

[image: Opportunities and challenges related to ferroptosis in glioma and neuroblastoma]
Opportunities and challenges related to ferroptosis in glioma and neuroblastoma





REVIEW

published: 02 March 2023

doi: 10.3389/fonc.2023.1065994

[image: image2]


Opportunities and challenges related to ferroptosis in glioma and neuroblastoma


Huizhong Chi 1,2†, Boyan Li 1,2†, Qingtong Wang 1,2, Zijie Gao 1,2, Bowen Feng 1,2, Hao Xue 1,2* and Gang Li 1,2*


1 Department of Neurosurgery, Qilu Hospital, Cheeloo College of Medicine and Institute of Brain and Brain-Inspired Science, Shandong University, Jinan, Shandong, China, 2 Shandong Key Laboratory of Brain Function Remodeling, Jinan, Shandong, China




Edited by: 

Eduard Yakubov, Paracelsus Medical Private University, Nuremberg, Germany

Reviewed by: 

Che-Pei Kung, Washington University in St. Louis, United States

Fatih Kar, Kutahya Health Sciences University, Türkiye

*Correspondence:
 
Hao Xue
xuehao@sdu.edu.cn

Gang Li
 dr.ligang@sdu.edu.cn














†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Neuro-Oncology and Neurosurgical Oncology, a section of the journal Frontiers in Oncology


Received: 10 October 2022

Accepted: 10 February 2023

Published: 02 March 2023

Citation:
Chi H, Li B, Wang Q, Gao Z, Feng B, Xue H and Li G (2023) Opportunities and challenges related to ferroptosis in glioma and neuroblastoma. Front. Oncol. 13:1065994. doi: 10.3389/fonc.2023.1065994



A newly identified form of cell death known as ferroptosis is characterized by the peroxidation of lipids in response to iron. Rapid progress in research on ferroptosis in glioma and neuroblastoma has promoted the exploitation of ferroptosis in related therapy. This manuscript provides a review of the findings on ferroptosis-related therapy in glioblastoma and neuroblastoma and outlines the mechanisms involved in ferroptosis in glioma and neuroblastoma. We summarize some recent data on traditional drugs, natural compounds and nanomedicines used as ferroptosis inducers in glioma and neuroblastoma, as well as some bioinformatic analyses of genes involved in ferroptosis. Moreover, we summarize some data on the associations of ferroptosis with the tumor immunotherapy and TMZ drug resistance. Finally, we discuss future directions for ferroptosis research in glioma and neuroblastoma and currently unresolved issues.
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Introduction

Despite their small percentage (approximately 1%) among all invasive cancer cases, malignant central nervous system (CNS) tumors are representative tumor types in children and adolescents as well as the major cause of death related to cancer in males younger than 40 and females younger than 20. As a result, malignant CNS tumors are the third and fourth leading cause of cancer-related death among individuals in the age ranges of 0-14 and over 40 years old, respectively (1, 2). Common malignant CNS tumors include glioma and neuroblastoma (NB). Gliomas account for 24.5% of all primary CNS tumors, while malignant tumors account for 80.9%. Gliomas usually have a poor prognosis. Glioblastoma (GBM) is a representative malignant CNS tumor (49.1% of all malignancies) with the shortest observed median patient survival. Although advanced therapeutic methods, including temozolomide (TMZ) therapy and tumor-treating fields (TTFields), are applied in the clinic, treated patients have a median survival time of only approximately 15 months. GBM has a poor prognosis, and only 5.8% of patients survive for five years (1–3). NB is another malignant tumor with a sympathetic nervous system origin and accounts for approximately 7-8% of childhood malignant tumor cases and approximately 15% of cancer-related deaths. Patients suffering from high-risk NB have a 5-year survival rate of less than 50% (4).

Ferroptosis is associated with iron and reactive oxygen species (ROS) and primarily results in cytological changes, including oxidative stress. As a result of strong membrane lipid peroxidation and oxidative stress, mitochondrial cristae are reduced or absent, the outer mitochondrial membrane is ruptured, and the mitochondrial membranes are condensed, resulting in weaker plasma membrane selective permeability and increased oxidative stress. At least three cytoprotective systems against ferroptosis with distinct subcellular localizations have been identified in recent studies: glutathione peroxidase 4 (GPX4) located in the cytoplasm and mitochondria; ferroptosis suppressor protein 1 (FSP1) located at the plasma membrane, which promotes ubiquinone regeneration; and dihydroorotate dehydrogenase (DHODH) located in the mitochondria. GPX4 can remarkably prevent ferroptosis by decreasing the levels of phospholipid hydroperoxides and thereby inhibiting lipid peroxidation mediated by lipoxygenase. FSP1, which promotes ubiquinone regeneration at the plasma membrane, uses NAD(P)H to catalyze the regeneration of nonmitochondrial coenzyme Q10 (CoQ10), which blocks ferroptosis by inhibiting lipid peroxide propagation. In parallel with mitochondrial GPX4, DHODH reduces ubiquinone (CoQ) to ubiquinol (CoQH2), an antioxidant capable of resisting ferroptotic activity, which inhibits ferroptosis within the inner mitochondrial membrane (independent of cytosolic GPX4 or FSP1) (5–7).

The prognosis of glioma and neuroblastoma is not particularly satisfactory. Currently, it is necessary to develop effective therapeutic approaches for glioma and neuroblastoma. A valid way to circumvent therapeutic resistance in cancer cells is targeting the ferroptotic pathway because of the high level of iron accumulation and the accompanying increase in ROS production. However, ferroptosis-related therapy application in glioma and neuroblastoma is still challenging because several aspects of the mechanisms of ferroptosis are still unclear. In this article, we present the progress in ferroptosis research in glioma and neuroblastoma and relevant future perspectives.



Ferroptosis

Ferroptosis is a form of nonapoptotic cell death that results from the accumulation of intracellular iron and increased toxic lipid peroxide reactive oxygen species. In the prevention of ferroptosis, antioxidant systems can help decrease oxidative stress. Inhibition of an antioxidant system can contribute to the induction of ferroptosis in tumor cells. As a result, antioxidant systems are capable of remarkably regulating ferroptosis in cells and are also one of the major areas of research on ferroptosis at present.

The Xc system is also referred to as the cystine/glutamate reverse transporter protein. GPX4 essentially constitutes the selenoprotein family and mainly mediates the reduction of peroxides to the corresponding alcohol. This antioxidant system prevents ferroptosis by transporting cysteine through the Xc system for the synthesis of glutathione (GSH), which in turn helps GPX4 reduce peroxides. As a major antioxidant component, GSH participates in a wide range of redox reactions in the body to maintain physiological homeostasis. GPX4 can critically regulate ferroptosis and is known to determine cell fate. Upregulating or inhibiting these antioxidant systems to regulate ferroptosis can impact the development of various diseases. Moreover, studies have identified various drugs and molecules as inducers of ferroptosis that act by restricting Xc system activity (8, 9).

There is increasing evidence that inhibiting GPX4 activity does not necessarily lead to ferroptosis in cells. FSP1 on the plasma membrane reduces ubiquinone with NADPH as a cofactor, thereby preventing the peroxidation of lipids. GSH is not required as a cofactor for this process, nor does this process depend on GPX4. As a result, in contrast to GPX4, FSP1 may be regarded as a ferroptosis inhibitor, and the expression of FSP1 confirms the sensitivity of cells to ferroptosis (8, 10, 11).

DHODH, located in the inner mitochondrial membrane, is the enzyme involved in the 4th rate-limiting step in pyrimidine biosynthesis and is capable of catalyzing dihydroorotic acid (DHO) to be oxidized to orotate (OA) and CoQ (ubiquitin) for further reduction to CoQH2 (ubiquinone), which is associated with the respiratory complex and affects electron transfer in the oxidative respiratory chain. Further studies have shown that inhibition of DHODH results in ferroptosis in cells with low GPX4 expression and increases the sensitivity of cells with high GPX4 expression to ferroptosis. DHODH can act synergistically with GPX4 to inhibit mitochondria-related ferroptosis without dependence on FSP1 (5, 12).

As one of the most important mechanisms regulating ferroptosis, antioxidant systems have always been important. With in-depth research, an increasing number of relevant molecules have been discovered, creating directions for further research and application of ferroptosis in glioma and neuroblastoma.


Ferroptosis in glioma

Glioma is a representative malignant CNS tumor. Currently, surgery, radiotherapy, chemotherapy, and tumor treatment fields (TTFields) are the most common treatments for clinical glioma, but they have a poor prognosis in patients, particularly those who suffer from high-grade gliomas, including GBM. The exploration of new therapeutic methods and therapeutic targets for glioma remains a hot spot. Targeting the ferroptotic pathway can serve as an effective treatment for glioma (Figure 1).




Figure 1 | Snapshot of ferroptotic pathways. Ferroptosis in GBM is triggered by four main regulatory pathways: iron metabolism, the GPX4 pathway, the FSP1 pathway and lipid metabolism. In iron metabolism, Fe3+ is transported into the cell by TfR1 (transferrin receptor) and subsequently reduced to Fe2+, and some nanoparticles are involved in iron metabolism. The GPX4 pathway is the classic ferroptotic pathway, and the Xc- system plays an important regulatory role in this pathway. p53 is closely related to this pathway. The MDM2-MDMX complex regulates lipid metabolism by altering PPARα activity and ultimately interacts with the FSP1 protein. In lipid metabolism, AA (as well as other PUFAs) is metabolized by ACSL4 and eventually participates in lipid peroxidation. (Created with BioRender).





Ferroptosis-related gene network in glioma

The Xc-GSH-GPX4 network serves as the primary antioxidant barrier against ferroptosis. As a direct target gene, recombinant solute carrier family 7, member 11 (SLC7A11) is repressed by p53. It is a key component of the cystine-glutamate antagonist system (xCT system), which mediates the uptake of extracellular cystine in exchange for glutamate within the cell. The direct interaction between ubiquitin hydrolase ovarian tumor domain protease domain, ubiquitin aldehyde binding protein 1 (OTUB1) and SLC7A11 stabilizes the SLC7A11 protein, and OTUB1 knockdown triggers SLC7A11 expression-dependent ferroptosis (13). Moreover, exogenous overexpression of NF-κB activating protein (NKAP) positively regulates SLC7A11 to promote cellular resistance to ferroptosis inducers (14).

Current research indicates that glutathione peroxidase 4 plays a critical role in ferroptosis. It has been demonstrated that a number of molecules affect the expression of GPX4 in gliomas to regulate ferroptosis. RSL3 (a GPX4 inhibitor) inactivates GPX4 and induces glycolytic dysfunction in glioma cells with reduced ATP and pyruvate content as well as HKII, PFKP, and PKM2 protein levels, which in turn induces ferroptosis (15). Knockdown of RNA-binding fragile X mental retardation syndrome-related protein 1 (FXR1) promotes TMZ-induced ferroptosis, thereby overcoming TMZ resistance. FXR1 has been proven to bind to the GPX4 mRNA transcript and exert a positive regulatory effect on GPX4 expression (16). γ-Glutamyltransferase 1 (GGT1) is an enzyme that cleaves extracellular glutathione. In GBM cells with GGT1 expression, drug inhibition or GGT1 deletion was shown to inhibit the increase in the intracellular glutathione levels induced by the cellular density and the cell viability affected by cystine deprivation. In addition, cystine deprivation led to glutathione depletion and ferroptosis in GBM cells deficient in GGT1 independent of a high cellular density. Exogenous expression of GGT1 in GBM cells deficient in GGT1 suppressed glutathione depletion and ferroptosis induced by cystine deprivation at a high density (17). Even more exciting, GPX4 expression is obviously reduced during tumor recurrence, whereas acyl-CoA synthetase long chain family member 4 (ACSL4) expression exhibits an obvious increase. Moreover, aldehyde dehydrogenase family 1, subfamily A3 (ALDH1A3) and FSP1 expression levels are also increased during recurrence, with the increase in ALDH1A3 expression being significant. It appears that exploiting the ferroptotic process may be a new therapeutic option, especially in patients with recurrent GBM (18). These findings provide new insights into the treatment of recurrent GBM and may contribute to the development of a basis for treating gliomas by targeting ferroptosis in an effective manner.

TP53 encodes p53 promoting cell cycle arrest, senescence, and apoptosis, which are three canonical functions of p53 involved in tumor suppression. This gene is the most frequently mutated tumor suppressor gene in all human cancers. The TP53 gene has been found to be activated under various conditions and to play an important role in the control of ferritin by regulating lipid, energy, and iron metabolism (19, 20). SLC7A11 is a key inhibitor of ferroptosis enhanced by p53. P62 (a stress-induced adaptor protein) inhibits ubiquitination, promotes ferroylation, and suppresses the expression of SLC7A11 in p53-mutant (MT) GBM, whereas it weakens ferroylation and increases SLC7A11 expression in p53-wild-type (WT) GBM (21). There is evidence that Rho family GTPase 1 (RND1) interacts with p53, leading to the deubiquitination of p53. In addition, overexpression of RND1 promotes the activity of the p53-SLC7A11 signaling pathway and triggers lipid peroxidation and siderosis in GBM cells (22). Reduced cystine uptake inhibits downstream GSH biosynthesis, impairing the ability of GPX4 to inhibit siderosis. In addition to downregulating SLC7A11 and impairing GSH biogenesis, p53 promotes ferroptosis through the regulation of other metabolic pathways. The rate-limiting enzyme in polyamine breakdown is arginine/arginine N1-acetyltransferase 1 (SAT1). In recent studies, we found that p53 could induce SAT1 expression, slowing the growth of xenograft tumors. As a result of SAT1 induction, arachidonate 15-lipoxygenase (ALOX15) was upregulated. The p53/SAT1/ALOX15 axis is therefore partially responsible for p53-mediated ferroptosis and tumor suppression (19, 23, 24). In addition, arachidonate 12-lipoxygenase (ALOX12) plays an important role in these functions. p53 promotes the activity of ALOX12. ALOX12 is bound by SLC7A11 and thus sequestered from its substrate, polyunsaturated fatty acids (PUFAs), including those esterified in membranes. ALOX12 is released when p53 downregulates SLC7A11, oxidizing membrane PUFAs and initiating ferroptosis (25, 26). Therefore, the p53/SLC7A11/ALOX12 axis is independent of the decrease in GSH biogenesis and GPX4 activity and is therefore a separate pathway from the p53/SLC7A11/GPX4 pathway. p53 inhibits the expression of SLC7A11 in the antiferroptosis system, and it can also inhibit the serine synthesis pathway as well as the transsulfuration pathway by inhibiting phosphoglycerate dehydrogenase and cystine synthase (CBS), respectively, thus limiting the expression of GSH (19, 27). Mouse double minute 2 homolog (MDM2) is the major E3 ubiquitin-protein ligase that degrades p53, but it is also a p53 target gene. MDM2 and its homolog MDMX can negatively regulate the tumor suppressor p53. Inhibition of MDM2 and MDMX leads to an increased FSP1 protein level, which in turn increases the coenzyme Q10 level. In addition, the MDM2-MDMX complex can alter peroxisome proliferator-activated receptor α (PPARα) activity to regulate lipid metabolism (28). In summary, several studies have been conducted on p53 and ferroptosis to date, and most support a role for p53 in ferroptosis (19, 29). Ferroptosis is promoted by the multiple roles of p53 in regulating cellular metabolism, particularly lipid, iron, ROS, and amino acid metabolism. It remains to be seen whether other metabolic target genes of p53 or metabolic processes modulated by p53 (including autophagy) contribute to p53’s ferroptosis-regulating role.

In recent years, ACSL4 was found to partially activate long-chain fatty acid metabolism and immune signal transduction, indicating that it might be a regulator of ferroptosis (30). ACSL4 overexpression was found to decrease GPX4 overexpression and increase ferroptosis marker levels, such as 5-hydroxyeicosatetraene (5-HETE), 12-HETE and 15-HETE, in glioma cells (31). miR-670-3p inhibits ferroptosis in glioblastoma cells by inhibiting ACSL4. As a result, inhibition of miR-670-3p could be an alternative strategy for the treatment of glioblastoma (32). Heat shock protein 90 (Hsp90) and dynamin-related protein 1 (Drp1) actively regulate and stabilize ACSL4 expression during ferroptosis in glioma triggered by erastin. Hsp90 overexpression and Drp1 dephosphorylation change the mitochondrial morphology and increase lipid peroxidation mediated by ACSL4 to promote ferroptosis (33).

GPX7 is another member of the glutathione peroxidase family (GPX) and participates in oxidative stress and tumorigenesis. GPX7 silencing enhances oxidative stress associated with ferroptosis in glioma cells, while GXP7 deletion sensitizes gliomas to ferroptosis induced by erastin. In addition, miR-29b was found to repress GPX7 expression directly after transcription (34).

Recent studies have confirmed that tetrahydrobiopterin (BH4), a significant cofactor for multiple enzymes, can remarkably inhibit ferroptosis. The GTP cyclohydrolase 1 (GCH1)-BH4 axis controls BH4 synthesis and reduces intracellular CoQ and ROS accumulation, thereby leading to ferroptosis inhibition. In addition, GCH1/BH4 exerts a selective inhibitory impact on nuclear receptor coactivator 4 (NCOA4)-mediated ferritin autophagy and affects iron metabolism (8, 35). This provides a new direction for ferroptosis research in glioma. Coatomer protein complex subunit zeta 1 (COPZ1) negatively regulates NCOA4 activity, and COPZ1 knockdown induces NCOA4-mediated ferritin phagocytosis (36). Downregulation of matrix-remodeling-associated protein 8 (MXRA8) increases the intracellular levels of lipid peroxidation in glioma cells, leads to NCOA4 upregulation and inhibits ferritin heavy chain 1 (FTH1). MXRA8 is significantly associated with various infiltrating immune cells, such as NK cells, macrophages, and neutrophils. MXRA8 knockdown in glioma cells attenuates M2 macrophage infiltration. Accordingly, MXRA8 facilitates glioma progression and critically affects glioma ferroptosis and the immune microenvironment (37).

The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) controls the expression of genes associated with oxidative stress and can reliably maintain redox stability and resistance to oxidative stress. High levels of NRF2 lead to sensitivity in glioblastoma dependent on the expression of its proferroptotic target ATP binding cassette subfamily C member 1 (ABCC1), resulting in GSH depletion upon blockade of the Xc system by erastin (38).

With ongoing research progress, the mechanisms regulating ferroptosis are becoming increasingly clear. Further research on the ferroptosis-related gene network will provide new ideas and broad opportunities for the treatment of glioma, not only primary high-grade gliomas such as GBM but also recurrent gliomas. However, there are a few issues that require further exploration. For example, we must determine how to more effectively and precisely induce ferroptosis in glioma cells and improve the efficacy and safety of this treatment.



Ferroptosis-related compounds in glioma

Chemotherapy is one of the basic therapeutic strategies for glioma. TMZ is currently one of the first-line chemotherapeutic drugs for glioma, especially high-grade glioma. However, with the widespread use of TMZ, the median survival time of GBM patients has improved by only approximately 2.6 months. Frustratingly, as GBM patients receive long-term TMZ therapy, resistance inevitably develops, resulting in treatment efficacy dropping significantly or even disappearing. New replacement drug regimens remain to be developed (39). In the Table 1, we list the recent advances in drug-induced glioma ferroptosis for the treatment of glioma (40–51).


Table 1 | Ferroptosis-inducing drugs in GBM.



From the Table 1, we can see that many drugs used in the past also have a good effect on ferroptosis and that they inhibit the growth of glioma cells by targeting different ferroptotic pathways and target genes. This suggests that it is possible to find new uses for these drugs related to treatment targeting ferroptosis.



Ferroptosis-inducing nanoparticles

The use of rationally designed nanomaterials for the treatment of cancer is an emerging field that has led to tremendous medical success. The administration of ferroptosis-inducing nanoformulations with accurately tuned physicochemical properties is as an extended and feasible therapeutic strategy for tumors. We compiled recent research advances related to the induction of ferroptosis in glioma cells by nanomaterials. (Table 2) (52–56).


Table 2 | Ferroptosis-inducing nanoparticles in GBM.



These different nanodrugs offer a new direction for ferroptosis-based therapy for gliomas. The different designs are very interesting. It is beneficial to generate nanoparticles encapsulated with Fe3O4 and Ce6 acoustic sensitizers, and external loading of C6 cell membranes is performed to achieve tumor cell enrichment of the material. Transient opening of the blood−brain barrier can be achieved with focused ultrasound (US). This sonodynamic therapy (SDT) combines targeting of ferroptosis in glioma cells with SDT (53). However, noninvasive destruction of the blood−brain barrier (BBB) by focused ultrasound may lead to the entry and/or exit of some harmful substances at the same time. In addition, the combination of ferroptosis-targeting therapy and immunotherapy is also a good treatment strategy (54). A membrane-modified drug delivery system was constructed by loading small interfering RNA targeting programmed cell death 1 ligand 1 (PD-L1) on Fe3O4 and externally on the BV2 cell membrane. This system promoted synergy between ferroptosis induction and immunotherapy by reducing the expression of PD-L1 in situ in drug-resistant GBM tissues, which was combined with the effect of ferroptosis induction by Fe2+ in Fe3O4. Some studies have also been conducted on the combination of chemotherapeutic drugs with nanomaterials (55). Gallic iron nanoparticles combined with the chemotherapeutic agent cisplatin produce a dual killing effect. The material’s photothermal responsiveness and ability to be imaged by MRI provide a new way to treat GBM. Recent studies have also combined exosomes with nanomaterials to create a composite ferroptosis platform (56). A study engineered exosomes by modifying the ANG-targeting peptide on the surface of the exosomes, giving them a greater ability to cross the blood−brain barrier. Next, they constructed a nanomaterial with an Fe3O4 core, a mesoporous silicon shell and a modified anti-CD63 antibody on the surface of the mesoporous silicon shell for branching exosomes. Ultimately, the ferroptosis-related therapeutic effect of the system was achieved by encapsulating a drug or small interfering RNA targeting a critical ferroptotic pathway in the mesoporous silicon shell and exosomes.

In general, the different designs are interesting and well designed. In conclusion, to achieve ferroptosis-targeted therapy with nanomaterials, the following steps must be achieved: blood−brain barrier penetration, tumor targeting, and ferroptosis induction. Nanomaterials with properties that enable these events may be new agents for glioma therapy in the future. However, the design of different nanomaterials is relatively complicated, such as the camouflage achieved with different cell membranes and the encapsulation of different drugs, and further improvements and validation in industrial production and human experimental safety are still needed. However, we believe that with the continuous progress of medical-industrial crossover technology, an increasing number of nanoagents will start to capture attention and provide new insights for the treatment of glioma in combination with ferroptosis-inducing agents.



Ferroptosis and TMZ resistance

TMZ is still a most effective drugs for glioma chemotherapy. Ferroptosis can considerably affect TMZ resistance in glioma, and ferroptosis resistance may serve as a mechanism of TMZ resistance in glioma. TMZ increases LDH, MDA and iron levels and decreases GSH levels in glioma cells to induce ferroptosis. In addition, ROS levels and DMT1 expression are elevated, and GPX4 expression is decreased in cells treated with temozolomide; these events are under the regulation of the Nrf2/HO-1 pathway (57).

In addition to ferroptosis inducers and xCT inhibitors, quinacrine (a compound capable of crossing the blood−brain barrier) has been found to impair autophagy but increase the sensitivity of glioblastoma stem cells (GSCs) to TMZ and trigger ferroptosis in GSCs (58). A long non-coding RNA LINC01564 promotes glioma cell resistance to TMZ by upregulating Nrf2 expression, which counteracts the effects of MAPK8 ablation on glioma cell apoptosis and ferroptosis to inhibit ferroptosis (59).

Further study of the ferroptosis mechanism in glioma TMZ resistance will contribute to new insights into the clinical reversal of glioma TMZ chemoresistance. However, details are still needed for clinical application.



Ferroptosis and immunotherapy

One of the most effective ways to treat cancer is to induce tumor cell death. Immunotherapy is considered a milestone in precision medicine. It elicits significant therapeutic responses in patients who have developed resistance to other conventional therapies (60). However, immunotherapy is not particularly effective in glioma, especially in GBM. A growing body of research suggests that the glioma immunosuppressive microenvironment (GIME) contributes to the poor efficacy of glioma immunotherapy (61–63). The rapid proliferation of gliomas creates a harsh microenvironment that is acidic with nutrient scarcity and hypoxia (64–66). As a result, immune cells become immunosuppressive or inactive or die (67, 68), whereas glioma cells may be able to adapt to this harsh microenvironment due to their substantial plasticity (69, 70). Additionally, the blood−brain barrier prevents immune cells from migrating to tumors (71, 72). Furthermore, many suppressive cytokines secreted by gliomas (73) and suppressive immune cells suppress the antitumor activity of immune cells (74, 75). Furthermore, glioma cells can secrete a large number of cytokines to capture immune cells. Glioma cells are able to escape immune surveillance in this case (62, 76). To treat glioma successfully, it is therefore essential to remodel the immune microenvironment.

This is of great importance for improving traditional drug resistance, as ferroptosis is closely related to antitumor immunity and the immune microenvironment. Calreticulin (CRT), a soluble chaperone associated with the endoplasmic reticulum (ER), is one of the proteins that regulates the tumor microenvironment. As a result of ferroptosis, CRT is translocated onto tumor cells, where it can induce a robust immune response against the tumor (77). Neutrophils have been reported participate in apoptosis by accumulating iron-dependent lipid peroxide, which results in iron atrophy in GBMs. Intratumoral depletion of ACSL4 or overexpression of GPX4 reduces tumor necrosis and aggressiveness (78). By harnessing the cytotoxic potential of the immune system, notably that of tumor-specific cytotoxic T cells, immunotherapy is a promising strategy to treat malignancies. As a result of their antitumor effects, CD8+ T cells are a crucial component of the tumor microenvironment; they also play a key role during every stage of tumor development. Ferroptosis is a metabolic vulnerability of tumor-specific CD8+ T cells, whereas GPX4-deficient T cells display a high sensitivity to ferroptosis and are thus incapable of exerting antitumor effects. Overexpression of GPX4 inhibits ferroptosis in CD8+ T cells and simultaneously restores the production of cytotoxic cytokines in vitro or increases the number of tumor-infiltrating CD8+ T cells in vivo, thereby enhancing tumor control (79–81). In contrast, increased ferroptosis facilitates immune cell activation and infiltration but attenuates the killing of tumor cells through cytotoxic activity (82). Moreover, enhanced ferroptosis contributes to the recruitment of tumor-associated macrophages (TAMs) and M2 polarization (83). These factors contribute to the creation of an immunosuppressive immune microenvironment, which may lead to immune escape. Further studies are needed to balance the dual effects in the future.

Interestingly, ferroptosis exhibits immunogenicity in vitro and in vivo, triggering a vaccination-like effect in immunocompetent mice, in which ATP and high mobility group box 1 (HMGB1), the most typical injury-related molecular patterns associated with immunogenic cell death, can be passively released and act as immunogenic signals that affect the immunogenicity of early ferroptotic cancer cells (84). Thus, this novel discovery provides a new direction for vaccine therapy.

Clinical trials of immune checkpoint inhibitors (ICIs) have demonstrated a broad clinical impact and early success. Some but not all cases of ICI response have been associated with the expression of immune checkpoint molecules, including PD-1 ligand (PD-L1) (85). Some patients with PD-L1-positive tumors do not respond to treatment, while some patients with PD-L1-negative tumors may benefit from ICI therapy due to tumor heterogeneity (86, 87). TYRO3 inhibits anti-PD-1/PD-L1-induced ferrogenesis in tumor cells by suppressing the AKT/NRF2 axis and amplifies a favorable tumor microenvironment by reducing the ratio of M1/M2 macrophages, thus contributing to the efficacy of anti-PD-1/PD-L1 therapy (88). More effective immune checkpoints or more valid regulatory pathways need to be explored to overcome resistance in glioma patients.

Although ICI immunotherapy has been shown to have significant positive effects in some cancer patients, there is still evidence of drug resistance in many tumors, including GBM, due to tumor heterogeneity, low tumor-infiltrating T-cell (TIL) levels, loss of target antigens and off-target toxicity (89, 90). Chimeric antigen receptor T (CAR-T) cell immunotherapy targeting neoantigens that are derived from somatic mutations and expressed on only tumor cells has led to a new approach in cancer immunotherapy. CAR-T cell therapy has achieved certain success in both basic research and small-scale clinical research (91). B7-H3 (CD276) is expressed on CNS tumors, and B7-H3-specific CAR-T cells were designed for therapy in diffuse intrinsic pontine glioma (DIPG), producing exciting results (92). Frustratingly, there are no cases of relevant CAR-T cells designed to induce ferroptosis in gliomas. In addition, taking advantage of CAR-T cells to transform the immune microenvironment and enhance ferroptosis in tumor cells is a novel direction to be explored.

In conclusion, with increasing research, immunotherapy is becoming more specific and individualized, which provides opportunities for therapy in glioma. The effects of ferroptosis and immunotherapy are bidirectional, i.e., ferroptosis can further influence the effect of immunotherapy by affecting the immune microenvironment, and the effect of immunotherapy can be further enhanced by enhancing ferroptosis. However, there are still some details and limits that need to be further researched for glioma therapy.



Potential Biomarkers of Ferroptosis

With the development of sequencing technology and the creation of databases, bioinformatic analysis now plays an important role in identifying potential targets and drug effects and predicting prognosis. We compiled the recently published literature on biogenic analysis to provide potential new ideas for future research (Supplement 1) (93–105). As shown in the table, different studies identified different targets, and some of the studies explored several targets.

Although a large number of bioinformatic analysis studies currently provide us with ferroptosis-related targets in low-grade glioma (LGG) and GBM, they still have many limitations and points of controversy due to the lack of rigorous experimental support. Many of the studies relied on only computer technology. Bioinformatic analysis may be a future direction, but the validity and clinical significance of the molecules identified with this approach need to be further explored.



Ferroptosis in neuroblastoma

Neuroblastoma is one of the most prevalent extracranial tumors in children, accounting for the majority of childhood cancer-related deaths, especially in high-risk cases. High-risk NB is characterized by the appearance of this disease after the age of 18 months, the amplification of MYCN (MYCN Proto-Oncogene, BHLH Transcription Factor), or the activation of mechanisms for telomere maintenance (106, 107). The scientific community is committed to finding new strategies related to ferroptosis based on the characteristics of high-risk NB as a potential therapy for high-risk NB (108, 109).



The ferroptosis-related gene network in neuroblastoma

The characteristics of NB are significantly different from those of glioma, and the focus is also different. Genomic amplification of the oncogene MYCN acts as an essential oncogenic event in high-risk NB, occurring in approximately 50% of high-risk cases, and MYCN amplification is strongly related to a poor NB prognosis (OS < 50%). MYCN-amplified NB shows a system-dependent increase in the level of the Xc-cystine/glutamate reverse transporter protein for ROS detoxification mediated by increased transcription of this receptor (108). As a result, MYCN amplification may be a potent target in NB, and much research has focused on this aspect. MYCN induces massive lipid peroxidation when consuming cysteine, the rate-limiting amino acid in the biosynthesis of GSH, which sensitizes cells to ferroptosis. When the uptake of cysteine in MYCN-amplified pediatric NB is restricted, the use of cysteine in protein synthesis can inevitably cause GSH-induced ferroptosis and spontaneous tumor regression of low-risk NB (110). In addition, NB cells with amplified MYCN can easily undergo ferroptosis due to the upregulation of TFRC-encoded transferrin receptor 1, which reprograms cellular iron metabolism through the upregulation of TFRC (Transferrin Receptor) expression. TFRC-encoded transferrin receptor 1 is a pivotal iron transporter protein on the cell membrane, and elevated iron uptake facilitates the accumulation of unstable iron pools, resulting in elevated lipid peroxide production. TFRC overexpression in NB cells is also capable of inducing selective sensitivity to ferroptosis inhibition by GPX4 (111, 112).

Ferroportin (Fpn) is the only iron export protein that partially regulates the intracellular iron concentration. Fpn knockdown has been shown to increase the accumulation of iron-dependent lipid ROS to accelerate erastin-induced ferroptosis, and Fpn may be an appropriate target for NB treatment (113). Mitochondrial ferritin (FtMt), a kind of iron storage protein in the mitochondria, also exerts a protective effect during erastin-induced ferroptosis (114). Recent mechanistic studies have shown that downregulation of CDC27 results in obviously reduced expression of ornithine decarboxylase 1 (ODC1), a recognized direct target of MYCN. ODC1 inhibition markedly undermines the promotive effects of CDC27 on NB cells in terms of proliferation, metastasis and the sphere-forming capacity (115).



Ferroptosis-related compounds in neuroblastoma

There are currently several drugs for NB treatment, including cisplatin, etoposide, vincristine, doxorubicin, and cyclophosphamide. These drugs are the most effective inducers of apoptosis. However, this type of drug therapy creates multidrug-resistant clones, which makes eradicating this type of tumor much harder and favors tumor recurrence (116). The induction of ferroptosis through the use of drugs and agents in NB can be used to achieve better therapeutic outcomes, and this is also another hot topic in current research. Inducing ferroptosis has great potential as an anticancer therapeutic strategy in various NB tumor types, particularly in tumors with RAS mutations. The ferroptosis inducers erastin and RSL3 reduce RAS mutation-rich N2A cell (mouse neuroblastoma N2A cells) viability by increasing ROS levels and inducing cell death. In contrast, ferroptosis inhibitors lower the high ROS levels and reduce viability defects in erastin- or RSL3-treated cells. Ferritin (Fth) heavy chain 1, a ferrous oxidase that converts redox-active Fe2+ into redox-inactive Fe3+, may control the N2A-induced hypersensitivity response to ferroptosis. Overexpression of Fth reduces ROS levels and cell death and induces GPX4 expression. Additionally, NB cell lines present remarkably lower Fth expression than other cancer cell lines (117).

In addition, withaferin A (WA), a natural ferroptosis inducer in NB, activates Kelch-like ECH-associated protein 1 to activate the nuclear factor-like 2 pathway and produces increased intracellular unstable Fe(II) levels after heme oxygenase-1 is excessively activated, inducing ferroptosis or inactivating GPX4 (109). Chlorido[N,N’-disalicylidene-1,2-phenylenediamine]iron(III) complexes in NB cell lines produce lipid-based ROS and induce ferroptosis with greater efficacy than the therapeutic drug cisplatin (118).




Conclusion

Despite advances in multimodal treatment, midbody treatment and the prognosis of gliomas and neuroblastoma are discouraging. Ferroptosis is a newly identified form of programmed cell death (PCD) dependent on iron that differs from apoptosis, cell necrosis, and autophagy. It plays a very important role in GBM and NB. This article summarizes the mechanisms involved in the roles of ferroptosis in GBM and NB. To summarize, we report that (1) the GPX4 pathway remarkably affects GBM and NB and that direct or indirect inhibition of GPX4 disrupts lipid peroxidation. (2) MYCN amplification may be a potent target in NB. (3) Nanodrugs may be new therapeutic agents for treating glioma and neuroblastoma. (4) The complexity of the tumor immune microenvironment and regulatory mechanisms need to be further explored.

Therefore, future research directions should include an in-depth study of ferroptosis, identification of key targets in the ferroptotic pathway and validation of their relationships in glioma and neuroblastoma, application of ferroptosis biomarkers in clinical prevention and monitoring, exploration of a new generation of ferroptosis-targeting systems, and finally, validation of the relationship between immunity and ferroptosis in glioma and neuroblastoma.



Author contributions

HC and BL made equal contributions to the work. HX and GL took charge of project conception and design. HC and BL proposed the research and finalized the paper. QW, ZG and BF searched and summarized the literature. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Natural Science Foundation of China (Nos. 82273195, 81874083, 82072776, 82273286, 82072775, and 82203419), Natural Science Foundation of Shandong Province of China (Nos. ZR2020QH174 and ZR2021LSW025), Jinan Science and Technology Bureau of Shandong Province (No. 2021GXRC029), Key Clinical Research Project of Clinical Research Center of Shandong University (No. 2020SDUCRCA011) and Taishan Pandeng Scholar Program of Shandong Province (No. tspd20210322).



Acknowledgments

The authors acknowledge the use of BioRender for figure rendering.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1065994/full#supplementary-material



References

1. Miller, KD, Ostrom, QT, Kruchko, C, Patil, N, Tihan, T, Cioffi, G, et al. Brain and other central nervous system tumor statistics, 2021. CA Cancer J Clin (2021) 71(5):381–406. doi: 10.3322/caac.21693

2. Ostrom, QT, Cioffi, G, Waite, K, Kruchko, C, and Barnholtz-Sloan, JS. CBTRUS statistical report: Primary brain and other central nervous system tumors diagnosed in the united states in 2014-2018. Neuro Oncol (2021) 23(12 Suppl 2):iii1–iii105. doi: 10.1093/neuonc/noab200

3. Tan, AC, Ashley, DM, López, GY, Malinzak, M, Friedman, HS, and Khasraw, M. Management of glioblastoma: State of the art and future directions. CA Cancer J Clin (2020) 70(4):299–312. doi: 10.3322/caac.21613

4. Tan, AC, Ashley, DM, López, GY, Malinzak, M, Friedman, HS, and Khasraw, M. Management of glioblastoma: State of the art and future directions. CA Cancer J Clin (2020) 70(4):299–312. doi: 10.3322/caac.21613

5. Mao, C, Liu, X, Zhang, Y, Lei, G, Yan, Y, Lee, H, et al. DHODH-mediated ferroptosis defence is a targetable vulnerability in cancer. Nature (2021) 593(7860):586–90. doi: 10.1038/s41586-021-03539-7

6. Yan, HF, Zou, T, Tuo, QZ, Xu, S, Li, H, Belaidi, AA, et al. Ferroptosis: mechanisms and links with diseases. Signal Transduct Target Ther (2021) 6(1):49. doi: 10.1038/s41392-020-00428-9

7. Mou, Y, Wang, J, Wu, J, He, D, Zhang, C, Duan, C, et al. Ferroptosis, a new form of cell death: opportunities and challenges in cancer. J Hematol Oncol (2019) 12(1):34. doi: 10.1186/s13045-019-0720-y

8. Lei, X, Zhao, G, Guo, R, and Cui, N. Ferroptosis in sepsis: The mechanism, the role and the therapeutic potential. Front Immunol (2022) 13:956361. doi: 10.3389/fimmu.2022.956361

9. Feng, Z, Qin, Y, Huo, F, Jian, Z, Li, X, Geng, J, et al. NMN recruits GSH to enhance GPX4-mediated ferroptosis defense in UV irradiation induced skin injury. Biochim Biophys Acta Mol Basis Dis (2022) 1868(1):166287. doi: 10.1016/j.bbadis.2021.166287

10. 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(7784):688–92. doi: 10.1038/s41586-019-1705-2

11. Doll, S, Freitas, FP, Shah, R, Aldrovandi, M, da Silva, MC, Ingold, I, et al. FSP1 is a glutathione-independent ferroptosis suppressor. Nature (2019) 575(7784):693–8. doi: 10.1038/s41586-019-1707-0

12. Fang, J, Uchiumi, T, Yagi, M, Matsumoto, S, Amamoto, R, Takazaki, S, et al. Dihydro-orotate dehydrogenase is physically associated with the respiratory complex and its loss leads to mitochondrial dysfunction. Biosci Rep (2013) 33(2):e00021. doi: 10.1042/BSR20120097

13. Zhao, X, Zhou, M, Yang, Y, and Luo, M. The ubiquitin hydrolase OTUB1 promotes glioma cell stemness via suppressing ferroptosis through stabilizing SLC7A11 protein. Bioengineered (2021) 12(2):12636–45. doi: 10.1080/21655979.2021.2011633

14. Sun, S, Gao, T, Pang, B, Su, X, Guo, C, Zhang, R, et al. RNA binding protein NKAP protects glioblastoma cells from ferroptosis by promoting SLC7A11 mRNA splicing in an m6A-dependent manner. Cell Death Dis (2022) 13(1):73. doi: 10.1038/s41419-022-04524-2

15. Wang, X, Lu, S, He, C, Wang, C, Wang, L, Piao, M, et al. RSL3 induced autophagic death in glioma cells via causing glycolysis dysfunction. Biochem Biophys Res Commun (2019) 518(3):590–7. doi: 10.1016/j.bbrc.2019.08.096

16. Wei, Y, Duan, S, Gong, F, and Li, Q. The RNA-binding protein fragile-x mental retardation autosomal 1 (FXR1) modulates glioma cells sensitivity to temozolomide by regulating ferroptosis. Biochem Biophys Res Commun (2022) 603:153–9. doi: 10.1016/j.bbrc.2022.02.103

17. Hayashima, K, and Katoh, H. Expression of gamma-glutamyltransferase 1 in glioblastoma cells confers resistance to cystine deprivation-induced ferroptosis. J Biol Chem (2022) 298(3):101703. doi: 10.1016/j.jbc.2022.101703

18. 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. doi: 10.3389/fonc.2022.841418

19. Liu, Y, and Gu, W. p53 in ferroptosis regulation: the new weapon for the old guardian. Cell Death Differ (2022) 29(5):895–910. doi: 10.1038/s41418-022-00943-y

20. Wang, M, and Attardi, LD. A balancing act: p53 activity from tumor suppression to pathology and therapeutic implications. Annu Rev Pathol (2022) 17:205–26. doi: 10.1146/annurev-pathol-042320-025840

21. Yuan, F, Sun, Q, Zhang, S, Ye, L, Xu, Y, Deng, G, et al. The dual role of p62 in ferroptosis of glioblastoma according to p53 status. Cell Biosci (2022) 12(1):20. doi: 10.1186/s13578-022-00764-z

22. Sun, Q, Xu, Y, Yuan, F, Qi, Y, Wang, Y, Chen, Q, et al. Rho family GTPase 1 (RND1), a novel regulator of p53, enhances ferroptosis in glioblastoma. Cell Biosci (2022) 12(1):53. doi: 10.1186/s13578-022-00791-w

23. Ou, Y, Wang, SJ, Li, D, Chu, B, and Gu, W. Activation of SAT1 engages polyamine metabolism with p53-mediated ferroptotic responses. Proc Natl Acad Sci U.S.A. (2016) 113(44):E6806–12. doi: 10.1073/pnas.1607152113

24. Gao, M, Monian, P, Quadri, N, Ramasamy, R, and Jiang, X. Glutaminolysis and transferrin regulate ferroptosis. Mol Cell (2015) 59(2):298–308. doi: 10.1016/j.molcel.2015.06.011

25. Chu, B, Kon, N, Chen, D, Li, T, Liu, T, Jiang, L, et al. ALOX12 is required for p53-mediated tumour suppression through a distinct ferroptosis pathway. Nat Cell Biol (2019) 21(5):579–91. doi: 10.1038/s41556-019-0305-6

26. Liu, Y, Chen, C, Xu, Z, Scuoppo, C, Rillahan, CD, Gao, J, et al. Deletions linked to TP53 loss drive cancer through p53-independent mechanisms. Nature (2016) 531(7595):471–5. doi: 10.1038/nature17157

27. Ou, Y, Wang, SJ, Jiang, L, Zheng, B, and Gu, W. p53 protein-mediated regulation of phosphoglycerate dehydrogenase (PHGDH) is crucial for the apoptotic response upon serine starvation. J Biol Chem (2015) 290(1):457–66. doi: 10.1074/jbc.M114.616359

28. Venkatesh, D, O'Brien, NA, Zandkarimi, F, Tong, DR, Stokes, ME, Dunn, DE, et al. MDM2 and MDMX promote ferroptosis by PPARα-mediated lipid remodeling. Genes Dev (2020) 34(7-8):526–43. doi: 10.1101/gad.334219.119

29. Liu, Y, and Gu, W. The complexity of p53-mediated metabolic regulation in tumor suppression. Semin Cancer Biol (2022) 85:4–32. doi: 10.1016/j.semcancer.2021.03.010

30. Hou, J, Jiang, C, Wen, X, Li, C, Xiong, S, Yue, T, et al. ACSL4 as a potential target and biomarker for anticancer: From molecular mechanisms to clinical therapeutics. Front Pharmacol (2022) 13:949863. doi: 10.3389/fphar.2022.949863

31. Cheng, J, Fan, YQ, Liu, BH, Zhou, H, Wang, JM, and Chen, QX. ACSL4 suppresses glioma cells proliferation via activating ferroptosis. Oncol Rep (2020) 43(1):147–58. doi: 10.3892/or.2019.7419

32. Bao, C, Zhang, J, Xian, SY, and Chen, F. MicroRNA-670-3p suppresses ferroptosis of human glioblastoma cells through targeting ACSL4. Free Radic Res (2021) 55(7):853–64. doi: 10.1080/10715762.2021.1962009

33. Miao, Z, Tian, W, Ye, Y, Gu, W, Bao, Z, Xu, L, et al. Hsp90 induces Acsl4-dependent glioma ferroptosis via dephosphorylating Ser637 at Drp1. Cell Death Dis (2022) 13(6):548. doi: 10.1038/s41419-022-04997-1

34. 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 (2022) 11:802124. doi: 10.3389/fonc.2021.802124

35. Kraft, VAN, Bezjian, CT, Pfeiffer, S, Ringelstetter, L, Müller, C, Zandkarimi, F, et al. GTP cyclohydrolase 1/Tetrahydrobiopterin counteract ferroptosis through lipid remodeling. ACS Cent Sci (2020) 6(1):41–53. doi: 10.1021/acscentsci.9b01063

36. 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. Oncogene (2021) 40(8):1425–39. doi: 10.1038/s41388-020-01622-3

37. Xu, Z, Chen, X, Song, L, Yuan, F, and Yan, Y. Matrix remodeling-associated protein 8 as a novel indicator contributing to glioma immune response by regulating ferroptosis. Front Immunol (2022) 13:834595. doi: 10.3389/fimmu.2022.834595

38. de Souza, I, Monteiro, LKS, Guedes, CB, Silva, MM, Andrade-Tomaz, M, Contieri, B, et al. High levels of NRF2 sensitize temozolomide-resistant glioblastoma cells to ferroptosis via ABCC1/MRP1 upregulation. Cell Death Dis (2022) 13(7):591. doi: 10.1038/s41419-022-05044-9

39. Jatyan, R, Singh, P, Sahel, DK, Karthik, YG, Mittal, A, and Chitkara, D. Polymeric and small molecule-conjugates of temozolomide as improved therapeutic agents for glioblastoma multiforme. J Control Release (2022) 350:494–513. doi: 10.1016/j.jconrel.2022.08.024

40. Chen, Y, Mi, Y, Zhang, X, Ma, Q, Song, Y, Zhang, L, et al. Dihydroartemisinin-induced unfolded protein response feedback attenuates ferroptosis via PERK/ATF4/HSPA5 pathway in glioma cells. J Exp Clin Cancer Res (2019) 38(1):402. doi: 10.1186/s13046-019-1413-7

41. Lu, S, Wang, XZ, He, C, Wang, L, Liang, SP, Wang, CC, et al. ATF3 contributes to brucine-triggered glioma cell ferroptosis via promotion of hydrogen peroxide and iron. Acta Pharmacol Sin (2021) 42(10):1690–702. doi: 10.1038/s41401-021-00700-w

42. Wang, Z, Ding, Y, Wang, X, Lu, S, Wang, C, He, C, et al. Pseudolaric acid b triggers ferroptosis in glioma cells via activation of Nox4 and inhibition of xCT. Cancer Lett (2018) 428:21–33. doi: 10.1016/j.canlet.2018.04.021

43. Chen, Y, Li, N, Wang, H, Wang, N, Peng, H, Wang, J, et al. Amentoflavone suppresses cell proliferation and induces cell death through triggering autophagy-dependent ferroptosis in human glioma. Life Sci (2020) 247:117425. doi: 10.1016/j.lfs.2020.117425

44. Li, S, He, Y, Chen, K, Sun, J, Zhang, L, He, Y, et al. RSL3 drives ferroptosis through NF-κB pathway activation and GPX4 depletion in glioblastoma. Oxid Med Cell Longev (2021) 2021:2915019. doi: 10.1155/2021/2915019

45. Tan, S, Hou, X, and Mei, L. Dihydrotanshinone i inhibits human glioma cell proliferation via the activation of ferroptosis. Oncol Lett (2020) 20(4):122. doi: 10.3892/ol.2020.11980

46. Xia, L, Gong, M, Zou, Y, Wang, Z, Wu, B, Zhang, S, et al. Apatinib induces ferroptosis of glioma cells through modulation of the VEGFR2/Nrf2 pathway. Oxid Med Cell Longev (2022) 2022:9925919. doi: 10.1155/2022/9925919

47. Xu, Y, Zhang, N, Chen, C, Xu, X, Luo, A, Yan, Y, et al. Sevoflurane induces ferroptosis of glioma cells through activating the ATF4-CHAC1 pathway. Front Oncol (2022) 12:859621. doi: 10.3389/fonc.2022.859621

48. Zhan, S, Lu, L, Pan, SS, Wei, XQ, Miao, RR, Liu, XH, et al. Targeting NQO1/GPX4-mediated ferroptosis by plumbagin suppresses in vitro and in vivo glioma growth. Br J Cancer (2022) 127(2):364–76. doi: 10.1038/s41416-022-01800-y

49. Chen, TC, Chuang, JY, Ko, CY, Kao, TJ, Yang, PY, Yu, CH, et al. AR ubiquitination induced by the curcumin analog suppresses growth of temozolomide-resistant glioblastoma through disrupting GPX4-mediated redox homeostasis. Redox Biol (2020) 30:101413. doi: 10.1016/j.redox.2019.101413

50. Hacioglu, C, and Kar, F. Capsaicin induces redox imbalance and ferroptosis through ACSL4/GPx4 signaling pathways in U87-MG and U251 glioblastoma cells. Metab Brain Dis (2023) 38(2):393–408. doi: 10.1007/s11011-022-00983-w

51. Kar, F, Hacioğlu, C, and Kaçar, S. The dual role of boron in vitro neurotoxication of glioblastoma cells via SEMA3F/NRP2 and ferroptosis signaling pathways. Environ Toxicol (2023) 38(1):70–7. doi: 10.1002/tox.23662

52. Zhang, Y, Fu, X, Jia, J, Wikerholmen, T, Xi, K, Kong, Y, et al. Glioblastoma therapy using codelivery of cisplatin and glutathione peroxidase targeting siRNA from iron oxide nanoparticles. ACS Appl Mater Interfaces (2020) 12(39):43408–21. doi: 10.1021/acsami.0c12042

53. Zhu, M, Wu, P, Li, Y, Zhang, L, Zong, Y, Wan, M, et al. Synergistic therapy for orthotopic gliomas via biomimetic nanosonosensitizer-mediated sonodynamic therapy and ferroptosis. Biomater Sci (2022) 10(14):3911–23. doi: 10.1039/d2bm00562j

54. Liu, B, Ji, Q, Cheng, Y, Liu, M, Zhang, B, Mei, Q, et al. Biomimetic GBM-targeted drug delivery system boosting ferroptosis for immunotherapy of orthotopic drug-resistant GBM. J Nanobiotechnology (2022) 20(1):161. doi: 10.1186/s12951-022-01360-6

55. Zhang, Y, Xi, K, Fu, X, Sun, H, Wang, H, Yu, D, et al. Versatile metal-phenolic network nanoparticles for multitargeted combination therapy and magnetic resonance tracing in glioblastoma. Biomaterials (2021) 278:121163. doi: 10.1016/j.biomaterials.2021.121163

56. Li, B, Chen, X, Qiu, W, Zhao, R, Duan, J, Zhang, S, et al. Synchronous disintegration of ferroptosis defense axis via engineered exosome-conjugated magnetic nanoparticles for glioblastoma therapy. Adv Sci (Weinh) (2022) 9(17):e2105451. doi: 10.1002/advs.202105451

57. 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. doi: 10.3389/fonc.2020.00897

58. Buccarelli, M, Marconi, M, Pacioni, S, De Pascalis, I, 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(8):841. doi: 10.1038/s41419-018-0864-7

59. Luo, C, Nie, C, Zeng, Y, Qian, K, Li, X, and Wang, X. LINC01564 promotes the TMZ resistance of glioma cells by upregulating NFE2L2 expression to inhibit ferroptosis. Mol Neurobiol (2022) 59(6):3829–44. doi: 10.1007/s12035-022-02736-3

60. Liu, G, Qiu, Y, Zhang, P, Chen, Z, Chen, S, Huang, W, et al. Immunogenic cell death enhances immunotherapy of diffuse intrinsic pontine glioma: From preclinical to clinical studies. Pharmaceutics (2022) 14(9):1762. doi: 10.3390/pharmaceutics14091762

61. Keskin, DB, Anandappa, AJ, Sun, J, Tirosh, I, Mathewson, ND, Li, S, et al. Neoantigen vaccine generates intratumoral t cell responses in phase ib glioblastoma trial. Nature (2019) 565(7738):234–9. doi: 10.1038/s41586-018-0792-9

62. Xu, S, Tang, L, Li, X, Fan, F, and Liu, Z. Immunotherapy for glioma: Current management and future application. Cancer Lett (2020) 476:1–12. doi: 10.1016/j.canlet.2020.02.002

63. Zhao, J, Chen, AX, Gartrell, RD, Silverman, AM, Aparicio, L, Chu, T, et al. Immune and genomic correlates of response to anti-PD-1 immunotherapy in glioblastoma. Nat Med (2019) 25(3):462–9. doi: 10.1038/s41591-019-0349-y

64. Liu, H, Zhang, W, Wang, K, Wang, X, Yin, F, Li, C, et al. Methionine and cystine double deprivation stress suppresses glioma proliferation via inducing ROS/autophagy. Toxicol Lett (2015) 232(2):349–55. doi: 10.1016/j.toxlet.2014.11.011

65. Li, J, Liao, T, Liu, H, Yuan, H, Ouyang, T, Wang, J, et al. Hypoxic glioma stem cell-derived exosomes containing Linc01060 promote progression of glioma by regulating the MZF1/c-Myc/HIF1α axis. Cancer Res (2021) 81(1):114–28. doi: 10.1158/0008-5472.CAN-20-2270

66. Colwell, N, Larion, M, Giles, AJ, Seldomridge, AN, Sizdahkhani, S, Gilbert, MR, et al. Hypoxia in the glioblastoma microenvironment: shaping the phenotype of cancer stem-like cells. Neuro Oncol (2017) 19(7):887–96. doi: 10.1093/neuonc/now258

67. Lim, M, Xia, Y, Bettegowda, C, and Weller, M. Current state of immunotherapy for glioblastoma. Nat Rev Clin Oncol (2018) 15(7):422–42. doi: 10.1038/s41571-018-0003-5

68. Hambardzumyan, D, Gutmann, DH, and Kettenmann, H. The role of microglia and macrophages in glioma maintenance and progression. Nat Neurosci (2016) 19(1):20–7. doi: 10.1038/nn.4185

69. Chaligne, R, Gaiti, F, Silverbush, D, Schiffman, JS, Weisman, HR, Kluegel, L, et al. Epigenetic encoding, heritability and plasticity of glioma transcriptional cell states. Nat Genet (2021) 53(10):1469–79. doi: 10.1038/s41588-021-00927-7

70. Nicholson, JG, and Fine, HA. Diffuse glioma heterogeneity and its therapeutic implications. Cancer Discovery (2021) 11(3):575–90. doi: 10.1158/2159-8290

71. van Tellingen, O, Yetkin-Arik, B, de Gooijer, MC, Wesseling, P, Wurdinger, T, and de Vries, HE. Overcoming the blood-brain tumor barrier for effective glioblastoma treatment. Drug Resist Update (2015) 19:1–12. doi: 10.1016/j.drup.2015.02.002

72. Zhou, W, Chen, C, Shi, Y, Wu, Q, Gimple, RC, Fang, X, et al. Targeting glioma stem cell-derived pericytes disrupts the blood-tumor barrier and improves chemotherapeutic efficacy. Cell Stem Cell (2017) 21(5):591–603.e4. doi: 10.1016/j.stem.2017.10.002

73. De Boeck, A, Ahn, BY, D'Mello, C, Lun, X, Menon, SV, Alshehri, MM, et al. Glioma-derived IL-33 orchestrates an inflammatory brain tumor microenvironment that accelerates glioma progression. Nat Commun (2020) 11(1):4997. doi: 10.1038/s41467-020-18569-4

74. Wang, Q, Hu, B, Hu, X, Kim, H, Squatrito, M, Scarpace, L, et al. Tumor evolution of glioma-intrinsic gene expression subtypes associates with immunological changes in the microenvironment. Cancer Cell (2018) 33(1):152. doi: 10.1016/j.ccell.2017.12.012

75. Gieryng, A, Pszczolkowska, D, Walentynowicz, KA, Rajan, WD, and Kaminska, B. Immune microenvironment of gliomas. Lab Invest (2017) 97(5):498–518. doi: 10.1038/labinvest.2017.19

76. Tran, TT, Uhl, M, Ma, JY, Janssen, L, Sriram, V, Aulwurm, S, et al. Inhibiting TGF-beta signaling restores immune surveillance in the SMA-560 glioma model. Neuro Oncol (2007) 9(3):259–70. doi: 10.1215/15228517-2007-010

77. Sacco, A, Battaglia, AM, Botta, C, Aversa, I, Mancuso, S, Costanzo, F, et al. Iron metabolism in the tumor microenvironment-implications for anti-cancer immune response. Cells (2021) 10(2):303. doi: 10.3390/cells10020303

78. Yee, PP, Wei, Y, Kim, SY, Lu, T, Chih, SY, Lawson, C, et al. Neutrophil-induced ferroptosis promotes tumor necrosis in glioblastoma progression. Nat Commun (2020) 11(1):5424. doi: 10.1038/s41467-020-19193-y

79. 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(2):184–99. doi: 10.1158/2326-6066.CIR-20-0384

80. Xu, S, Chaudhary, O, Rodríguez-Morales, P, Sun, X, Chen, D, Zappasodi, R, et al. Uptake of oxidized lipids by the scavenger receptor CD36 promotes lipid peroxidation and dysfunction in CD8+ t cells in tumors. Immunity (2021) 54(7):1561–1577.e7. doi: 10.1016/j.immuni.2021.05.003

81. 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(5):1001–1012.e5. doi: 10.1016/j.cmet.2021.02.015

82. Liu, T, Zhu, C, Chen, X, Guan, G, Zou, C, Shen, S, et al. Ferroptosis, as the most enriched programmed cell death process in glioma, induces immunosuppression and immunotherapy resistance. Neuro Oncol (2022) 24(7):1113–25. doi: 10.1093/neuonc/noac033

83. Dang, Q, Sun, Z, Wang, Y, Wang, L, Liu, Z, and Han, X. Ferroptosis: a double-edged sword mediating immune tolerance of cancer. Cell Death Dis (2022) 13(11):925. doi: 10.1038/s41419-022-05384-6

84. Efimova, I, Catanzaro, E, van der Meeren, L, Turubanova, VD, Hammad, H, Mishchenko, TA, et al. Vaccination with early ferroptotic cancer cells induces efficient antitumor immunity. J Immunother Cancer (2020) 8(2):e001369. doi: 10.1136/jitc-2020-001369

85. Topalian, SL, Hodi, FS, Brahmer, JR, Gettinger, SN, Smith, DC, McDermott, DF, et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N Engl J Med (2012) 366(26):2443–54. doi: 10.1056/NEJMoa1200690

86. Robert, C, Long, GV, Brady, B, Dutriaux, C, Maio, M, Mortier, L, et al. Nivolumab in previously untreated melanoma without BRAF mutation. N Engl J Med (2015) 372(4):320–30. doi: 10.1056/NEJMoa1412082

87. Wolchok, JD, Kluger, H, Callahan, MK, Postow, MA, Rizvi, NA, Lesokhin, AM, et al. Nivolumab plus ipilimumab in advanced melanoma. N Engl J Med (2013) 369(2):122–33. doi: 10.1056/NEJMoa1302369

88. Jiang, Z, Lim, SO, Yan, M, Hsu, JL, Yao, J, Wei, Y, et al. TYRO3 induces anti-PD-1/PD-L1 therapy resistance by limiting innate immunity and tumoral ferroptosis. J Clin Invest (2021) 131(8):e139434. doi: 10.1172/JCI139434

89. Jackson, CM, Choi, J, and Lim, M. Mechanisms of immunotherapy resistance: lessons from glioblastoma. Nat Immunol (2019) 20(9):1100–9. doi: 10.1038/s41590-019-0433-y

90. Buerki, RA, Chheda, ZS, and Okada, H. Immunotherapy of primary brain tumors: Facts and hopes. Clin Cancer Res (2018) 24(21):5198–205. doi: 10.1158/1078-0432.CCR-17-2769

91. Wang, C, Yu, M, and Zhang, W. Neoantigen discovery and applications in glioblastoma: An immunotherapy perspective. Cancer Lett (2022) 550:215945. doi: 10.1016/j.canlet.2022.215945

92. Vitanza, NA, Wilson, AL, Huang, W, Seidel, K, Brown, C, Gustafson, JA, et al. Intraventricular B7-H3 CAR t cells for diffuse intrinsic pontine glioma: Preliminary first-in-Human bioactivity and safety. Cancer Discovery (2023) 13(1):114–31. doi: 10.1158/2159-8290.CD-22-0750

93. Zhuo, S, Chen, Z, Yang, Y, Zhang, J, Tang, J, and Yang, K. Clinical and biological significances of a ferroptosis-related gene signature in glioma. Front Oncol (2020) 10:590861. doi: 10.3389/fonc.2020.590861

94. Wan, RJ, Peng, W, Xia, QX, Zhou, HH, and Mao, XY. Ferroptosis-related gene signature predicts prognosis and immunotherapy in glioma. CNS Neurosci Ther (2021) 27(8):973–86. doi: 10.1111/cns.13654

95. Hu, Y, Tu, Z, Lei, K, Huang, K, and Zhu, X. Ferroptosis-related gene signature correlates with the tumor immune features and predicts the prognosis of glioma patients. Biosci Rep (2021) 41(12):BSR20211640. doi: 10.1042/BSR20211640

96. Wang, Z, Dai, Z, Zheng, L, Xu, B, Zhang, H, Fan, F, et al. Ferroptosis activation scoring model assists in chemotherapeutic agents' selection and mediates cross-talk with immunocytes in malignant glioblastoma. Front Immunol (2022) 12:747408. doi: 10.3389/fimmu.2021.747408

97. Zhao, J, Liu, Z, Zheng, X, Gao, H, and Li, L. Prognostic model and nomogram construction based on a novel ferroptosis-related gene signature in lower-grade glioma. Front Genet (2021) 12:753680. doi: 10.3389/fgene.2021.753680

98. Xiao, D, Zhou, Y, Wang, X, Zhao, H, Nie, C, and Jiang, X. A ferroptosis-related prognostic risk score model to predict clinical significance and immunogenic characteristics in glioblastoma multiforme. Oxid Med Cell Longev (2021) 2021:9107857. doi: 10.1155/2021/9107857

99. Gao, X, Zhao, J, Jia, L, and Zhang, Q. Remarkable immune and clinical value of novel ferroptosis-related genes in glioma. Sci Rep (2022) 12(1):12854. doi: 10.1038/s41598-022-17308-7

100. Tu, Z, Li, J, Long, X, Wu, L, Zhu, X, and Huang, K. Transcriptional patterns of lower-grade glioma patients with distinct ferroptosis levels, immunotherapy response, and temozolomide sensitivity. Oxid Med Cell Longev (2022) 2022:9408886. doi: 10.1155/2022/9408886

101. Yun, D, Wang, X, Wang, W, Ren, X, Li, J, Wang, X, et al. A novel prognostic signature based on glioma essential ferroptosis-related genes predicts clinical outcomes and indicates treatment in glioma. Front Oncol (2022) 12:897702. doi: 10.3389/fonc.2022.897702

102. Yan, X, Ji, H, Liu, Z, Ma, S, Dong, J, Jiang, X, et al. Characterization of the ferroptosis-related genes for prognosis and immune infiltration in low-grade glioma. Front Genet (2022) 13:880864. doi: 10.3389/fgene.2022.880864

103. Huang, QR, Li, JW, Yan, P, Jiang, Q, Guo, FZ, Zhao, YN, et al. Establishment and validation of a ferroptosis-related lncRNA signature for prognosis prediction in lower-grade glioma. Front Neurol (2022) 13:861438. doi: 10.3389/fneur.2022.861438

104. Mou, Y, Zhang, L, Liu, Z, and Song, X. Abundant expression of ferroptosis-related SAT1 is related to unfavorable outcome and immune cell infiltration in low-grade glioma. BMC Cancer (2022) 22(1):215. doi: 10.1186/s12885-022-09313-w

105. Wang, J, Ren, J, Liu, J, Zhang, L, Yuan, Q, and Dong, B. Identification and verification of the ferroptosis- and pyroptosis-associated prognostic signature for low-grade glioma. Bosn J Basic Med Sci (2022) 22(5):728–50. doi: 10.17305/bjbms.2021.6888

106. Cohn, SL, Pearson, AD, London, WB, Monclair, T, Ambros, PF, Brodeur, GM, et al. The international neuroblastoma risk group (INRG) classification system: an INRG task force report. J Clin Oncol (2009) 27(2):289–97. doi: 10.1200/JCO.2008.16.6785

107. Ackermann, S, Cartolano, M, Hero, B, Welte, A, Kahlert, Y, Roderwieser, A, et al. A mechanistic classification of clinical phenotypes in neuroblastoma. Science (2018) 362(6419):1165–70. doi: 10.1126/science.aat6768

108. Floros, KV, Cai, J, Jacob, S, Kurupi, R, Fairchild, CK, Shende, M, et al. MYCN-amplified neuroblastoma is addicted to iron and vulnerable to inhibition of the system xc-/Glutathione axis. Cancer Res (2021) 81(7):1896–908. doi: 10.1158/0008-5472.CAN-20-1641

109. Hassannia, B, Wiernicki, B, Ingold, I, Qu, F, Van Herck, S, Tyurina, YY, et al. Nano-targeted induction of dual ferroptotic mechanisms eradicates high-risk neuroblastoma. J Clin Invest (2018) 128(8):3341–55. doi: 10.1172/JCI99032

110. Alborzinia, H, Flórez, AF, Kreth, S, Brückner, LM, Yildiz, U, Gartlgruber, M, et al. MYCN mediates cysteine addiction and sensitizes neuroblastoma to ferroptosis. Nat Cancer (2022) 3(4):471–85. doi: 10.1038/s43018-022-00355-4

111. Bansal, M, Gupta, A, and Ding, HF. MYCN and metabolic reprogramming in neuroblastoma. Cancers (Basel) (2022) 14(17):4113. doi: 10.3390/cancers14174113

112. Lu, Y, Yang, Q, Su, Y, Ji, Y, Li, G, Yang, X, et al. MYCN mediates TFRC-dependent ferroptosis and reveals vulnerabilities in neuroblastoma. Cell Death Dis (2021) 12(6):511. doi: 10.1038/s41419-021-03790-w

113. Geng, N, Shi, BJ, Li, SL, Zhong, ZY, Li, YC, Xua, WL, et al. Knockdown of ferroportin accelerates erastin-induced ferroptosis in neuroblastoma cells. Eur Rev Med Pharmacol Sci (2018) 22(12):3826–36. doi: 10.26355/eurrev_201806_15267

114. Wang, YQ, Chang, SY, Wu, Q, Gou, YJ, Jia, L, Cui, YM, et al. The protective role of mitochondrial ferritin on erastin-induced ferroptosis. Front Aging Neurosci (2016) 8:308. doi: 10.3389/fnagi.2016.00308

115. Qiu, L, Zhou, R, Luo, Z, Wu, J, and Jiang, H. CDC27-ODC1 axis promotes metastasis, accelerates ferroptosis and predicts poor prognosis in neuroblastoma. Front Oncol (2022) 12:774458. doi: 10.3389/fonc.2022.774458

116. Maris, JM. Recent advances in neuroblastoma. N Engl J Med (2010) 362(23):2202–11. doi: 10.1056/NEJMra0804577

117. Lu, R, Jiang, Y, Lai, X, Liu, S, Sun, L, and Zhou, ZW. A shortage of FTH induces ROS and sensitizes RAS-proficient neuroblastoma N2A cells to ferroptosis. Int J Mol Sci (2021) 22(16):8898. doi: 10.3390/ijms22168898

118. Sagasser, J, Ma, BN, Baecker, D, Salcher, S, Hermann, M, Lamprecht, J, et al. A new approach in cancer treatment: Discovery of Chlorido[N,N'-disalicylidene-1,2-phenylenediamine]iron(III) complexes as ferroptosis inducers. J Med Chem (2019) 62(17):8053–61. doi: 10.1021/acs.jmedchem.9b00814



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Chi, Li, Wang, Gao, Feng, Xue and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Glossary

CNS: Central nervous system

NB: Neuroblastoma

GBM: Glioblastoma

TMZ: Temozolomide

TTFields: Tumor-treating fields

ROS: Reactive oxygen species

GPX4: Glutathione peroxidase 4

FSP1: Ferroptosis suppressor protein 1

DHODH: Dihydroorotate dehydrogenase

NADPH: Nicotinamide adenine dinucleotide phosphate

GSH: Glutathione

SLC7A11: Recombinant solute carrier family 7, member 11

OTUB1: OTU domain, ubiquitin aldehyde binding protein 1

OTU: Ovarian tumor domain protease

NKAP: NF-κB activating protein

FXR1: Fragile X mental retardation syndrome-related protein 1

NKAP: NF-κB activating protein

RND1: Rho family GTPase 1

HD: , High cell density

ALDH1A3 Aldehyde dehydrogenase family 1: subfamily A3

ACSL4: Acyl-CoA synthetase long chain family 4

ALOX15: Arachidonate 15-lipoxygenase

PUFAs: Polyunsaturated fatty acids

PPARα: Peroxisome proliferator-activated receptor α

Hsp90: Heat shock protein 90

Drp1: Dynamin-related protein 1

PPAR: Peroxisome proliferator-activated receptor

BH4: Tetrahydrobiopterin

GCH1: GTP Cyclohydrolase1

NCOA4: Nuclear receptor coactivator 4

COPZ1: Coatomer protein complex subunit zeta 1

MXRA8: Matrix remodeling-associated protein 8

FTH1: Ferritin Heavy Chain 1

Nrf2: Nuclear factor erythroid 2-related factor 2

ATF4: Activating transcription factor 4

NOX4: NADPH oxidase 4

SOD1: Superoxide dismutase 1

PAB: Pseudolaric acid B

SOD1: Superoxide dismutase 1

ATG5: Autophagy related 5

VEGFR: Vascular endothelial growth factor receptor

NQO1: NAD(P)H quinone dehydrogenase 1

MDA: malondialdehyde

SDT: Sonodynamic therapy

BBB: Blood‒brain barrier

GIME: Glioma immunosuppressive microenvironment

TAM: Tumor-associated macrophages

ICIs: Immune checkpoint inhibitors

TILs: Tumor-infiltrating T cells

CAR-T: Chimeric antigen receptor T

DIPG: Diffuse intrinsic pontine glioma

AF: Amentoflavone

NOX: NADPH oxidase

PFI: Progression-free interval

LGG: Low-grade glioma

OS: Overall survival

Fpn: Ferroportin

FtMt: Mitochondrial ferritin

WA: Withaferin A

PCD: Programmed cell death
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OEBPS/Images/table1.jpg
Drug name Cell line and Pathway Impact on Ferroptosis
Animals
Dihydroartemisinin GPX4 U251, U373 and HT22 PERK/ATF4/HSPAS pathway « Increase GPX4 expression and activity (40)
(DHA) « Upregulate ATF4
Brucine ATF3 U118, U87, U251 and Trigger ATF3 upregulation and « Promote H202 accumulation through (41)
A172 translocation into the nucleus through | upregulation of NOX4 and SOD1
activation of ER stress « Downregulate catalase and xCT
Pseudolaric acid B Transferrin Rat C6 and human Upregulate transferrin receptor; p53- « Upregulate transferrin receptor (42)
(PAB) receptor SHG-44, U7 and U251 mediated xCT pathway + Promote H202 and lipid peroxide generation
glioma cells « Deplete intracellular GSH via the xCT
pathway mediated by p53
Amentoflavone (AF) Autophagy- U251 and U373 glioma AMPK/mTOR pathway « Decrease the GSH level in tumor tissue (43)
dependent cells « Increase the expression of LC3B, Beclinl,
ferroptosis ATGS, and ATG7
RSL3 GPX4 U87 and U251 NF-kB pathway « Increase the concentration of lipid ROS and (44)
downregulate proteins related to ferroptosis
(GPX4, ATF4, and SLC7A11)
« Activate the NF-kB pathway
Dihydrotanshinone GPX4 and U87 and U251 GPX4 and ACSL4 pathway « Decrease the GPX4 level and increase the (45)
1 ACSL4 ACSL4 level
« Reduce the GSH/GSSG ratio
Apatinib Nrf2 U87 and U251 VEGFR2/Nrf2/Keapl pathway « Decrease Nrf2 and p-VEGFR2 expression (46)
Sevoflurane GPX4 and U87 and U251 ATF4-CHACI pathway « Increase ROS levels and the Fe?* 47)
ATF4 concentration
« Downregulate GPX4, upregulate transferrin
and activate ATF4
Plumbagin XCT and U87, U251, C6 and NQO1/GPX4 pathway + Downregulate xCT and GPX4 (48)
GPX4 GL261 « Increase NQOI1 activity
Curcumin analog FBXL2 U87 and A172 GPX4 pathway « Decrease GPX4 expression (49)
(ALZ003) « Induce lipid peroxidation and ROS
accumulation
Capsaicin ACSL4 and U87 and U251 GPX4 and ACSL4 pathway « Increase ACSL4, 5-HETE, MDA and TOS (50)
GPX4 levels and decrease GPX4, GSH and TAS levels
Boric acid (BA) ACSL4 and GBM C6 cells ACSL4/GPx4SEMA3F/NP2 pathways « Increase ACSL4 levels and decrease GPX4 (51)
GPX4 levels

« Upregulate SEMA3F/NP2
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Nanoparticle name

(FA)/Pt-si-GPX4@IONPs

PIOC@CM NPs

Fe304-siPD-L1@M-BV2

cRGD/Pt + DOX@GFNPs

(RPDGs)

Fe304@mSiO2 NPs

Target

GPX4

GPX4

GPX4 and PD-
L1

N/A

DHODH and
GPX4

Cell line and
Animals

US7MG, P3#GBM and

NHA

C6

GL261, HT-22 and BV2

U87 and NHA

LN229 and A172

Impact on Ferroptosis

« Increase iron (Fe** and Fe’*) levels; increase H202 levels through the
activation of lower NOX

« Inhibit GPX4 expression

+ Increase the ROS level and deplete GSH upon ultrasonic irradiation
« Inhibit GPX4 expression

« Induce the maturation of DCs and decrease the protein expression of PD-L1

+ Inhibit GPX4 expression

« Deplete GSH and elevate the ROS level

« Inhibit GPX4 and DHODH expression
« Deplete GSH and elevate the ROS level

(52)

(53)

(54)

(55)

(56)






