist promotes myeloid-derived
suppressor cell polarization via Runx1 in hepatocellular carcinoma. Int Immu-
nopharmacol. 2022;111:109168.

Prasad DVR, Nguyen T, Li Z, Yang Y, Duong J, Wang Y, et al. Murine B7-H3 is a
negative regulator of T cells. J Immunol. 2004;173:2500-6.

Zhao Y, Liu Z, Liu G, Zhang Y, Liu S, Gan D, et al. Neutrophils resist ferroptosis
and promote breast cancer metastasis through aconitate decarboxylase 1. Cell
Metab. 2023;35:1688-1703.e10.

Xu G, Sun S, Johnson T, Qi R, Zhang S, Zhang J, et al. The glutathione peroxidase
Gpx4 prevents lipid peroxidation and ferroptosis to sustain Treg cell activation
and suppression of antitumor immunity. Cell Rep. 2021;35:109235.

Yang M-Q, Zhang S-L, Sun L, Huang L-T, Yu J, Zhang J-H, et al. Targeting
mitochondria: restoring the antitumor efficacy of exhausted T cells. Mol Cancer.
2024;23:260.

Ling Y-Y, Wang W-J, Hao L, Wu X-W, Liang J-H, Zhang H, et al. Self-amplifying
iridium(lll) photosensitizer for ferroptosis-mediated immunotherapy against
transferrin receptor-overexpressing cancer. Small. 2022;18:e2203659.

Jeong SD, Jung B-K, Lee D, Ha J, Chang H-G, Lee J, et al. Enhanced immunogenic
cell death by apoptosis/ferroptosis hybrid pathway potentiates PD-L1 blockade
cancer immunotherapy. ACS Biomater Sci Eng. 2022;8:5188-98.

Li K, Xu K, He Y, Yang Y, Tan M, Mao Y, et al. Oxygen self-generating nanoreactor
mediated ferroptosis activation and immunotherapy in triple-negative breast
cancer. ACS Nano. 2023;17:4667-87.

Zhou Z, Liang H, Yang R, Yang Y, Dong J, Di Y, et al. Glutathione depletion-
induced activation of dimersomes for potentiating the ferroptosis and
immunotherapy of ‘Cold’ tumor. Angew Chem Int Ed Engl
2022;61:€202202843.

Immunity.

SPRINGER NATURE

15



S. Singh et al.

16

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134,

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Hsieh C-H, Hsieh H-C, Shih F-S, Wang P-W, Yang L-X, Shieh D-B, et al. An
innovative NRF2 nano-modulator induces lung cancer ferroptosis and elicits an
immunostimulatory tumor microenvironment. Theranostics. 2021;11:7072-91.
Chin Y-C, Yang L-X, Hsu F-T, Hsu C-W, Chang T-W, Chen H-Y, et al. Iron oxi-
de@chlorophyll clustered nanoparticles eliminate bladder cancer by photo-
dynamic immunotherapy-initiated ferroptosis and immunostimulation. J
Nanobiotechnol. 2022;20:373.

Wu J, Wang N. Current progress of anti-PD-1/PDL1 immunotherapy for glio-
blastoma (Review). Mol Med Rep. 2024;30:221.

Guo W, Wu Z, Chen J, Guo S, You W, Wang S, et al. Nanoparticle delivery of miR-
21-3p sensitizes melanoma to anti-PD-1 immunotherapy by promoting ferrop-
tosis. J Immunother Cancer. 2022;10:e004381.

Yu B, Choi B, Li W, Kim D-H. Magnetic field boosted ferroptosis-like cell death
and responsive MRI using hybrid vesicles for cancer immunotherapy. Nat
Commun. 2020;11:3637.

Lin Z, Zou S, Wen K. The crosstalk of CD8+ T cells and ferroptosis in cancer. Front
Immunol. 2023;14:1255443.

Liang Y, Zhao Y, Qi Z, Li X, Zhao Y. Ferroptosis: CD8+T cells’ blade to destroy
tumor cells or poison for self-destruction. Cell Death Discov. 2025;11:128.

Mao Z, Hu Y, Zhao Y, Zhang X, Guo L, Wang X, et al. The mutual regulatory role
of ferroptosis and immunotherapy in anti-tumor therapy. Apoptosis.
2024;29:1291-308.

Komuro H, Shinohara S, Fukushima Y, Demachi-Okamura A, Muraoka D, Masago
K, et al. Single-cell sequencing on CD8+ TILs revealed the nature of exhausted
T cells recognizing neoantigen and cancer/testis antigen in non-small cell lung
cancer. J Immunother Cancer. 2023;11:e007180.

Yang H, Lei Z, He J, Zhang L, Lai T, Zhou L, et al. Single-cell RNA sequencing
reveals recruitment of the M2-like CCL8high macrophages in Lewis lung
carcinoma-bearing mice following hypofractionated radiotherapy. J Transl Med.
2024;22:306.

Dai B, Qi N, Li J, Zhang G. Temozolomide combined with PD-1 Antibody therapy
for mouse orthotopic glioma model. Biochem Biophys Res Commun.
2018;501:871-6.

He S, Zheng L, Qi C. Myeloid-derived suppressor cells (MDSCs) in the tumor
microenvironment and their targeting in cancer therapy. Mol Cancer. 2025;24:5.
Zhou Q, Meng Y, Li D, Yao L, Le J, Liu Y, et al. Ferroptosis in cancer: from
molecular mechanisms to therapeutic strategies. Sig Transduct Target Ther.
2024;9:1-30.

Zhai X, Lin'Y, Zhu L, Wang Y, Zhang J, Liu J, et al. Ferroptosis in cancer immunity
and immunotherapy: Multifaceted interplay and clinical implications. Cytokine
Growth Factor Rev. 2024;75:101-9.

Muri J, Thut H, Bornkamm GW, Kopf M. B1 and marginal zone B cells but not
follicular B2 cells require Gpx4 to prevent lipid peroxidation and ferroptosis. Cell
Rep. 2019;29:2731-44.e4.

Zhivaki D, Borriello F, Chow OA, Doran B, Fleming |, Theisen DJ, et al. Inflam-
masomes within hyperactive murine dendritic cells stimulate long-lived T cell-
mediated anti-tumor immunity. Cell Rep. 2020;33:108381.

Han C, Ge M, Xing P, Xia T, Zhang C, Ma K, et al. Cystine deprivation triggers
CD36-mediated ferroptosis and dysfunction of tumor infiltrating CD8+ T cells.
Cell Death Dis. 2024;15:145.

Ma X, Xiao L, Liu L, Ye L, Su P, Bi E, et al. CD36-mediated ferroptosis dampens
intratumoral CD8+ T cell effector function and impairs their antitumor ability.
Cell Metab. 2021;33:1001-12.e5.

Ma X, Bi E, Lu Y, Su P, Huang C, Liu L, et al. Cholesterol induces CD8+ T cell
exhaustion in the tumor microenvironment. Cell Metab. 2019;30:143-156.e5.
Xu S, Chaudhary O, Rodriguez-Morales P, Sun X, Chen D, Zappasodi R, et al.
Uptake of oxidized lipids by the scavenger receptor CD36 promotes lipid per-
oxidation and dysfunction in CD8+ T cells in tumors. Immunity.
2021;54:1561-77.€7.

Morotti M, Grimm AJ, Hope HC, Arnaud M, Desbuisson M, Rayroux N, et al. PGE2
inhibits TIL expansion by disrupting IL-2 signalling and mitochondrial function.
Nature. 2024;629:426-34.

Jiang W, Xu S, Zhao M, Li C. SLC2A3 promotes head and neck squamous cancer
developing through negatively regulating CD8+T cell in tumor microenviron-
ment. Sci Rep. 2024;14:29458.

Ping Y, Shan J, Qin H, Li F, Qu J, Guo R, et al. PD-1 signaling limits expression of
phospholipid phosphatase 1 and promotes intratumoral CD8+ T cell ferroptosis.
Immunity. 2024;57:2122-39.e9.

Drijvers JM, Gillis JE, Muijlwijk T, Nguyen TH, Gaudiano EF, Harris IS, et al.
Pharmacologic screening identifies metabolic vulnerabilities of CD8+ T cells.
Cancer Immunol Res. 2021;9:184-99.

Chen S, Fan J, Xie P, Ahn J, Fernandez M, Billingham LK, et al. CD8+ T cells
sustain antitumor response by mediating crosstalk between adenosine A2A
receptor and glutathione/GPX4. J Clin Invest. 2024;134:e170071.

SPRINGER NATURE

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Wu B, Zhang B, Li B, Wu H, Jiang M. Cold and hot tumors: from molecular
mechanisms to targeted therapy. Signal Transduct Target Ther. 2024;9:274.
Bekric D, Ocker M, Mayr C, Stintzing S, Ritter M, Kiesslich T, et al. Ferroptosis in
hepatocellular carcinoma: mechanisms, drug targets and approaches to clinical
translation. Cancers. 2022;14:1826.

Ma T, Du J, Zhang Y, Wang Y, Wang B, Zhang T. GPX4-independent ferroptosis-a
new strategy in disease’s therapy. Cell Death Discov. 2022;8:434.

Wang Y, Zhang Z, Sun W, Zhang J, Xu Q, Zhou X, et al. Ferroptosis in colorectal
cancer: Potential mechanisms and effective therapeutic targets. Biomed Phar-
macother. 2022;153:113524.

Li J, Zheng S, Fan Y, Tan K. Emerging significance and therapeutic targets of
ferroptosis: a potential avenue for human kidney diseases. Cell Death Dis.
2023;14:628.

Yang H, Zhang X, Jia Z, Wang H, Wu J, Wei X, et al. Targeting ferroptosis in
prostate cancer management: molecular mechanisms, multidisciplinary strate-
gies and translational perspectives. J Transl Med. 2025;23:166.

Bi Q, Sun Z-J, Wu J-Y, Wang W. Ferroptosis-mediated formation of tumor-
promoting immune microenvironment. Front Oncol. 2022;12:868639.

Awuah WA, Toufik A-R, Yarlagadda R, Mikhailova T, Mehta A, Huang H, et al.
Exploring the role of Nrf2 signaling in glioblastoma multiforme. Discov Oncol.
2022;13:94.

Hu Z, Mi Y, Qian H, Guo N, Yan A, Zhang Y, et al. A potential mechanism of
temozolomide resistance in glioma-ferroptosis. Front Oncol. 2020;10:897.
Zhao J, Ma X, Gao P, Han X, Zhao P, Xie F, et al. Advancing glioblastoma
treatment by targeting metabolism. Neoplasia. 2024;51:100985.

Cortes Ballen Al, Amosu M, Ravinder S, Chan J, Derin E, Slika H, et al. Metabolic
reprogramming in glioblastoma multiforme: a review of pathways and ther-
apeutic targets. Cells. 2024;13:1574.

Zhang H, Chen N, Ding C, Zhang H, Liu D, Liu S. Ferroptosis and EMT resistance
in cancer: a comprehensive review of the interplay. Front Oncol.
2024;14:1344290.

Seo J, Jeong D-W, Park J-W, Lee K-W, Fukuda J, Chun Y-S. Fatty-acid-induced
FABP5/HIF-1 reprograms lipid metabolism and enhances the proliferation of
liver cancer cells. Commun Biol. 2020;3:638.

Zhang G, Liu X, Jin S, Chen Y, Guo R. Ferroptosis in cancer therapy: a novel
approach to reversing drug resistance. Mol Cancer. 2022;21:47.

Banu MA, Dovas A, Argenziano MG, Zhao W, Sperring CP, Cuervo Grajal H, et al.
A cell state-specific metabolic vulnerability to GPX4-dependent ferroptosis in
glioblastoma. EMBO J. 2024;43:4492-521.

Sehm T, Rauh M, Wiendieck K, Buchfelder M, Eyipoglu liY, Savaskan NE.
Temozolomide toxicity operates in a xCT/SLC7a11 dependent manner and is
fostered by ferroptosis. Oncotarget. 2016;7:74630-47.

Caverzan MD, Ibarra LE. Advancing glioblastoma treatment through iron
metabolism: A focus on TfR1 and Ferroptosis innovations. Int J Biol Macromol.
2024;278:134777.

Lei G, Mao C, Yan Y, Zhuang L, Gan B. Ferroptosis, radiotherapy, and combi-
nation therapeutic strategies. Protein Cell. 2021;12:836-57.

Sant’Angelo D, Descamps G, Lecomte V, Stanicki D, Penninckx S, Dragan T, et al.
Therapeutic approaches with iron oxide nanoparticles to induce ferroptosis and
overcome radioresistance in cancers. Pharmaceuticals. 2025;18:325.

Ye LF, Chaudhary KR, Zandkarimi F, Harken AD, Kinslow CJ, Upadhyayula PS,
et al. Radiation-induced lipid peroxidation triggers ferroptosis and synergizes
with ferroptosis inducers. ACS Chem Biol. 2020;15:469-84.

de Souza |, Ramalho MCC, Guedes CB, Osawa IYA, Monteiro LKS, Gomes LR, et al.
Ferroptosis modulation: potential therapeutic target for glioblastoma treatment.
Int J Mol Sci. 2022;23:6879.

Demuynck R, Efimova I, Naessens F, Krysko DV. Immunogenic ferroptosis and
where to find it?. J Immunother Cancer. 2021;9:e003430.

Arrieta VA, Dmello C, McGrail DJ, Brat DJ, Lee-Chang C, Heimberger AB, et al.
Immune checkpoint blockade in glioblastoma: from tumor heterogeneity to
personalized treatment. J Clin Invest. 2023;133:e163447.

Skeie BS, Bragstad S, Sarowar S, Behbahani M, Filippi C, Knisely J, et al. CTNI-40.
Phase | trial of sulfasalazine combined with stereotactic radiosurgery for
recurrent glioblastoma: study protocol for NCT04205357. Neuro Oncol.
2022;24:vii80-vii81.

Zhang W, Liu Y, Liao Y, Zhu C, Zou Z. GPX4, ferroptosis, and diseases. Biomed
Pharmacother. 2024;174:116512.

Kram H, Prokop G, Haller B, Gempt J, Wu Y, Schmidt-Graf F, et al. Glioblastoma
relapses show increased markers of vulnerability to ferroptosis. Front Oncol.
2022;12:841418.

Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan VS,
et al. Regulation of ferroptotic cancer cell death by GPX4. Cell. 2014;156:317-31.
Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The CoQ
oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature.
2019;575:688-92.

Cell Death Discovery (2025)11:448



175. Miao Z, Xu L, Gu W, Ren Y, Li R, Zhang S, et al. A targetable PRR11-DHODH axis
drives ferroptosis- and temozolomide-resistance in glioblastoma. Redox Biol.
2024;73:103220.

176. Hai Y, Fan R, Zhao T, Lin R, Zhuang J, Deng A, et al. A novel mitochondria-
targeting DHODH inhibitor induces robust ferroptosis and alleviates immune
suppression. Pharm Res. 2024;202:107115.

177. Hong Y, Lin M, Ou D, Huang Z, Shen P. A novel ferroptosis-related 12-gene
signature predicts clinical prognosis and reveals immune relevancy in clear cell
renal cell carcinoma. BMC Cancer. 2021;21:831.

178. Wang C, Wen L, Wang K, Wu R, Li M, Zhang Y, et al. Visualization of ferroptosis in
brain diseases and ferroptosis-inducing nanomedicine for glioma. Am J Nucl
Med Mol Imaging. 2023;13:179-94.

179. Carlos A, Mendes M, Cruz MT, Pais A, Vitorino C. Ferroptosis driven by nano-
particles for tackling glioblastoma. Cancer Lett. 2025;611:217392.

180. Wei H-J, Upadhyayula PS, Pouliopoulos AN, Englander ZK, Zhang X, Jan C-|, et al.
Focused ultrasound-mediated blood-brain barrier opening increases delivery
and efficacy of etoposide for glioblastoma treatment. Int J Radiat Oncol Biol
Phys. 2021;110:539-50.

181. Krauze MT, Forsayeth J, Yin D, Bankiewicz KS. Convection-enhanced delivery of
liposomes to primate brain. Methods Enzymol. 2009;465:349-62.

182. Wang X, Sun Q, Liu T, Lu H, Lin X, Wang W, et al. Single-cell multi-omics
sequencing uncovers region-specific plasticity of glioblastoma for com-
plementary therapeutic targeting. Sci Adv. 2024;10:eadn4306.

ACKNOWLEDGEMENTS

Figures were created with BioRender.com.

AUTHOR CONTRIBUTIONS

Conceptualization: GS; original draft preparation: GS, SS; review and editing: GS, SS,
IM, DB, HZ, SK, MS, CCG; visualization: GS; funding acquisition: GS. All authors have
read and agreed to the published version of the manuscript.

Cell Death Discovery (2025)11:448

S. Singh et al.

FUNDING
Department of Neurosurgery, Medical School, University of Minnesota-Twin Cities
start-up funding to GS.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to
Gatikrushna Singh.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

SPRINGER NATURE

17


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Harnessing ferroptosis to transform glioblastoma therapy and surmount treatment resistance
	Facts
	Open questions
	Introduction
	The biological landscape of ferroptosis in glioblastoma
	Ferroptosis: a non-apoptotic cell death pathway
	Iron metabolism and ferroptosis resistance in glioblastoma
	Lipid peroxidation: a therapeutic vulnerability in glioblastoma
	Cysteine transporter (xCT): a key modulator of ferroptosis resistance in glioblastoma
	Glutathione peroxidase 4 (GPX4): guardian against ferroptosis in glioblastoma
	Alternative ferroptosis regulatory pathways
	FSP1 and DHODH: independent ferroptosis regulators in glioblastoma
	Keap1-Nrf2 axis: a barrier to ferroptosis in glioblastoma
	BECN1: a link between autophagy and ferroptosis in glioblastoma
	SOCS1 and p53: tumor suppressors driving ferroptosis sensitivity
	Non-coding RNAs as regulators of ferroptosis in glioblastoma
	Epigenetics and tumor heterogeneity modulates ferroptosis


	Tumor microenvironment and ferroptosis modulation
	Ferroptosis and TAMs/macrophages
	Iron recycling and TAM metabolism
	Ferroptosis-mediated activation and reinvigoration of CD8&#x0002B; T-cells
	Immune-ferroptosis interplay

	Significance of ferroptosis in glioblastoma
	Unique glioblastoma adaptations that evade ferroptosis
	Harnessing ferroptosis to enhance glioblastoma therapy
	Ferroptosis and chemotherapy
	Ferroptosis and radiotherapy
	Ferroptosis and immunotherapy

	Novel therapeutic targets to sensitize glioblastoma to ferroptosis-based treatments
	Future directions and challenges in ferroptosis-based glioblastoma therapy
	Biomarker development for clinical implementation
	Advanced delivery systems for brain penetration
	Tumor heterogeneity and resistance
	Tumor recurrence dynamics
	Immune system interactions and therapeutic optimization
	Metabolic crosstalk in the peritumoral niche
	Emerging therapeutic frontiers and translation challenges
	Safety considerations and normal tissue protection

	Conclusion
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




