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Glioblastoma mesenchymal 
subtype enhances antioxidant 
defence to reduce susceptibility 
to ferroptosis
Simona D’Aprile 1, Simona Denaro 1, Alessandro Lavoro 1, Saverio Candido 1, 
Sebastiano Giallongo 1, Filippo Torrisi 2, Lucia Salvatorelli 3, Giacomo Lazzarino 4, 
Angela Maria Amorini 1, Giuseppe Lazzarino 1, Gaetano Magro 3, Daniele Tibullo 1, 
Massimo Libra 1, Cesarina Giallongo 3*, Nunzio Vicario 1* & Rosalba Parenti 1

Glioblastoma (GBM) represents an aggressive brain tumor, characterized by intra- and inter-tumoral 
heterogeneity and therapy resistance, leading to unfavourable prognosis. An increasing number of 
studies pays attention on the regulation of ferroptosis, an iron-dependent cell death, as a strategy to 
reverse drug resistance in cancer. However, the debate on whether this strategy may have important 
implications for the treatment of GBM is still ongoing. In the present study, we used ferric ammonium 
citrate and erastin to evaluate ferroptosis induction effects on two human GBM cell lines, U-251 MG, 
with proneural characteristics, and T98-G, with a mesenchymal profile. The response to ferroptosis 
induction was markedly different between cell lines, indeed T98-G cells showed an enhanced 
antioxidant defence, with increased glutathione levels, as compared to U-251 MG cells. Moreover, 
using bioinformatic approaches and analysing publicly available datasets from patients’ biopsies, 
we found that GBM with a mesenchymal phenotype showed an up-regulation of several genes 
involved in antioxidant mechanisms as compared to proneural subtype. Thus, our results suggest that 
GBM subtypes differently respond to ferroptosis induction, emphasizing the significance of further 
molecular studies on GBM to better discriminate between various tumor subtypes and progressively 
move towards personalized therapy.
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Glioblastoma (GBM), a grade IV malignant primary brain tumor, is the most aggressive central nervous sys-
tem (CNS) cancer, with a poor prognosis for patients1–3. To date standard therapeutic approach relies on sur-
gery, radiotherapy, and chemotherapy; however, typical GBM heterogeneity significantly hampers therapeutic 
effectiveness4,5. Beyond inter-patient variability, intra-tumoral heterogeneity is also a critical feature of this dismal 
disease6. Therefore, a large-scale genomic analysis grouped GBM into 3 principal subtypes: classical, proneural 
and mesenchymal, harbouring different characteristics and features7,8. Mesenchymal tumors usually display the 
worst prognosis, eventually providing an increased therapy resistance as compared to proneural subtype9–11. For 
this reason, additional studies are needed to investigate the impact of GBM heterogeneity on the identification 
of new therapeutic targets and to develop personalized approaches12–14.

Ferroptosis is an iron-dependent cell death related to increased intracellular reactive oxygen species (ROS) 
and subsequent phospholipid peroxidation15. The mechanisms triggering ferroptosis cascade are strictly related 
to iron uptake and handling, along with redox homeostasis and mitochondrial activity16–18. The antioxidant 
system xc − /glutathione (GSH)/glutathione peroxidase 4 (GPX4) axis is considered one of the key elements in 
regulating ferroptosis19.

Interestingly, recent studies reported that ferroptosis could be a promising therapeutic strategy to counteract 
tumor proliferation and invasiveness20–22. Moreover, within the CNS, the activity of antioxidant enzymes is rela-
tively lower as compared to other tissues, while polyunsaturated fatty acids (PUFAs) amount is higher, increasing 
vulnerability to oxidative stress and lipid peroxidation23,24. Such a susceptibility that characterizes neural-derived 
cells, support ferroptosis and redox-balance as a potential therapeutic strategy for GBM. Indeed, some studies 
reported that ferroptosis induction in GBM reduced cancer cells growth, partially improving radiotherapy and 
chemotherapy efficacy25. However, the response to ferroptosis inducers can differ, meaning that some tumoral 
types or subtypes may exhibit resistance to this programmed cell death26. Ferroptosis activation may be lim-
ited by GBM heterogeneity, hypoxia and a complex and diversified immune microenvironment27–29. Moreover, 
metabolic reprogramming of GBM microenvironment could affect resistance mechanisms to ferroptosis. There-
fore, understanding these mechanisms, it could be of critical importance in overcoming the limiting factors of 
potential therapeutic strategies30.

Herein, we analysed GBM susceptibility to ferroptosis by exposing U-251 MG and T98-G human GBM cell 
lines, as proneural or mesenchymal GBM cell lines respectively, to ferric ammonium citrate (FAC)-mediated 
iron overload and erastin, a ferroptosis activator. We also analysed available datasets of GBM human biopsies, 
finding that mesenchymal GBM phenotypes showed up-regulated genes coding for antioxidant enzymes as 
compared to proneural subtype, confirming a better antioxidant profile in mesenchymal tumors and greater 
resistance towards ferroptosis.

Results
T98‑G cells tolerate ferroptosis induction
Firstly, we assessed proliferative potential of U-251 MG and T98-G cells. We found that the two cell lines showed 
superimposable doubling time, thus ruling out potential differences in cell growth rate (Figure S1). Through MTT 
assay, we tested increasing FAC concentrations (5, 10, 20, 50, 100 µM) at 24 or 48 h post-treatment to evaluate its 
effects on U-251 MG and T98-G metabolic turnover (Fig. 1). At 24 h, our analysis did not detected significant 
changes of MTT turnover in U-251 MG cells at any tested FAC concentrations as compared to untreated controls; 
instead, at 48 h post-treatment, we observed a significant reduction of MTT turnover of  about 20% starting 
from 5 µM up to 100 µM of FAC treatment (70.95 ± 6.20, p-value = 0.0092 for 5 µM FAC-treated U-251 MG; 
76.06 ± 2.58, p-value = 0.0378 for 10 µM FAC-treated U-251 MG; 65.22 ± 4.19, p-value = 0.0018 for 20 µM FAC-
treated U-251 MG; 73.77 ± 5.15, p-value = 0.0205 for 50 µM FAC-treated U-251 MG; 67.89 ± 2.95, p-value = 0.0038 
for 100 µM FAC-treated U-251 MG, versus U-251 MG control: 100.00 ± 7.40, Fig. 1a).Vice versa, FAC did not alter 
T98-G cells metabolic activity at any tested concentrations and/or time-points (Fig. 1b). Moreover, we evaluated 
cytotoxicity effects of FAC on both cell lines via extracellular lactate dehydrogenase (LDH) assay, confirming that 
U-251 MG cells are more sensitive to ferroptosis induction, as compared to T98-G (Figure S1). To prove that cell 
death was not correlated to apoptosis, we performed an immunofluorescence staining for Cleaved Caspase-3 
(Cl-Casp3). Our data showed that there were no differences between control and FAC-treated in both cell lines, 
demonstrating that cytotoxicity effect was not linked to Cl-Casp3-mediated cell death (Figure S1).

Similar outcomes for metabolic turnover were also observed after ferroptosis induction mediated by erastin, 
a ferroptosis activator. U-251 MG cells showed a decreased MTT turnover at 24 h (23.54 ± 2.10, p-value = 0.0074 
for 20 µM erastin-treated U-251 MG at 24 h versus U-251 MG control at 24 h: 100.00 ± 7.42, Fig. 2a) and at 48 h 
(55.45 ± 7.37, p-value = 0.0288 for 2 µM erastin-treated U-251 MG at 48 h; 46.83 ± 7.89, p-value = 0.0079 for 5 µM 
erastin-treated U-251 MG at 48 h; 33.67 ± 1.26, p-value = 0.0010 for 10 µM erastin-treated U-251 MG at 48 h; 
23.58 ± 1.20 for 20 µM, p-value = 0.0002 erastin-treated U-251 MG at 48 h versus U-251 MG control at 48 h: 
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100.00 ± 16.36; Fig. 2a). On the other hand, T98-G cells did not show any significant change in MTT turnover 
upon erastin administration (Fig. 2b).

This evidence demonstrates that T98-G cells are more tolerant towards iron overload mediated by FAC and 
towards the ferroptosis inducer erastin as compared to U-251 MG cells.

Ferroptosis inducers prompt ROS accumulation in U‑251 MG and T98‑G cell lines
Since ferroptosis induction is related to ROS accumulation, we decided to quantify ROS levels by flow cytometry-
assisted analysis, following 30, 90 and 180 min ferroptosis-inducers supplementation. We observed a significant 
increase of ROS production in U-251 MG cells as early as 30 min after FAC overload (Fig. 3a). Erastin was able 
to induce ROS accumulation in U-251 MG after 90 and 180 min post-treatment (Fig. 3a-b). Notably, T98-G cells 
also showed increased ROS levels after treatment, which became evident at 180 min (Fig. 3c, d). AUC quantifica-
tion demonstrated that ROS overproduction after FAC and erastin administration occurred in both cell lines, 
demonstrating that T98-G tolerance toward ferroptosis was not related to a reduction of ROS accumulation.

T98‑G cell line shows higher GSH levels as compared to U‑251 MG cells
Given the superimposable oxidative response mediated by FAC and erastin treatment in U-251 MG and T98-G 
cells, we aimed at clarifying the underlying cellular mechanisms that sustain T98-G tolerance to ferroptosis.

We first tested the expression levels of CD71, a transmembrane glycoprotein involved in iron intake. Given 
the role of CD71 in determining cellular iron pool, this receptor could be considered a ferroptosis marker31,32. 
Thus, we performed western blot analysis to analyze CD71 levels in both cell lines, after FAC administration. We 
found that 100 µM of FAC was not able to significantly increase CD71 levels for both the CD71 protein bands 
at 90 kDa and for the bands at about 180 kDa, which is likely the receptor dimer, in U-251 MG and in T98-G 

Fig. 1.   Effect of FAC administration on MTT turnover on U-251 MG and T98-G cell lines. (a) MTT turnover 
on U-251 MG treated with 0, 5, 10, 20, 50, 100 µM of FAC at 24 and 48 h. (b) MTT turnover on T98-G treated 
with 0, 5, 10, 20, 50, 100 µM of FAC at 24 and 48 h. Data are shown via standard box and whiskers of n ≥ 3 
independent replicates for each experimental condition. *p-value < 0.05; **p-value < 0.01; versus 0 µM controls.
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cell lines, suggesting that the different tolerance mechanisms between the two cell lines were not related to iron 
internalization (Fig. 4a, b).

Next, through GSH quantification analysis, we investigated the antioxidant system of the two cell lines. We 
found that basal GSH levels were higher in T98-G cells as compared to U-251 MG (5.72 ± 0.12 nmol for U-251 
MG vs. 7.43 ± 0.39 nmol for T98-G, p-value = 0.0141, Fig. 4c). Moreover, we performed a qRT-PCR for GPX4 
mRNA expression levels on control and FAC treated cells. On the one hand, we found that T98-G expressed a 
significant up-regulation of GPX4 after FAC treatment of about 260 folds as compared to control. On the other 
hand, U-251 MG exhibited a slight not-significant reduction of GPX4 mRNA levels after FAC treatment (Fig. 4d). 
These findings support the hypothesis that T98-G cells had a better and more effective antioxidant system to 
resist to ferroptosis inducers.

Glioblastoma mesenchymal subtype up‑regulates genes involved in antioxidant processes
In an effort to correlate ferroptosis resistance to proneural or mesenchymal GBM subtype, we analysed a publicly 
available dataset (GSE119637) on the most commonly used GBM cell lines33.

To assign a subtype to U-251 MG and T98-G cells, we compared 7 different cell lines, namely T98-G, LN-18, 
U-138 MG, U-87 MG, A-172, LN-229 and U-251 MG, evaluating the expression of either proneural or mesenchy-
mal subtype-related markers. Our analysis suggested that T98-G cells showed an up-regulation of mesenchymal-
related markers, whereas U-251 MG cells exhibited an increased expression of proneural markers (Fig. 5a). To 
confirm this finding, we moved to analyse T98-G and U-251 MG phenotype using an independent database 
available on Cancer Cell Line Encyclopedia (CCLE) of Xena UCSC (Fig. 5b). Our analysis confirmed that T98-G 
cells express higher levels of all mesenchymal markers as compared to U-251 MG, while SOX2, PDGFRA, DLL3 
and NCAM1 were found to be increased in terms of z-score in U-251 MG versus T98-G (Fig. 5b).

Fig. 2.   MTT turnover on U-251 MG and T98-G cells after erastin administration. (a) MTT turnover on U-251 
MG, 24 and 48 h post-erastin treatment at different concentrations (0, 1, 2, 5, 10, 20 µM). (b) MTT turnover 
on T98-G, 24 and 48 h post-erastin treatment at different concentrations (0, 1, 2, 5, 10, 20 µM). Data are shown 
via standard box and whiskers of n ≥ 3 independent replicates for each experimental condition. *p-value < 0.05; 
**p-value < 0.01; ***p-value < 0.001 versus 0 µM controls.
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In order to evaluate the expression of genes involved in ferroptosis in human GBM biopsies, we performed a 
bioinformatic analysis on a selected RNA-seq dataset from GBM biopsies of n = 9 proneural tumors and n = 14 
mesenchymal tumors. We selected 209 genes involved in ferroptosis, which were divided into 3 groups, accord-
ing to their role: i) iron mobility, ii) redox and iii) transmembrane (Fig. 6a). We identified 8 genes, SLC48A1 
and TF, related to iron mobility, COQ3 and QDPR, related to redox, and GRM1, KCNJ10, SLC1A1 and SLC1A6 
related to transmembrane signalling, which were down-regulated in mesenchymal-diagnosed GBM as com-
pared to proneural-diagnosed GBM biopsies (Fig. 6b). Notably, most genes were significantly up-regulated 
in mesenchymal-diagnosed GBM as compared to proneural subtype and were related to redox mechanisms 
(Fig. 6c). Of note, we found that GSS, encoding for GSH, was up-regulated in mesenchymal tumors (4.90 ± 0.29 
in mesenchymal vs 4.35 ± 0.44 in proneural, p-value = 0.0017; Fig. 6c), confirming that mesenchymal subtype 
better and more effectively responds to oxidative stimuli as compared to proneural subtype.

Iron mobility and redox signature genes correlate with reduced overall survival in GBM patients
To validate the prognostic potential of the identified genes, we analysed an independent dataset of GBM patients 
available on Xena UCSC (TCGA Glioblastoma). We first performed an analysis of the potential differences among 
patients in terms of OS and PFI analysing either mesenchymal markers (Fig. 7a) or proneural markers (Fig. 7b). 
Our analysis showed no significant differences in OS between high expressing mesenchymal markers versus low 
expressing mesenchymal markers GBM patients (Fig. 7a), whereas a significant reduction in PFI was observed 
in high expressing mesenchymal markers GBM patients (164 vs 232 PFI for high and low expressing patients, 
respectively, p-value = 0.0225, Fig. 7a). Analysing GBM patients dataset for proneural markers, we confirmed 
no significant differences in OS, while we found a significant reduction in PFI in low expressing proneural 
markers GBM patients (239 vs 157 PFI for high and low expressing patients, respectively, p-value = 0.0054, 
Fig. 7b). These data collectively indicate that PFI is significantly influenced by GBM subtypes, whether analysis 
of OS data did not highlight any significant correlation. We finally performed an OS and PFI analysis using the 
significant up-regulated genes identified as significantly up-regulated in mesenchymal subtypes and involved in 
iron mobility (Fig. 7c). Our data showed that high expressing mesenchymal iron mobility genes GBM patients 
were characterized by a significant reduction of OS and PFI (357 vs 455 OS for high and low expressing patients, 
respectively, p-value = 0.0308; 164 vs 311 PFI for high and low expressing patients, respectively, p-value = 0.0027; 
Fig. 7c). Importantly, we expanded over this evidence analysing the signature of significantly up-regulated genes 
in mesenchymal GBM involved in redox status. Our analysis revealed that high expressing redox genes GBM 
patients showed a significant OS and PFI reduction as compared to low expressing GBM patients (342 vs 454 OS 
for high and low expressing patients, respectively, p-value = 0.0082; 151 vs 308 PFI for high and low expressing 

Fig. 3.   ROS production in U-251 MG and T98-G cells after FAC and erastin administration. (a) Area under 
curve (AUC) quantification for % of H2-DCF positive events in U-251 MG, following 30, 90 and 180 min of 
FAC and erastin treatment. (b) Representative plots of ROS production at 180 min post-treatment in U-251 
MG. (c) AUC quantification for % of H2-DCF positive events in T98-G, following 30, 90 and 180 min of FAC 
and erastin treatments. (d) Representative plots of ROS production at 180 min post-treatment in T98-G. Data 
are shown as mean ± SEM of n = 4 independent experiments. *p-value < 0.05; **p-value < 0.01.
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patients, respectively, p-value = 0.0013; Fig. 7d). These data uncover a significant prognostic value of mesenchy-
mal markers coupled with iron mobility and/or redox signature genes for GBM patients.

Fig. 4.   Western blot for CD71, GSH levels analysis and mRNA expression levels of GPX4. (a) Quantification 
of western blot analysis of CD71 bands at 90 kDa and at about 180 kDa (labelled by #), and representative 
cropped blots on U-251 MG exposed to 0 or 100 µM of FAC. (b) Quantification of western blot analysis of CD71 
bands at 90 kDa and at about 180 kDa (labelled by #), and representative cropped blots on T98-G exposed to 
0 or 100 µM of FAC. Data are expressed as FC over control ± SEM of n = 4 independent experiments. Whole 
uncropped blots are presented in Figure S2. (c) GSH basal levels in U-251 MG and T98-G cells. Data are 
expressed as mean ± SEM of n = 3 independent experiments. *p-value < 0.05. (d) qRT-PCR analysis of mRNA 
expression levels of GPX4 in both U-251 MG and T98-G cell lines exposed to 0 or 100 µM of FAC. Data are 
expressed as mean ± SEM of n ≥ 3 independent experiments. *p-value < 0.05.
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Discussion
GBM is still characterized by a high mortality rate and it is one of the most aggressive and resistant tumors 
able to overcome radiotherapy- and chemotherapy-induced damages34–36. Given GBM cellular and molecular 
characteristics, new approaches are needed to evaluate its heterogeneity in a patient-specific manner to develop 
personalized therapies37–39.

In the last years, it has been proven that ferroptosis could be considered a potential and effective anti-cancer 
approach, indeed ferroptosis inducers showed in vitro and in vivo efficacy, also demonstrating a beneficial syn-
ergism with chemotherapy drugs in certain cancer cells40–42. However, despite the potential of this strategy, some 
tumors overcome ferroptosis-related oxidative stress, showing resistance to ferroptosis-induced therapy43,44. The 
mechanisms underlying sensitivity or resistance to iron-dependent cell death are a growing area of research. 
Indeed, this process involves a number of proteins and intercellular factors that collectively contribute to the 
cell-specific sensitivity to this form of cell death40,45.

Ferroptosis can be induced by different molecules, and among these, erastin is a ferroptosis activator acting 
on system xc − cystine/glutamate antiporter, to inhibit the SLC7A11 subunit and leading to the inactivation of 
GPX4, an antioxidant mediator that decreases membrane phospholipid hydroperoxides15,46–48. An alternative 
approach to trigger ferroptosis is to induce intracellular iron overload by ferric citrate, that increases Fe2+ levels, 
leading to ROS accumulation and lipid peroxidation49–51.

Our aim was to investigate the effects of FAC and erastin on 2 different GBM cell lines, U-251 MG and T98-G, 
examining their response to ferroptosis inducers. We evaluated the effects of FAC on cellular metabolic turnover, 
showing that FAC and erastin were able to reduce metabolic turnover in U-251 MG cells, whereas T98-G cells 
did not show any significant change at any tested time-points, either with FAC or with erastin. These results 
demonstrate a different sensitivity to ferroptosis between GBM cell lines.

Subsequently, we observed that a typically cell response to FAC- or erastin-mediated ferroptosis was the 
increased levels of ROS. Notably, oxidative stress was observed in both sensitive- and resistant-ferroptosis cells. 
Thus, we studied molecular players of iron and antioxidant system to identify candidate genes involved in T98-G 
ferroptotic resistance. Among them, CD71, also known as type I transferrin receptor (TfR1), is a transmembrane 
glycoprotein engaged in iron internalization52,53. CD71 fosters the uptake of cellular iron, thus it can be consid-
ered a principal contributor to ferroptosis31,47. We examined whether the resistance of T98-G cells to FAC was 
associated with a change in CD71 expression and, consequently, to an altered iron internalization. We observed 
that T98-G cells did not modulate CD71 expression after FAC treatment, thus resistance mechanisms were not 
related to CD71 and iron uptake.

Multiple metabolic processes may affect cells susceptibility to ferroptosis, which is regulated by 3 different 
antioxidant axes: (i) system xc − /GSH/GPX4 axis, (ii) ferroptosis suppressor protein 1/Coenzyme Q10 (FSP1/
CoQ10) axis and (iii) GTP cyclohydrolase I/Tetrahydrobiopterin/Dihydrofolate reductase (GCH1/BH4/DHFR) 
axis17.

Among them, GPX4 axis depends on GSH oxidative state. It represents one of the most important regulators 
of cellular oxidative homeostasis, and it is the principal substrate for GPX4, therefore, a reduced GSH activity 
can impact GPX4 stability, increasing ferroptosis susceptibility54. Moreover, the system xc − cystine/glutamate 
antiporter and transsulfuration pathway, supplying cysteine, are also involved in cyst(e)ine/GSH/GPX4 axis55. 
FSP1/CoQ10 axis, on the other hand, involves mevalonate pathway, which produces CoQ10. In particular, FSP1 
prevents lipid autoxidation through CoQ10, regulating ferroptosis56. Whereas GCH1 seems to be able to block 

Fig. 5.   U-251 MG and T98-G cells expression levels of proneural and mesenchymal markers. (a) Heatmap of 
Z-score values of selected signature markers of either mesenchymal or proneural GBM subtypes on 7 selected 
cell lines included in the dataset GSE119637. (b) Z-score expression levels of signature markers of either 
mesenchymal or proneural subtype for T98-G and U-251 MG cells included in Cancer Cell Line Encyclopedia 
(CCLE) of Xena UCSC.
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ferroptosis in a GPX4-independent manner, involving BH4, a lipophilic radical-trapping antioxidant57. Thus, we 
further investigated antioxidant mechanisms through GSH quantification and GPX4 mRNA expression analysis. 
From our data, it was evident that GSH basal levels were higher in T98-G as compared to U-251 MG cells and 
that mesenchymal cells are able to up-regulate GPX4 after FAC treatment, reducing ferroptosis inducers efficacy. 
Then, to correlate the different response of GBM cell lines with GBM heterogeneity, we assessed the similarities 
between U-251 MG and T98-G cell profile and GBM phenotype. By analysing a publicly available dataset on 7 
GBM cell lines, we evaluated the expression of genes characterizing mesenchymal or proneural subtype. This 
assessment revealed that T98-G showed a mesenchymal phenotype as opposed to U-251 MG with a proneural 
profile. Furthermore, we took advantage of RNA-seq data from biopsies of GBM patients, grouped according 
to their subtype. Based on these analyses, we observed that mesenchymal GBM patients showed a better anti-
oxidant profile, which makes them more resistant to therapy and, particularly, to ferroptosis-based approaches.

The increased expression of GSS mRNA, encoding for GSH, in GBM mesenchymal subtypes as compared to 
proneural ones, supports the hypothesis of a more effective antioxidant system xc − /GSH/GPX4 axis. Indeed, 
GSH metabolism and its antioxidant mechanism are among the major regulators of ferroptosis sensitivity40. 

Fig. 6.   Bioinformatic analysis on RNA-seq dataset of human GBM biopsies. (a) Volcano plot of selected 209 
genes, divided into three groups. (b) Genes down-regulated in mesenchymal tumors as compared to proneural 
ones. (c) Genes up-regulated in mesenchymal tumors as compared to proneural ones. Data are expressed as 
mean ± SD and aligned dot plot. **p-value < 0.01; ***p-value < 0.001 and ****p-value < 0.0001.
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After uptake by system xc − , cystine is catalysed to GSH and GPX4 transforms GSH to GSSH, decreasing lipid 
peroxidation and inhibiting ferroptosis58. Moreover, mesenchymal tumors also exhibited an increased expression 
of GCH1 gene, within the GCH1/BH4/DHFR axis, which is an antioxidant axis involved in ferroptosis suscep-
tibility, again supporting an increased defensive response as compared to the proneural tumors.

We also observed that combination of mesenchymal and iron mobility markers or mesenchymal and redox 
markers showed a significant impact on OS and PFI of GBM patients. This evidence is of critical importance, 
considering that the OS analysis of GBM patients expressing mesenchymal or proneural markers failed to reveal 
differences in terms of OS. Therefore, our data emphasize that GBM heterogeneity is a highly significant aspect to 
be considered in therapy, and that current GBM classification is of critical importance to establish personalized 
approaches. More detailed studies on mechanistic processes are needed to identify potential targets to overcome 
ferroptosis resistance and counteract aggressive cancers such as GBM.

Although we were able to stratify commonly used GBM cell lines, this study has potential limitations that 
need to be addressed in future research. Indeed, an in-depth analysis of the fundamental biological mechanisms 
underlying ferroptosis resistance on additional mesenchymal or proneural GBM cell lines is required. Addition-
ally, given the characteristics of mesenchymal, proneural and classical GBM subtypes, expanding this analysis on 
patient-derived cell lines would increase the impact and significance of the findings herein described and also 
will offer significant insights in clarifying these mechanisms.

In conclusion, our data suggest that GBM subtypes differently tolerate ferroptosis inducers. Proneural sub-
types reduced their metabolic turnover after FAC or erastin administration, on the contrary mesenchymal sub-
type did not exhibit significant alterations. GSH upregulation in mesenchymal GBM cells could be involved in 
these mechanisms by mitigating the effects of ferroptosis inducers and hampering cell death. Moreover, RNA-seq 
dataset of GBM patients revealed a better antioxidant profile in mesenchymal as compared to proneural tumors, 
demonstrating that ferroptosis might constitute a promising treatment option for proneural subtypes, but likely 
ineffective for mesenchymal. Given GBM heterogeneity, it is needed to investigate molecular aspects of specific 
subtypes in order to achieve a targeted and personalized therapy for each patient.

Methods
Cell Lines and drugs administration
Experiments were performed using U-251 MG (RRID: CVCL_0021) and T98-G (RRID: CVCL_0556) human 
GBM cell lines. Cells were purchased from European Collection of Authenticated Cell Cultures (ECACC, Public 
Health England). U-251 MG and T98-G were cultured in Dulbecco’s Modified Eagle Medium (DMEM) High 
glucose (Cat# 11965092, Gibco) supplemented with 10% Foetal Serum Bovine (FBS, Cat#26140079, Gibco), 
100 IU/mL Penicillin–Streptomycin solution (pen-strep, Cat#15140-122, Gibco) and 1 mmol/L sodium pyru-
vate (Cat#11360-039, Gibco). Cells were maintained in an incubator at 37 °C in a humidified atmosphere (95% 
air and 5% CO2) and were routinely sub-cultured in standard culture flasks. FAC (Cat#A11199.30, Alfa Aesar-
Thermofisher) was prepared as a 50 mM stock solution in phosphate-buffered saline (PBS) and used at reported 
working concentrations (i.e., 5, 10, 20, 50, 100 µM). Erastin (Cat#S7242, Selleckchem) was dissolved at 2 mM in 
dimethyl sulfoxide (DMSO) (Cat#P60-36720100, Pan-biotech) for the stock solution and was used at described 
final concentrations (i.e., 1, 2, 5, 10, 20 µM).

Fig. 7.   Overall survival (OS) and Progression Free Interval (PFI) analysis of GBM patients. (a–d) Kaplan 
Meier plot of OS and PFI of GBM patients selected for high versus low expression of mesenchymal markers 
(cut-off value = 73.57) (a), proneural markers (cut-off value = 50.27) (b), mesenchymal iron mobility (cut-off 
value = 54.83) (c) and mesenchymal redox (cut-off value = 170.4) (d). *p-value < 0.05; **p-value < 0.01.
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Cell doubling time
U-251 MG and T98-G were seeded in T-25 flasks at a final concentration of 25 × 104 cells/flask and cultured 
at 37 °C in a humidified 5% CO2 incubator. On the third day, when cells reached about the 90% of confluency, 
U-251 MG and T98-G were detached with Trypsin–EDTA 0.25% (Cat#25200-056, Gibco) and counted using a 
cell counter. Cell doubling time was calculated following equation:

where T is cell culture time in days, Xb is the initial number of cells and Xe is the final number of cells.

Metabolic turnover assay
To evaluate U-251 MG and T98-G cells metabolic turnover, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT, Cat#M5655, Sigma-Aldrich) assay was performed. Cells were seeded in 96-well plates at a final 
density of 1 × 104  cells/well/100 µL and incubated for 24 h. After, cells were exposed to different FAC concentra-
tions, from 5 to 100 µM, or erastin, from 1 to 20 µM, and incubated for 24 or 48 h. MTT at a final concentration 
of 1 mg/mL was added to each well and incubated under standard culture conditions. After 2.5 h, media were 
removed, 200 µL of DMSO (Cat#P60-36720100, Pan-biotech) was added, and plates were shacked on an orbital 
shaker for 10 min at room temperature. The absorbance was measured using a Multiskan SkyHigh Microplate 
spectrophotometer (Thermo Scientific) at 570 nm. Metabolic turnover was calculated as: (optical density sample/
average optical density control) × 100. Results were expressed as the percentage of MTT turnover versus control.

LDH assay
The relative cytotoxicity was assessed using LDH activity assay (Cat#CBA-241, Cell Biolabs, Inc.), following the 
manufacturer’s instructions. Briefly, cells were seeded in 96-well plates at a final density of 1 × 104 cells/well/200 
μL, then, exposed to 100 µM FAC, and incubated for 6 h. Cells treated with 1% of lysis solution (Triton X-100 
Solution, Cat#124102, Cell Biolabs, Inc.) were used as positive controls (i.e. 100% relative cytotoxicity). Vehicle-
treated cells were used as negative control (i.e. 0% relative cytotoxicity). Quantification of the LDH activity 
was performed on supernatants following manufacturer’s instructions. The absorbance was measured using a 
Multiskan SkyHigh Micro-plate spectrophotometer (Thermo Scientific) at 450 nm. The percentage of relative 
cytotoxicity was calculated using the following formula:

Immunofluorescence
For immunofluorescence staining, cells were seeded on 24-well plate, using 12 mm coverslips, at a final density 
of 1 × 105 cells/well and incubated at 37 °C, 5% CO2 for 12 h. Then, 100 µM FAC was added on cells and main-
tained for 24 h. On the following day, cells were fixed using 4% paraformaldehyde (PFA) and permeabilized in 
0.1% Triton X100 in PBS. Samples were incubated with blocking solution (10% normal goat serum, NGS in 0.1% 
Triton X100 in PBS) for 1 h at room temperature. Then, cells were incubated overnight at 4 °C with the primary 
antibody (1:300, Rabbit anti-Cl Casp3, Cat#9661, RRID: AB_2341188, Cell Signalling) diluted in incubating solu-
tion (1% NGS in 0.1% Triton X100 in PBS). The day after, sample were washed with 0.1% Triton X100 in PBS and 
incubated for 1 h at room temperature with the appropriate fluorescent secondary antibody (1:1000, Alexa Fluor 
goat anti-rabbit 546, Cat# A11010, RRID: AB_143156, Invitrogen) diluted in incubating solution. Following 3 
washes with 0.1% Triton X100 in PBS, F-actin was stained with Alexa Fluor 488 Phalloidin (1:300, Cat#A12379, 
Invitrogen). Samples were washed again, and nuclei were counterstained with 4′,6-diamidino-2-phenylindole 
(DAPI, 1:1000, Cat# D1306, Invitrogen) for 3 min at room temperature. Cover slips were then mounted with 
Fluoromount™ Aqueous Mounting Medium (Sigma-Aldrich, Cat#F4680). Digital images were acquired using 
a Leica TCS SP8 confocal microscope. Quantification of the percentage of positive cells was obtained by quan-
tifying the number of Cl Casp3-positive cells over total DAPI-positive cells from n ≥ 3 randomized regions of 
interest (ROI) per group.

Flow cytometry
For flow cytometry-assisted viability analysis, 5 × 104 cells were plated in 24-well plates. The next day, cells were 
respectively treated with: vehicle, 100 µM FAC or 10 µM erastin. After 30, 90 or 180 min, cells were collected 
and resuspended in 500 µl of PBS. ROS were detected using 2’,7’-dichlorodihydrofluorescein acetate (H2-DCF; 
Cat# D399, Sigma-Aldrich), and fluorescence intensity was measured according to the fluorescence detection 
conditions of fluorescein isothiocyanate (FITC) using a MACSQuant Analyzer (Miltenyi Biotech).

Western blot
For western blot analysis, cells were seeded in 6-well plates at a final density of 5 × 105/well and incubated at 37 °C. 
The next day, 100 µM FAC was added on cells and maintained for 24 h. Then, cells were collected to obtain a dry 
pellet. Proteins were extracted using RIPA Lysis Buffer (50 µL/sample; Cat#ab156034, Abcam) supplemented 
with protease inhibitor (1:100, Cat#P8340, Merck). Samples were incubated for 20 min at room temperature 
and centrifuged at 13,000×g for 3 min. 50 µg of proteins were electrophoresed on 4–15% Mini-PROTEAN TGX 

Cell Doubling Time =
[T ∗ (ln2)]

[ln
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)

]
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gels (Cat#4561083, Bio-Rad) and transferred to 0.2 µm nitrocellulose membranes of Trans-Blot Turbo Transfer 
Pack (Cat#1704158, Bio-Rad), using Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were incubated 
for 1 h at room temperature with blocking buffer (5% non-fat milk in 0.1% tween-20 in PBS) and then overnight 
at 4 °C with primary antibodies diluted in blocking buffer. The primary antibodies, mouse anti-CD71 (1:1000, 
Cat#13-6800, RRID: AB_2533029, Invitrogen) and mouse β-actin (1:1000, Cat#sc-47778, RRID: AB_626632, 
Santa Cruz Biotechnology), were used for western blot. The day after, membranes were washed 3 times in 0.1% 
tween-20 in PBS and then incubated for 1 h at room temperature with the corresponding secondary antibody: 
Goat anti-Mouse IgG (H + L) Secondary Antibody, HRP (1:5000, Cat#31430, AB_228307, Invitrogen). Proteins 
bands were visualized with a ChemiDoc System (Bio-Rad) and protein levels were quantified by densitometric 
analysis. ImageJ analysis software was used to quantify the density of each band, that then was normalized to 
the β-actin optical density measured in the same membrane. All values are shown as the mean fold change (FC) 
over control ± SEM.

qRT‑PCR
Gene expression on U-251 MG and T98-G was tested by performing qRT-PCR. Cell pellets were resuspended in 
TRIzol (Cat#15596018, Thermo Fisher Scientific). RNA extraction was performed by chemical separation as pre-
viously described59. cDNA was obtained by using High-Capacity cDNA Reverse Transcription Kit (Cat#4368814, 
Thermo Fisher Scientific) according to manufacturer’s protocol. Gene expression was analyzed using PowerUp™ 
SYBR™ Green Master Mix for (Cat#A25741, Thermo Fisher Scientific) and Rotor-Gene Q 2plex (Qiagen). The 
relative expression level was determined by comparison with the control housekeeping ribosomal RNA 18S by 
using the 2^ − ΔΔCt method. Primers used for this assay are reported in Table 1.

Cell deproteinization and HPLC analysis of GSH
Cells were plated in T-75 flasks. After 24 h, cells (1 × 106 cells/ml) were trypsinized, resuspended in ice-cold PBS 
and centrifuged at 1860×g. Following a well-established method60, cellular pellet was deproteinized in a precipi-
tating solution (75% acetonitrile + 25% KH2PO4 10 mM pH 7.4) and centrifuged at a high speed (20,890×g for 
10 min at 4 °C). Subsequently, supernatant was supplemented with double volume of chloroform to definitively 
obtain the aqueous phase. Separation of GSH was obtained flowing samples throughout a C18 chromatographic 
column (Hypersil C-18, 250 × 4.6 mm, 5 μm particle size) settled in a HPLC apparatus (ThermoFisher Scientific, 
Spectra System P4000 pump), whereas the diode array detector UV6000- tuned at 206 nm, was used for quan-
tification and identification of the tripeptide61,62.

Human GBM datasets selection and analysis
Gene Expression Omnibus (GEO) database (http://​www.​ncbi.​nlm.​nih.​gov/​geo/, accessed on 29 February 2024) 
was used to select RNA-seq datasets of interest. We chose two different datasets. The first one GSE119637 is based 
on 7 human GBM cell lines and expression data were collected for mesenchymal markers signature genes (i.e. 
S100A4, NF1, DAB2, COL1A2, THBS1, TGFBI, COL1A1) and for proneural markers signature genes (i.e. KLRC3, 
SOX2, PDGFRA, DLL3, NCAM1) for both cell lines (Table S1)33. The second dataset GSE145645 was selected 
to analyse transcriptome of human GBM biopsies63. A total of 34 GBM patients’ biopsies were analysed and the 
following criteria were applied to select patients: i) patients diagnosed for mesenchymal or proneural GBM were 
included and ii) patients with not available GBM subtypes or classical GBM subtypes were excluded. A total of 
23 GBM patients, divided into 14 GBM with mesenchymal subtype and 9 GBM with proneural subtype, were 
included within the present study (details are reported in Table S2). Finally, data on genes expression levels were 
obtained selecting 209 genes divided in 3 main gene signatures accordingly to previously published papers: iron 
mobility64, redox65–67 and transmembrane67 processes (Table S3).

Gene expression profiles for human GBM cell lines were obtained from Cancer Cell Line Encyclopedia 
(CCLE) using Xena Browser (https://​xenab​rowser.​net/, accessed on 29 February 2024)68. The following cell lines 
were selected from the cohort of cell lines: U-251 MG and T98-G. Expression data were collected for mesenchy-
mal markers signature genes (i.e. S100A4, NF1, DAB2, COL1A2, THBS1, TGFBI, COL1A1) and for proneural 
markers signature genes (i.e. KLRC3, SOX2, PDGFRA, DLL3, NCAM1) for both cell lines (Table S1).

For Kaplan Meier Plots, data were obtained from GDC TCGA Glioblastoma (GBM) using Xena Browser 
(https://​xenab​rowser.​net/, accessed on 29 February 2024)68. We selected primary tumors excluding from the 
subsequent analysis recurrent tumors, solid tissue normal and patients with null value of selected genes, obtaining 
a total of n = 153 patients. The cohort of GBM patients was divided in 2 groups automatically by Xena Browser 
into high and low, accordingly to the expression levels of either mesenchymal markers, proneural markers, mes-
enchymal and iron mobility markers or mesenchymal and redox markers (see Table S1, Table S3 and Table S4). 
The cut-off value was calculated as the median of the sum of values for the selected genes signature.

Table 1.   List of primers used for qRT-PCR.

Gene Forward primer Reverse primer

GPX4 GCG​GAA​GGC​CCC​AGC​ CAC​ACG​AAG​CCC​CGGTA​

18S CTT​AGA​GGG​ACA​AGT​GGC​G ACG​CTG​AGC​CAG​TCA​GTG​TA

http://www.ncbi.nlm.nih.gov/geo/
https://xenabrowser.net/
https://xenabrowser.net/


12

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20770  | https://doi.org/10.1038/s41598-024-72024-8

www.nature.com/scientificreports/

Statistical analysis
Data analysis was performed using GraphPad Prism software version 8.0.1. A two-tailed unpaired Student’s 
t-test was used for comparison of n = 2 groups. For Kaplan Meier analysis, curve comparison was analysed by 
Gehan-Breslow-Wilcoxon test for statistical significance. Moreover, median overall survival (OS) and progression 
free interval (PFI) were calculated for each group. For comparison of n ≥ 3 groups, one-way analysis of variance 
(ANOVA) was used, followed by Holm-Sidak post-hoc test for multiple comparisons. Data are presented as 
the mean ± SEM (unless otherwise stated). p < 0.05 was considered statistically significant and symbols, used to 
indicate statistical differences, are represented in the figure legends.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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