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	 Background:	 The extent of glioma resection influences the overall survival (OS) and progression-free survival (PFS). Ferroptosis 
is a newly recognized type of cell death, which may be associated with low-grade glioma border detection and 
OS. This study is assessed an optimized ferroptosis gene panel for glioma treatment.

	 Material/Methods:	 We obtained 45 reports on ferroptosis-related proteins in PubMed and conducted a statistical test of the pa-
tients’ overall survival (OS) in the TCGA GBMLGG and CGGA databases. The statistically significant genes were 
screened for an optimal panel, followed by GO and KEGG analysis and evaluated its correlation with known 
prognostic factors of glioma, including IDH1 mutation, methylated MGMT, tumor purity, 1p/19q LOH, and me-
thionine cycle.

	 Results:	 Eight genes panel (ALOX5, CISD1, FTL, CD44, FANCD2, NFE2L2, SLC1A5, and GOT1) were highly related to OS 
(P<0.001) and PFS (P<0.001) of low-grade glioma (LGG) patients, out of which 6 genes (ALOX5, CISD1, CD44, FTL, 
FANCD2, and SLC1A5) were correlated with IDH1_p.R132H (P<0.001) and 5 genes (ALOX5, CD44, FTL, NFE2L2, 
SLC1A5) showed a correlation with tumor purity (P<0.001). Five genes (ALOX5, CD44, CISD1, FTL, and SLC1A5) 
were associated with methylated MGMT (P<0.001), out of which 6 genes (ALOX5, CD44, FANCD2, NFE2L2, 
SLC1A5, and GOT1) had significantly different expression in healthy brain tissue vs. glioma (P<0.001).

	 Conclusions:	 Our panel of 8 ferroptosis genes showed a significant correlation with the diagnostic and prognostic factors of 
low-grade glioma and can be applied in neuroradiology and surgery.
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Background

Cell death is a physiological mechanism of the body to main-
tain its normal function by necrosis and programmed cell death 
(autophagy and apoptosis) [1]. With the discovery of necrop-
tosis [2], ferroptosis [3], pyroptosis [4], and other types of cell 
death, the relationship between cell death and disease has 
attracted great attention. Ferroptosis is a new type of pro-
grammed non-apoptosis cell death explored by Brent Stockwell 
of Columbia University in the United States [3]. Ferroptosis man-
ifests cell membrane rupture and blebbing, mitochondrial and 
morphological changes (e.g., mitochondrial atrophy, reduced 
mitochondrial cristae, and increased density of mitochondrial 
membranes in the ultra-microstructure); however, the cell nu-
cleus remains intact and is devoid of chromatin clotting, unlike 
in apoptosis [3,5]. Although it has been reported that the key 
to ferroptosis is cell membrane destruction mediated by iron-
dependent lipid peroxidation [6], the subcellular location and 
the role of iron and ferroptosis-related proteins are unclear.

Numerous theories about ferroptosis have been explored, 
including the synthesis of glutathione in cells or the inhibition 
of GPX4 (glutathione peroxidase 4) [6], p53-mediated ferropto-
sis [7], and cysteine glutamate transport receptor (System Xc-) 
inhibition [8]. Erastin is reported to selectively kill tumor cells 
containing RASV12 protein, which leads to cell death [9]. 
Studies on ferroptosis in the nervous system were initially fo-
cused on epilepsy [10] and stroke [11]. However, a growing 
number of correlations between neurological diseases and fer-
roptosis have been found, and the patterns of ferroptosis in 
such diseases appear to vary widely. In Alzheimer’s disease, 
the model of ferroptosis is mainly attributed to the dysfunction 
of APP (amyloid protein precursor) in regulating ferritin levels 
(Ferroportin) and abnormalities of glutamate transport recep-
tor (System Xc-) pathways[12]. In Parkinson’s disease, ferrop-
tosis is often affected by the abnormal expression of trans-
ferrin [12]. Dixon et al. reported that the cysteine glutamate 
transport receptor (System Xc-) pathway is involved in gluta-
mate-induced deaths in the rat organotypic hippocampal slice 
culture model (both astrocyte and microglia were included) and 
ferroptosis [3]. A subsequent study found that the ferroptosis 
of oligodendrocyte also occurs in periventricular leukomala-
cia (PVL) [13]. Recently, Ishraq Alim et al. reported that a sin-
gle dose of selenium could prevent GPX4-dependent ferrop-
tosis in neurons [14]. These results show the presence of cell 
specificity and diversity in ferroptosis in the brain.

Gliomas, especially glioblastoma, are the most common ma-
lignant tumors in the brain. The incidence rate of glioma is 
about 6/100 000 and is steadily increasing. Cell death is crucial 
in the development of glioma, and can influence pathological 
classification and sensitivity to radio-chemotherapy [15,16]. 
Furthermore, there is an apparent metabolic reprogramming 

present in gliomas, especially in glioblastoma, which is theo-
retically associated with ferroptosis in 2 ways [17]. First, the al-
terations of cellular respiration, especially the efficiency of the 
tricarboxylic acid cycle, leads to the specific glutamine metab-
olism in tumor cells after the occurrence of the Warburg ef-
fect. Therefore, there could be a unique balance between glu-
tamine and glutamate in the glioma, which is reported to be 
associated with ferroptosis [18]. Second, lipid metabolism re-
programming is affected by acetyl-coenzyme A [19], which is 
partly produced from glutamine metabolism, as well as by the 
efficiency of isocitric acid dehydrogenase (IDH) in the tricar-
boxylic acid cycle [20]. IDH mutation is an essential event in 
glioma, especially in low-grade glioma (LGG). The OS of pa-
tients with IDH wild-type is much shorter than in those with 
IDH mutation. IDH mutation results in abnormal production 
of 2-hydroxyglutarate (2-HG), which significantly inhibits the 
function of a-KG, which is a natural product of wild-type IDH 
and affects lipid metabolism [21] and can thus impart unique 
characteristics of ferroptosis in glioma. With the development 
of molecular pathology methods, several specific molecular al-
terations (e.g., 1p/19q LOH, MGMT, and TERT) were found to 
influence the OS in glioma patients. Some of them have re-
cently been used in clinical practice, such as tumor purity and 
the proportion of cancer cells in the tumor [22], which iden-
tified the tumor border and microenvironment. More impor-
tantly, low purity in glioma can exacerbate the poor progno-
sis and treatment resistance [23]. However, the relationship 
between ferroptosis and these prognostic/diagnostic factors 
has not been previously explored, and there have been few 
studies on the molecular relationship between ferroptosis and 
glioma. In addition, there has been little research on the as-
sociation of ferroptosis-related proteins in glioma cells with 
prognosis or other clinical transformation. Hence, the pres-
ent study explored the correlation between ferroptosis and 
glioma prognosis through bioinformatics analysis, which re-
vealed the potential mechanism underlying glioma ferroptosis 
reprogramming and shows the role of ferroptosis in the pro-
cess of glioma diagnosis.

Material and Methods

Functional and pathway enrichment analysis

Gene ontology (GO) annotation was integrated into the total 
DEGs PPI sub-networks for enriched “molecular function” (MF), 
“biological pathways” (BP), and “cellular component” (CC) of 
proteins. KEGG is an online database that provides informa-
tion on high-level functions and utilities of biological systems. 
We performed GO and KEGG pathway analyses with the affin-
ity propagation algorithm by Webgestalt (http://www.webge-
stalt.org/), which provides annotated information on systematic 

e921947-2
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Liu Y. et al.: 
Ferroptosis in low-grade glioma…

© Med Sci Monit, 2020; 26: e921947
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



and comprehensive biological functions with high-throughput 
gene expression.

Survival analysis and expression analyses

Two glioma datasets – TCGA and CGGA – were used 
in this study. The clinical information is shown in 
Table 1. Single-gene OS and PFS of TCGA LGG, TCGA GBM, 
and TCGA GBMLGG analyses were made using Linkedomics 
(http://www.linkedomics.org/login.php) [24]. The optimized 
gene panel OS and PFS analyses were made via GEPIA2 
(http://gepia2.cancer-pku.cn/#index). Single-gene OS of CGGA 
analyses were performed via CGGA (http://cgga.org.cn/index.jsp). 
The expression analyses were performed via GEPIA2 (http://ge-
pia2.cancer-pku.cn/#index). All these statistical analyses were 
set at a significant level of P<0.001.

Statistical analysis of prognostic and therapeutic targets

The correlations among all the genes in the optimized panel, 
methylated MGMT, tumor purity, and methionine cycle were 
made using Linkedomics (http://www.linkedomics.org/login.
php). The correlation analyses between 1p/19q and the mRNA 
expression of OS-associated ferroptosis-related proteins were 
made via TCGAportal (http://tumorsurvival.org/index.html). 
The statistical analyses were based on a non-parametric test 
and P<0.001 was considered significantly different.

Results

Nearly 40% of ferroptosis-related proteins were associated 
with the prognosis of glioma

We obtained 45 reports on ferroptosis-related proteins in 
PubMed and conducted a statistical test of the patients’ over-
all survival (OS) in the TCGA GBMLGG and CGGA databases. 
Among them, there were significant statistical OS differences 
for AKR1C1, ALOX12B, ALOXE3, CD44, DPP4, FANCD2, GOT1, 
HSBP1, CRYAB, PTGS2, SAT1, SLC1A5, FDFT1, and TFRC in TCGA 
glioma (all WHO grades) and CGGA (all WHO grades). There 
were significant OS differences of ALOX15B in TCGA LGG and 

CGGA Grade II. ALOX5, CISD1, and FTL showed significant sta-
tistical OS differences in TCGA gliomas (all WHO grade), CGGA 
(all WHO grade), TCGA LGG, and CGGA Grade II at the same 
time. None of the proteins associated with ferroptosis showed 
OS differences in TCGA GBM and CGGA GBM (Table 2). These 
proteins were mainly associated with lipid metabolism (ALOX5, 
ALOX12B, ALOX15B, ALOXE3, FDFT1, and PTGS2), amino acid 
metabolism (GOT1, SLC1A5, and SAT1), inflammatory response 
and DNA damage repair (HSBP1, CRYAB, FANCD2, and CD44), 
and iron transportation (TFRC, FTL, and CISD1). These results 
were supported by GO and KEGG analyses with the affinity 
propagation algorithm, which showed that ferroptosis was 
affected by lipid metabolism, and it is reported to be related 
to carboxylic acid metabolism, which suggests that ferropto-
sis in the central nervous system is unique (Table 2, Figure1).

OS-associated ferroptosis-related proteins could be a 
potential prognostic panel in low-grade glioma

We made several statistical tests among the OS-associated 
ferroptosis-related proteins and some known prognostic fac-
tors, including IDH1 p.R132H mutation, 1p/19q co-deletion, 
tumor purity, and histopathology subtype. We found that 16 
candidate proteins were highly associated with the IDH1 mu-
tation (p<0.001). Furthermore, the statistical model indicat-
ed that the trend of protein expression levels in the long OS 
group was the same as in the IDH1 mutant group. Although it 
was almost impossible to discover the casualty based on the 
data we had, it was still important to show that the ferropto-
sis can affect IDH1 mutation in glioma, especially low-grade 
glioma, and it probably plays a role in the tumor immune mi-
croenvironment. The 15 candidate proteins were significantly 
correlated with tumor purity (Table 3).

Basic situation of the optimized panel

We then optimized the 8-gene panel containing 3 main OS-
associated ferroptosis-related proteins (ALOX5, CISD1, and 
FTL) and 6 main grade-associated ferroptosis-related proteins 
(ALOX5, CD44, FANCD2, NFE2L2, SLC1A5, and GOT1). This pan-
el was intended to predict the prognosis and detect the border 
of the tumor at the same time. The survival analysis suggested 

TCGA CGGA

GBM LGG GBM LGG

Male 363 284 138 110

Female 230 230 99 70

Average age (yr) 58 43 49 39

Median OS (d) 369 678 378 1326

Table 1. Clinical information from TCGA GBMLGG and CGGA datasets. All the cases had complete data on OS and age.
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Gene symbol Protein name Subcellular
TCGA

GBMLGG

CGGA

ALL 

Grade

TCGA 

GBM

CGGA 

GBM

TCGA 

LGG

CGGA 

Grade II

ACSF2
Medium-chain acyl-CoA 
ligase ACSF2

Mitochondrion 1 0 0 0 1 0

ACSL4
Long-chain-fatty-acid-CoA 
ligase 4

Plasma membrane, 
Endoplasmic reticulum, 
Peroxisome, Mitochondrion

1 0 0 0 0 0

AKR1C1
Aldo-keto reductase family 1 
member C1

Cytoplasm 1 1 0 0 1 0

ALOX12
Arachidonate 
12-lipoxygenase, 12S-type

Cytosol 0 0 0 0 0 0

ALOX12B
Arachidonate 
12-lipoxygenase, 12R-type

Cytoplasm 1 1 0 0 0 0

ALOX15
Arachidonate 
15-lipoxygenase

Plasma membrane, Cytosol 0 0 0 0 0 0

ALOX15B
Arachidonate 
15-lipoxygenase B

Nucleus, Plasma membrane, 
Cytoskeleton, Cytosol

1 0 0 0 1 1

ALOX5 Arachidonate 5-lipoxygenase Nucleus 1 1 0 0 1 1

ALOXE3
Hydroperoxide isomerase 
ALOXE3

Cytoplasm 1 1 0 0 0 0

ATP5G3
ATP synthase F(0) complex 
subunit C3

Mitochondrion 1 0 0 0 0 0

CARS Cysteine--tRNA ligase Cytoplasm 0 0 0 0 0 0

CBS Cystathionine beta-synthase Nucleus, Cytoplasm 0 1 0 0 0 0

CD44 CD44 antigen Cell membrane 1 1 0 0 1 0

CHAC1
Glutathione-specific gamma-
glutamylcyclotransferase 1

Golgi apparatus, Cytosol 1 0 0 0 0 0

CISD1
CDGSH iron-sulfur domain-
containing protein 1

Mitochondrion 1 1 0 0 1 1

CS Citrate synthase Mitochondrion 0 NA 0 0 0 NA

DPP4 Dipeptidyl peptidase 4
Extracellular region or 
secreted, Plasma membrane

1 1 0 0 1 0

EMC2
ER membrane protein 
complex subunit 2

Nucleus 1 0 0 0 0 0

FANCD2
Fanconi anemia group D2 
protein

Nucleus 1 1 0 0 1 0

FPN1/SLC40A1
Solute carrier family 40 
member 1

Plasma membrane 1 0 0 0 0 0

FTH1 Ferritin heavy chain
Cytosol, Extracellular region or 
secreted, Lysosome, Nucleus

1 0 0 0 1 0

FTL Ferritin light chain
Cytosol, Extracellular region or 
secreted, Lysosome, Nucleus

1 1 0 0 1 1

GCLC
Glutamate--cysteine ligase 
catalytic subunit

Cytosol 1 0 0 0 1 0

GLS2 Glutaminase liver isoform Mitochondrion 0 1 0 0 0 0

Table 2. �Eighteen ferroptosis-related proteins associated with the overall survival in one or several grades of glioma, out of which 3 
genes (ALOX5, CISD1, FTL) were tightly associated with overall survival in low-grade glioma (LGG). The statistical analysis was 
based on a non-parametric test.

e921947-4
Indexed in:  [Current Contents/Clinical Medicine]  [SCI Expanded]  [ISI Alerting System]   
[ISI Journals Master List]  [Index Medicus/MEDLINE]  [EMBASE/Excerpta Medica]   
[Chemical Abstracts/CAS]

Liu Y. et al.: 
Ferroptosis in low-grade glioma…

© Med Sci Monit, 2020; 26: e921947
LAB/IN VITRO RESEARCH

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)



that this panel was useful in evaluating the more extended OS 
group and distinguishing the condition of progression-free sur-
vival in low-grade glioma. However, this panel was not valid 
in glioblastoma. As for the tumor border detection, 6 out of 8 
genes were found to be significantly progressive and were in-
creased or reduced with malignant states. These 6 genes also 
showed differences in expression between healthy brain cells 
and glioma, especially CD44 and SLC1A5. CD44 and SLC1A5 

are only located in the cell membrane and are not expressed 
in healthy brain tissue, but are upregulated in both LGG and 
GBM. This difference suggests that these 2 proteins play an 
important role in reprogramming of ferroptosis.

Table 2 continued. �Eighteen ferroptosis-related proteins associated with the overall survival in one or several grades of glioma, out 
of which 3 genes (ALOX5, CISD1, FTL) were tightly associated with overall survival in low-grade glioma (LGG). 
The statistical analysis was based on a non-parametric test.

Gene symbol Protein name Subcellular
TCGA

GBMLGG

CGGA

ALL 

Grade

TCGA 

GBM

CGGA 

GBM

TCGA 

LGG

CGGA 

Grade II

GOT1 Aspartate aminotransferase Cytoplasm 1 1 0 0 0 1

GPX4
Phospholipid hydroperoxide 
glutathione peroxidase

Mitochondrion 1 0 0 0 0 0

GSS Glutathione synthetase
Cytosol, Extracellular region or 
secreted

1 0 0 0 1 0

HMGCR
3-hydroxy-3-methylglutaryl-
coenzyme A reductase

Endoplasmic reticulum 0 0 0 0 0 0

HSPB1 Heat shock protein beta-1 Nucleus, Cytoskeleton 1 1 0 0 1 0

HSPB5/CRYAB Alpha-crystallin B chain Nucleus 1 1 0 0 1 0

IREB2
Iron-responsive element-
binding protein 2

Cytoplasm 0 0 0 0 0 0

LPCAT3
Lysophospholipid 
acyltransferase 5

Endoplasmic reticulum 1 0 0 0 1 0

MT1G Metallothionein-1G Nucleus 0 0 0 0 0 0

NCOA4
Nuclear receptor coactivator 
4

Lysosome 1 0 0 0 1 0

NFE2L2
Nuclear factor erythroid 
2-related factor 2

Nucleus, Cytosol 1 0 0 0 0 0

PTGS2
Prostaglandin G/H synthase 
2

Endoplasmic reticulum 1 1 0 0 1 0

RPL8 60S ribosomal protein L8 Cytoplasm 0 0 0 0 0 0

SAT1 Diamine acetyltransferase 1 Cytoplasm 1 1 0 0 1 0

SLC11A2
Natural resistance-
associated macrophage 
protein 2

Plasma membrane, 
Endosome, Mitochondrion, 
Plasma membrane

1 0 0 0 0 0

SLC1A5
Neutral amino acid 
transporter B(0)

Cell membrane 1 1 0 0 1 0

SLC3A2
4F2 cell-surface antigen 
heavy chain

Lysosome, Plasma membrane 1 0 0 0 1 0

SLC7A11
Cystine/glutamate 
transporter

Membrane 1 0 0 0 0 0

SQS/FDFT1 Squalene synthase Endoplasmic reticulum 1 1 0 0 0 0

TFRC
Transferrin receptor protein 
1

Plasma membrane 1 1 0 0 1 0

1 represents P<0.001 while 0 represents P>0.001.
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Figure 1. �The affinity propagation algorithm of GO and 
KEGG indicated that the lipoxygenase pathway and 
carboxylic acid metabolic process (Exemplar) were 
the critical pathways of 45 proteins.

LGG 
vs. N

GBM 
vs. N

Histology
Tumor 
purity

IDH1_p.R132H 
(TCGA LGG)

Long OS 1p/19q LOH

AKR1C1 NA – * * ***(wt<mut) High *

ALOX12B NA NA >***(A<OA<O) >*** ***(wt<mut) High(GBMLGG) ***(CODEL>NON–CODEL)

ALOX15B NA NA * >*** ***(wt>mut) Low *

ALOX5 + ++ >***(A>OA>O) >*** ***(wt>mut) Low ***(CODEL<NON–CODEL)

CD44 + ++ >***(A>OA>O) >*** ***(wt>mut) Low *

CISD1 NA NA >***(A<OA<O) * ***(wt<mut) High ***(CODEL>NON–CODEL)

DPP4 NA NA * >*** ***(wt>mut) Low *

FANCD2 + ++ ***(A>OA=O) * ***(wt>mut) Low *

FTL NA ++ >***(A>OA>O) >*** ***(wt>mut) Low ***(CODEL<NON–CODEL)

GOT1 – –– >***(A<OA<O) * * High(GBMLGG) ***(CODEL>NON–CODEL)

HSPB1 NA + ***(A>OA>O) >*** ***(wt>mut) Low t*

HSPB5/CRYAB ++ + * * ***(wt<mut) High **(CODEL<NON–CODEL)

NFE2L2 + ++ >***(A>OA>O) >*** * Low **(CODEL<NON–CODEL)

PTGS2 NA NA * >*** ***(wt>mut) Low(GBMLGG) *

SAT1 NA + >***(A>OA>O) >*** ***(wt>mut) Low ***(CODEL<NON–CODEL)

SLC1A5 + ++ >***(A>OA>O) >*** ***(wt>mut) Low ***(CODEL<NON–CODEL)

SQS/FDFT1 NA NA >***(A>OA>O) >*** ***(wt<mut) High(GBMLGG) ***(CODEL>NON–CODEL)

TFRC NA + * >*** ***(wt>mut) Low *

Table 3. �Five (ALOX5, CD44, FANCD2, NFE2L2, and SLC1A5) of 18 proteins showed a positive tendency with the pathological grade 
(p<0.001), and GOT1 showed a negative tendency with the pathological grade (p<0.001). Nine out of 18 proteins were highly 
expressed in astrocytoma (p<0.001), 3 out of 18 proteins were highly expressed in oligodendroglioma (p<0.001), and 6 out 
of 18 proteins were not correlated to the pathological types. Thirteen out of 18 proteins were associated with tumor purity 
(p<0.001). Expression conditions of the more extended OS group in 16 out of 18 proteins were the same as IDH1 and pR132H 
mutation group (p<0.001). Ten out of 18 proteins were significantly associated with the 1p/19q co-deletion (p<0.001).

N – normal brain tissue from GTEx; NA – no alternation; +/++ – increase, –/–– – decrease; A – astrocytoma; OA : oligoastrocytoma; 
O – oligodendroglioma; wt – wild-type; mut – mutation; wt>/<mut – expression in wt was higher/lower than mut 1p/19q; LOH – loss of 
heterozygosity of 1p/19q; CODEL – co-deletion; NON-CODEL – non-co-deletion; * p>0.1; *** p<0.001.
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Figure 2. �(A) 5 of 8 genes in the ptimazed panel including ALOX5, CD44, CISD1, FTL, SLC1A5 were significantly associated to the 
methylation state of MGMT. CISD1 shows a positive correlation (P<0.001) while the other four genes negative (P<0.001). 
(B) ALOX5, CD44, FTL, NFE2L2, SLCA5 were negative correlated to the tumor purity (P<0.001). (C) The optimazed panel was 
statistically associated to the 2 key enzymes of methionine cycle, MAT2A and SAHH (P<0.001).
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The optimized panel is highly associated with several 
prognostic and therapeutic targets of LGG

Five out of 8 genes in the optimized panel – ALOX5, CD44, 
CISD1, FTL, and SLC1A5 – were associated with methylated 
MGMT. The more extended OS group in each of these 5 
genes was associated with a high methylation state of MGMT 
(Figure 2A). In addition, 5 out of 8 genes (ALOX5, CD44, FTL, 
NFE2L2, and SLC1A5) showed a correlation with tumor puri-
ty (P<0.001). Low tumor purity suggested a high expression 
of these 5 genes. Moreover, there was a pronounced relation-
ship between the 8-gene panel and 2 key enzymes of the me-
thionine cycle – MAT2A and SAHH (P<0.001).

Optimized panel is a potential target of tumor border 
localization and detection

We performed statistical analyses of the healthy brain tissues 
from the GTEx, TCGA LGG, and GBM datasets. ALOX5, CD44, 
FANCD2, NFE2L2, and SLC1A5 showed an increase of expression 

from healthy brain tissue to glioblastoma. GOT1 showed the re-
verse trend with the malignant condition of the tissue. ALOX5, 
CD44, FANCD2, and SLC1A5 were on a specific low level in the 
healthy brain tissue. The conditions in low-grade glioma and 
GBM were at least 3 times higher than usual. SLC1A5 showed 
a 10-fold increase in glioma. GOT1 showed a nearly 75% de-
crease in glioma. Combined use of these 6 genes in molecular 
pathological tests could be useful for identifying the tumor bor-
der (Figure 3). Furthermore, 5 genes (all except GOT1) showed 
a correlation with tumor purity, which is defined as the differ-
ence between the healthy samples and cancer samples from 
the same tissue type (Figure 2B). Such a panel can be utilized 
to localize the tumor border at both the gene and cell levels.

Discussion

Since ferroptosis was discovered 7 years ago, this type of cell 
death has attracted much attention, especially in the relation-
ship with cancer. Most of the studies focused on malignant 
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Figure 3. �(A) The optimized panel was effective in predicting the OS and PFS of low-grade glioma (P<0.001). It was useless in 
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tumors like pancreatic ductal adenocarcinoma [25] and breast 
cancer [26]. Because most of these malignant tumor cells were 
apoptosis-resistant, radiotherapy-derived ferroptosis could be 
one of the potential pathways to treat these tumors. Erastin [8], 
sorafenib [27], siramesine, lapatinib [26], and many small 
molecules are reported to induce ferroptosis. Temozolomide, 
the most widely used chemical drug in glioma therapy, is re-
ported to kill tumor cells and glioblastoma stem cells via sev-
eral pathways, including ferroptosis [28,29]. Based on the ev-
idence above, it is reasonable to assume that Temozolomide 
can prolong PFS or even OS with use of a ferroptosis-related 
drug in glioma treatment. Surgery with chemoradiation is the 
most useful protocol in low-grade glioma. Accurate tumor bor-
der localization and detection is the key to achieve “maximal 
safe resection.” In recent years, there has been much debate 
about how to identify the tumor border. Surgeons prefer to set 
the border mainly by T1W1 or a multimodal imaging pattern. 
Radiotherapists set the gross tumor volume (GTV) by T2WI/
FLAIR. Regardless of the method used, some of the gliomas re-
occurred, which meant that some of the tumor cells could not 
be identified in these ways. We suggest that the ferroptosis 
panel could be a new way to identify the glioma border. Our 
results suggest that the ferroptosis mechanism might be differ-
ent between the normal glia cells and the glioma cells. When 
we assessed the optimized panel, 2 genes (ALOX5, NFE2L2) 
were associated with the lipid oxidation; 2 genes (FTL, CISD1) 
were associated with iron combination, and 1 gene (SLC1A5) 
was associated with glutamine transportation. This evidence 
indicated that the tumor cells were more sensitive to ferrop-
tosis than the healthy tissues. Therefore, lipid peroxidation 
can be visualized via the STIR of MRI, and iron stimulation can 
be visualized by QSM (quantitative susceptibility mapping) of 
MRI [30]. By combining STIR and QSM, we could localize and de-
tect the glioma border more accurately than before. Moreover, 
the short OS group had high expression in the optimized panel; 
therefore, the results of STIR and QSM could potentially show 
the presence of a malignant tumor. Furthermore, we observed 
that there was a significant association between ferroptosis 

and the methionine cycle. Thus, ferroptosis is visualized via 
11C-MET PET/CT with a specific algorithm. Moreover, our re-
sults indicated that the OS group consisting of low-grade gli-
oma could easily be recognized in 11C-MET PET/CT because of 
the positive correlation between the optimized panel and the 
methionine cycle. Most of the genes in the optimized panel 
showed such a tendency, which indicated that the highly ex-
pressed groups are associated with the low methylated MGMT 
state, IDH wild-type, and the low tumor purity [23], which pre-
dicts a poor prognosis. Instead, there could be ferroptosis re-
programing or other mechanisms that lead to high expression 
of ferroptosis-related genes with a poor prognosis. According 
to traditional thinking, the ferroptosis-sensitive tumors were 
potentially cured by chemical drugs with ferroptosis inducer. 
However, our results suggest that ferroptosis is a complicat-
ed prognostic factor and excessive ferroptosis treatment could 
have varied results. Nevertheless, there could be some differ-
ences in the mechanisms of ferroptosis among different molec-
ular subtypes of glioma, such as p53 mutation [31]. Therefore, 
we should not judge the result of ferroptosis treatment based 
solely on the results of chemical treatment.

Conclusions

Ferroptosis in glioma is an elaborate pathophysiological pro-
cess. Our results indicated that ferroptosis is unique among 
the gliomas, healthy tumor cells, and some reported tumors. 
These characteristics can be applied to tumor border localiza-
tion and detection. Knowledge of the relationship between 
ferroptosis and overall survival of glioma can aid further re-
search in glioma, as protocols for chemical therapy with a fer-
roptosis inducer are largely undefined.
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