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ABSTRACT
Background and Objective: The cellular distribution characteristics and functional mechanisms of glutathione (GSH) meta-
bolism within the tumor microenvironment (TME) of glioblastoma multiforme (GBM) remain poorly understood. This study aims
to elucidate the cellular landscape and GSH metabolic features of the GBM microenvironment and to clarify the role of GSH S-
transferase alpha 4 (GSTA4) in GBM progression.
Methods: ScRNA-seq was performed on 104,789 GBM cells to systematically identify cell subpopulations and construct cell
interaction networks. The pseudotime analysis was conducted on 50 GSH metabolism–related genes. Diferential expression of
GSTA4 in GBM cell lines (U87MG, LN229, and U251) and normal human astrocytes (SVG p12) was validated by quantitative PCR
(qPCR) and Western blotting. Subsequently, siRNA and plasmid vectors were employed to establish cellular models with GSTA4
overexpression or knockdown. The functional impact of GSTA4 expression on cell proliferation, invasion, and migration was
systematically evaluated. Finally, rescue experiments confrmed that GSTA4 modulates GBM cell function via the Wnt/β-catenin
signaling pathway.
Results: ScRNA-seq analysis identifed 10 major cell types, including tumor cells, proliferating cells, immune cells, and stromal
cells. Elevated GSH metabolic activity was predominantly observed in proliferating cells. The pseudotime analysis indicates that
GSTA4 exhibits high expression levels in the intermediate state of tumor cells. Functional experiments confrmed signifcant
upregulation of GSTA4 in GBM cells. Silencing GSTA4 expression suppressed cell proliferation, invasion, and migration, whereas
its overexpression enhanced these malignant phenotypes. Moreover, this study is the frst to demonstrate that GSTA4 promotes
tumorigenicity and aggressive phenotypes in GBM cells through the Wnt/β-catenin signaling pathway.
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Conclusion: This study reveals the reprogramming characteristics of GSH metabolism in the GBM microenvironment at the
single-cell level. Furthermore, functional experiments demonstrate that GSTA4 acts as an oncogenic driver in GBM. Collectively,
these fndings advance the mechanistic understanding of GBM and identify GSTA4 as a promising therapeutic target for precision
intervention.

1 | Introduction

Glioblastoma multiforme (GBM; WHO grade 4 glioma) is the
most common primary malignant brain tumor in adults, char-
acterized by exceptionally high invasiveness and recurrence rates
[1, 2]. The annual incidence rate of GBM is approximately 3.2
cases per 100,000 individuals, and it signifcantly increases with
age [3]. The current main treatment modalities include surgery,
radiotherapy, and chemotherapy, but patient prognosis remains
unsatisfactory, with a 5-year survival rate of less than 10% [4, 5].
Studies have demonstrated that the molecular classifcation of
GBM is closely associated with patient prognosis, and glioma
patients harboring IDH mutations and 1p/19q codeletions tend
to exhibit a relatively favorable clinical outcome [6–8]. Therefore,
it is essential to explore new therapeutic targets and mechanisms
in GBM research.

In recent years, studies have demonstrated that the metabolic
characteristics in the tumormicroenvironment (TME) are closely
related to tumorigenesis and cancer progression [9]. Metabolic
reprogramming has received extensive attention, as it serves as
an important mechanism for cells to adapt to the TME and
maintain rapid proliferation [10, 11]. Tumor cells change their
metabolic patterns to utilize nutrients, such as glucose, within
the body to meet their rapid proliferation needs. This metabolic
process not only involves classical aerobic glycolysis (commonly
known as the “Warburg efect”) but also includes metabolic
reprogramming of amino acids and fatty acids, thereby infu-
encing the malignant biological behavior of tumors [12–14].

Currently, scholars widely recognize the critical role of gluta-
thione (GSH) metabolism in tumor cells. As a key endogenous
antioxidant, GSH plays essential roles in maintaining redox
homeostasis and regulating signal transduction, and protects
cells from damage induced by reactive oxygen species (ROS),
lipid peroxides, and cytotoxic electrophilic compounds [15, 16].
However, in the context of cancer biology, GSH exhibits a dual
role: While it protects normal cells from oxidative stress, it
concurrently promotes the adaptive survival of tumor cells [17].
In malignant tumors, dysregulation of the redox state not only
afects tumor cell viability and proliferation but also modulates
immune cell infltration and functional activity within the TME
[18, 19]. Tumor cells can modulate intracellular redox homeo-
stasis through alterations in GSH metabolism, thereby infu-
encing their response to oxidative stress. For instance,
dysregulation of GSH metabolism afects intracellular ROS
levels, which in turn infuence cell survival and proliferation
[20]. Furthermore, GSHmetabolism not only supports tumor cell
growth and survival but is also closely linked to resistance against
chemotherapeutic agents [21]. Evidence indicates that elevated
GSH levels in tumor cells are associated with drug resistance in
ovarian, lung, prostate, and colorectal cancers [22].

Although numerous studies have established the pivotal role of
GSH in regulating proliferation and apoptosis across a diverse
array of tumor cell types, the specifc involvement of GSH

metabolism–related genes in GBM remains incompletely char-
acterized. This study investigates the expression patterns of GSH
metabolism–related genes within the GBM TME, elucidating the
features of GSH metabolism across distinct cell types at single-
cell resolution. Furthermore, although elevated expression of
GSH S-transferase alpha 4 (GSTA4) in GBM has been previously
reported, its precise regulatory mechanisms in this context re-
main unclear [23]. Currently, the function of GSTA4 in GBM
cells and its association with the Wnt/β-catenin pathway have
not been verifed through in vitro experiments. Through com-
prehensive biological analyses, this study confrms the upregu-
lation of GSTA4 in GBM and demonstrates its signifcant role in
modulating the proliferation, invasion, and migration of GBM
cells. Given the great potential of single-cell sequencing for
targeted therapy [24], our fndings provide theoretical un-
derpinnings for the development of targeted therapeutic strat-
egies against GBM.

2 | Methods

1. Single-Cell Data Analysis: Initially, we obtained 50 classic
GSH metabolism genes from the public database (https://
www.gsea-msigdb.org/gsea/msigdb). We acquired three
single-cell RNA sequencing (scRNA-seq) datasets of GBM
from the Gene Expression Omnibus (GEO) database:
GSE162631, GSE223063, and GSE235676. These three
datasets cumulatively provided single-cell data of 22 GBM
samples. We used the CreateSeuratObject function in the
Seurat package to read these samples, with the conditions of
min.cells = 3 and min.features = 200 set. Subsequently,
further quality control was conducted under the following
conditions: nCount_RNA ≥ 1000, nFeature_RNA ≥ 200,
nFeature_RNA ≤ 8000, and percent.mt ≤ 20. The Nor-
malizeData function was used for data standardization, and
the ScaleData function was used for data normalization.
The RunHarmony function was used for batch efect re-
moval. The FindClusters analysis was conducted with
PC = 20 and resolution = 1.5, and the RunUMAP and
RunTSNE functions were used for dimensionality re-
duction. Each cluster’s cells were defned based on the cell
markers. The plot1cell functionwas used to draw the single-
cell clustering circle plot. Six single-cell gene set enrich-
ment analysis approaches, including Add, AUCell, UCell,
singscore, ssGSEA, and Scoring, were employed to assess
the GSH metabolism profle of individual cells [25–27].
Among them, Scoring is a comprehensive score of the
previous methods. Intercellular communication analysis
was performed using the CellChat package. Given that GSH
metabolism exhibited higher activity predominantly in
proliferative and tumor cells, these cell populations were
selected for in-depth analysis. Proliferative cells were fur-
ther refned into three subgroups based on their cluster
expression characteristics, namely proliferative tumor cells,
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proliferative T cells, and proliferative macrophages. Sub-
sequently, we further analyzed the diferences in the ac-
tivity of GSH metabolism characteristics in these three
types of cells. Finally, we also conducted pseudotime
analysis in proliferative tumor cells and tumor cells, which
was based on the monocle algorithm [28].

2. Cell Culture: The SVG p12 cell line was obtained from the
Cell Bank of the Chinese Academy of Sciences, and the
U251, U87, and LN229 cell lines were purchased from
Wuhan Sai Biotech Co., Ltd. The culture medium was
composed of 5mL fetal bovine serum (FSP500, ExCell),
0.5 mL penicillin–streptomycin solution (G4003, Service-
bio), and 45mL DMEM (PM150312, Procell). All media
were freshly prepared before use and preheated in a 37°C
water bath along with phosphate-bufered saline (PBS)
(G4202, Servicebio) before application. All cell lines were
cultured under conditions of 37°C and 5% CO2.

3. Cell Transfection: The siRNA and plasmids were obtained
fromGenePharma. Transfection should be performedwhen
the tumor cell density in a 9.6 cm2 culture plate reaches
approximately 60%–80%. The procedure is as follows:
System 1 consists of Lipofectamine 2000 (11,668–019,
Invitrogen) diluted in Opti-MEM (A41248-01, Gibco), fol-
lowed by incubation at room temperature for approxi-
mately 5 min; System 2 contains plasmid DNA or siRNA
diluted in Opti-MEM and is similarly incubated under the
same conditions for 5 min. After incubation, Systems 1 and
2 are combined, gently mixed by pipetting, and the resulting
complex is incubated at room temperature for 15min.
Immediately thereafter, the transfectionmixture is added to
the cells. The cells are then cultured in a 37°C incubator for
6 h, after which the medium is replaced with complete
medium. Transfection efciency is evaluated by measuring
mRNA expression levels 24 h post-transfection.

4. Reverse Transcription Quantitative Real-Time Polymerase
Chain Reaction (RT-qPCR): Following collection of the cell
pellet, total RNA was extracted using the SteadyPure Rapid
RNA Extraction Kit (AG21023, Accurate Biotechnology
[Hunan] Co., Ltd., Changsha, China) according to the
manufacturer’s instructions. Subsequently, 20 μL reverse
transcription reactions were performed to synthesize cDNA
from the purifed RNA using the SevenFast Two-Step RT-
qPCR Kit (SRQ-01; Seven/Abcells, Beijing, China)
according to the manufacturer’s protocol. RT-qPCR was
performed using the SYBR Green method. The primer
sequences for GAPDH and GSTA4 are listed in Supporting
Table 1. GAPDH was used as the endogenous control gene.

5. Western Blotting: Cells were lysed by incubation with
a mixture of phosphatase inhibitors and lysis bufer
(GRF103/P0013 B; Epizyme, Shanghai, China) for 30min
on ice. The lysate was vortexed thoroughly to ensure
complete homogenization. Following centrifugation at 4°C
for 30min, the supernatant was carefully collected. Protein
concentration was determined after incubation at 37°C for
30min, and a standard curve was generated using
a microplate reader to calculate the protein concentration.
Equal amounts of protein were separated and subsequently
transferred onto a PVDF membrane. The membrane was
blocked with 5% skim milk to minimize nonspecifc

binding. Phosphorylated proteins were blocked using a 5%
bovine serum albumin (BSA) solution. After blocking, the
membrane was incubated with the primary antibody
overnight at 4°C. On the following day, the membrane was
incubated with an HRP-conjugated secondary antibody for
approximately 1.5 h at room temperature. Target protein
signals were detected using enhanced chemiluminescence
reagents. Finally, the resulting images were analyzed to
determine the molecular weight and relative expression
levels of the target protein.

6. Antibodies: Anti-GSTA4 (Cat#ab134919, Abcam, the di-
lution ratio is 1:2000), anti-β-tubulin (Cat#80713-1-RR,
Proteintech, the dilution ratio is 1:10,000), anti-β-catenin
(Cat#A11932, ABclonal, the dilution ratio is 1:1000), anti-p-
β-catenin (Cat#AP1076, ABclonal, the dilution ratio is 1:
500), anti-APC (Cat#A17912, ABclonal, the dilution ratio is
1:2000), anti-GSK-3β (Cat#A2081, ABclonal, the dilution
ratio is 1:1000), and anti-cyclin D1 (Cat#A19038, ABclonal,
the dilution ratio is 1:1000).

7. Cell Counting Kit-8: After transfection in a 9.6 cm2 culture
plate, cells were trypsinized, collected via centrifugation at
1000 rpm for 5min, and subsequently counted. The cells were
then seeded into 96-well plates at a density of 3000 cells per
well and maintained under standard culture conditions (5%
CO2, 37°C). At 24, 48, and 72 h postseeding, cell viability was
assessed using a CCK-8 assay (ab228554, Abcam). A working
solution containing 10% CCK-8 reagent in culture medium
was prepared and incubated at 37°C for 90min. The absor-
bance at 450 nm was measured using a microplate reader.

8. Wound Healing Assay: Cells were transfected when con-
fuence reached approximately 80% in a 9.6 cm2 culture
plate, followed by a wound healing assay. A sterile 1 mL
pipette tip was used to create a linear scratch in the center of
the monolayer. Subsequently, cells were washed 2–3 times
with PBS to remove cellular debris generated during
scratching and to minimize interference during image ac-
quisition. To reduce the infuence of cell proliferation, the
culture medium was replaced with DMEM supplemented
with 2% FBS. Cultures were maintained at 37°C in a hu-
midifed atmosphere containing 5% CO2. Cell migration
into the wounded area was monitored and recorded by
phase-contrast microscopy at 0, 24, and 48 h postscratching.

9. Transwell Invasion Assay: Matrigel was diluted with
serum-free DMEM at a 1:8 ratio on ice. A suitable volume of
themixture was added to an 8 μmpore-size Transwell insert
for coating, and the excess liquid was aspirated. The coated
insert was hydrated with 50 μL of serum-free DMEM and
incubated at 37°C for 30min. Prepared cells were resus-
pended in serum-free DMEM and carefully seeded into the
upper chamber, ensuring even distribution and the absence
of air bubbles. The lower chamber was flled with 500 μL of
complete culture medium. The assay system was incubated
for 48 h. After incubation, the insert was washed with PBS.
The cells were fxed with 4% paraformaldehyde for 30min
and then stained with 0.1% crystal violet for 15 min. The
insert was washed again with PBS to remove excess dye and
air-dried. Finally, the migrated cells were visualized under
a microscope, images were captured, and statistical analysis
was performed.
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3 | Results

1. Analysis of Single-Cell Transcriptional Characteristics and
Cell Communication in the GBM Microenvironment: By
integrating single-cell data from 22 samples, we ultimately
obtained the transcriptional characteristics of 104,789 cells.
These cells were clustered into 39 distinct subpopulations
and further annotated into 10 major cell types (Figure 1(a)).
The cellular composition included 719 B cells, 4083 endo-
thelial cells, 55,679 macrophages, 7983 monocytes, 3762
oligodendrocytes, 4546 pericytes, 5829 proliferating cells,
6473 T/NK cells, 2307 tumor-associated neutrophils
(TANs), and 13,408 tumor cells. The marker genes of each
cell type are shown in Figures 1(b) and 1(c). The results of
cell communication analysis are presented in Figure 1(d),
indicating that tumor cells have a complex communication
network with other cell types in the GBM environment. As
shown in Figures 1(e) and 1(f), potential communication
pathways between proliferating cells and other cell types,
including the SPP1-CD44 and APP-CD74 pathways, have
been identifed.

2. Enrichment Scores of GSH Metabolism–Related Genes in
scRNA-seq: The results of single-cell enrichment analysis
indicated that GSH metabolism was mainly active in pro-
liferative cells, tumor cells, endothelial cells, mononuclear
macrophage, etc. (Figure 2(a)). The UMAP plot in
Figure 2(b) visually confrmed this issue. Therefore, we
subsequently sorted the proliferative cells for analysis and
classifed them into three major categories: proliferative
tumor cells, proliferative T/NK cells, and proliferative
macrophages (Figure 3(a)). All proliferative cells highly
expressed proliferation-like markers TOP2A and STMN1
(Figure 3(b)). Meanwhile, proliferative macrophages also
highly expressed macrophage markers CSF1R, CD14, and
FCER1G (Figure 3(c)). Proliferative T/NK cells highly
expressed T/NK cell markers CD3D, CD3E, and NKG7
(Figure 3(d)). Proliferative tumor cells highly expressed
tumor cell markers ASCL1, OLIG2, and SOX2 (Figure 3(e)).
The metabolism of GSH does not show a high score in all
proliferative cells. However, we found that only pro-
liferative tumor cells and proliferative macrophages were
the main cell sources with high GSH metabolism scores
(Figures 2(c) and 2(d)).

3. Pseudotime Analysis and Dynamic Characteristics of Genes
Related to GSH Metabolism: To further elucidate the sig-
nifcant role of GSH metabolism–related genes in the dis-
ease process, we conducted a pseudotime analysis. The
results of the pseudotime analysis based on proliferative
tumor cells are shown in Figure 4. Figures 4(a) and 4(b),
respectively, reveal the temporal distribution characteristics
and cell states. Figure 4(c) reveals the changes in the GSH
metabolism score over time. We found that GSH meta-
bolism did not become stronger or weaker with the pro-
gression of time, indicating that it has been playing an
important role throughout the entire time course.
Figure 4(d) reveals the changes in GSHmetabolism–related
genes over time.

In addition to proliferative cells, GSH metabolism in tumor
cells is also markedly upregulated. To investigate this further,

we performed a pseudotime analysis on tumor cells, with
results presented in Figure 5. Consistent with previous ob-
servations, the overall level of GSH metabolism in tumor cells
remains stable over time, exhibiting a high degree of con-
servation (Figures 5(a), 5(b), and 5(c)). Nevertheless, indi-
vidual genes involved in GSH metabolism may exert distinct
regulatory roles at diferent stages of tumor progression
(Figure 5(d)). The pseudotime analysis indicates that GSTA4
exhibits high expression levels in the intermediate state of
tumor cells.

4. In Vitro Functional Experimental Verifcation of GSTA4 in
GBM: To investigate the role of GSTA4 in GBM, we con-
ducted a series of comprehensive molecular biological ex-
periments. Western blot and RT-qPCR analyses revealed
that GSTA4 expression at both themRNA and protein levels
was signifcantly higher in three GBM cell lines compared
to normal human astrocytes (Figures 6(a) and 6(b)). To
assess the functional implications of GSTA4 in GBM, we
established cell models with modulated GSTA4 expression
in U251, U87, and LN229 cell lines. Specifcally, GSTA4
knockdown was achieved in LN229 and U251 cells using
small interfering RNA (siRNA), while GSTA4 over-
expression was induced in U87 cells via transfection with an
overexpression plasmid. RT-qPCR analysis confrmed
successful modulation of GSTA4 expression (Figure 6(c)).
Given that proliferation, invasion, and migration are key
malignant phenotypes of tumor cells [29–31], we evaluated
each of these cellular behaviors. CCK-8 assays demon-
strated that GSTA4 overexpression in U87 cells promoted
cell proliferation, whereas GSTA4 knockdown in LN229
and U251 cells suppressed proliferative capacity
(Figure 6(d)). Transwell invasion assays indicated that
GSTA4 overexpression enhanced invasive potential in
U87 cells, while its downregulation reduced invasiveness in
LN229 and U251 cells (Figure 6(e)). Furthermore, wound
healing assays were conducted [32]. The results showed
that GSTA4 overexpression accelerated migration in U87
cells, whereas GSTA4 silencing attenuatedmigratory ability
in LN229 and U251 cells (Figure 6(f)). GSEA indicated that
GSTA4 exhibits regulatory potential with respect to the
Wnt/β-catenin signaling pathway (Figure 7(a)), which is
critically involved in the initiation and progression of GBM.
Based on these fndings, we hypothesized that GSTA4 may
promote GBM cell proliferation, migration, and invasion
through activation of the Wnt/β-catenin pathway. To test
this hypothesis, we assessed key proteins within theWnt/β-
catenin pathway via Western blotting. Upon knockdown of
GSTA4 in LN299 and U251 cells, expression levels of β-
catenin were downregulated, whereas those of p-β-catenin,
GSK3β, and APC were upregulated (Figure 7(b) and 7(c).
Additionally, the expression of cyclin D1, a downstream
target of Wnt signaling, was also reduced, further sup-
porting the role of GSTA4 in pathway activation. We sought
to determine whether GSTA4-mediated regulation of ma-
lignant biological behaviors in glioma is dependent on
activation of the Wnt/β-catenin signaling pathway. We
administered the Wnt pathway inhibitor MSAB to the
transfected cell lines. Notably, the migration, invasion, and
migration abilities promoted by overexpression of GSTA4
were partially restored (Figure 7(d), 7(e), and 7(f).
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.4 | Discussion

In this study, we frst obtained 50 canonical GSH metabo-
lism–related genes. Using scRNA-seq data, we systematically
analyzed the expression patterns of these genes within the GBM
TME. Additionally, we experimentally validated the functional
role of the GSH metabolism–associated gene GSTA4 in GBM
through a series of molecular biology assays.

Solid tumors consist of diverse cell and extracellular matrix
components, exhibiting signifcant cellular heterogeneity.
Consequently, the local milieu surrounding tumor cells forms
a complex network [33, 34]. To meet heightened energy

demands, tumor cells often exhibit accelerated metabolic
activity, and multiple studies have shown that GSH meta-
bolism is involved [35–37]. To protect against ROS-induced
damage, cancer cells elevate intracellular GSH levels, thereby
maintaining a prosurvival redox balance conducive to sus-
tained proliferation [38]. Currently, therapeutic approaches
targeting tumor cell metabolism to improve the TME have
become one of the future research directions in cancer
treatment [39]. Therefore, the development of inhibitors
targeting GSH will be a future direction for cancer treatment.
Notably, suppression of GSH metabolism has been shown to
inhibit the progression of various malignancies, including
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signaling pathways including SPP1-CD44 and APP-CD74.
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hepatocellular carcinoma, colorectal cancer, and breast cancer
[40–42]. However, GSH metabolism within the TME of GBM
has not yet been systematically elucidated. In this study, by
integrating scRNA-seq with functional validation experi-
ments, we have, for the frst time, uncovered cell-type-specifc

patterns and molecular regulatory mechanisms underlying
GSH metabolic reprogramming in GBM at single-cell reso-
lution. These fndings provide novel insights into the meta-
bolic dependencies of GBM and ofer a foundation for the
development of targeted therapeutic strategies.
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Firstly, this study identifed 39 cell clusters and 10 major cell
subtypes among 104,789 cells, encompassing immune cells (in-
cluding T/NK cells, macrophages, and neutrophils), stromal cells
(such as endothelial cells, pericytes, and oligodendrocytes), tu-
mor cells, and proliferative cells, thereby providing a compre-
hensive characterization of cellular composition diversity within
the glioma microenvironment. Metabolic heterogeneity repre-
sents a key feature of the TME, and this study revealed that GSH
metabolism in GBM exhibits marked cell subtype specifcity.
Among the 10 major cell subtypes identifed through single-cell
transcriptomic analysis, the GSH metabolism score of pro-
liferative cells is the highest. These fndings indicate that pro-
liferative cells serve as the primary executors of GSHmetabolism
in GBM. From a functional standpoint, proliferative cells un-
dergo rapid cell division, leading to substantial production of
ROS. Enhanced GSH metabolism contributes to genomic sta-
bility by scavenging excess ROS and sustaining redox homeo-
stasis, thereby supporting sustained cellular proliferation [43].

Secondly, we performed a cell communication analysis and
identifed a complex network of cellular interactions within the
GBM microenvironment, particularly extensive crosstalk be-
tween tumor cells and various other cell types. This fnding
further underscores the critical role of intercellular communi-
cation in GBMdisease progression. Our analysis revealed that the
SPP1-CD44 and APP-CD74 signaling pathways may play sig-
nifcant roles in mediating proliferative cell communication.
Given the highly metabolic nature of the glioma microenvi-
ronment [44], these pathways are likely to contribute to the
malignant progression of gliomas. This discovery is consistent
with the accumulating evidence indicating that the SPP1-CD44
axis serves as one of the important molecular hubs driving GBM
[45, 46]. Notably, the seminal work by some scholars demon-
strated that within themicroenvironment of gliomas, SPP1-CD44
signaling promotes tumor invasiveness and therapy resistance by
inducing a stem cell–like phenotype [47]. Similarly, some
scholars reported that the APP-CD74 axis facilitates immune
evasion in GBM by suppressing the phagocytic activity of tumor-
associated macrophages (TAMs) [48]. Collectively, these fndings
support the functional relevance of the SPP1-CD44 and
APP-CD74 pathways in promoting proliferative and

immunomodulatory communication. Furthermore, the elevated
GSHmetabolism scores observed in proliferative tumor cells and
macrophages highlight the heightened metabolic state charac-
teristic of GBM. These pathways play a role in regulating key
biological processes, including cell proliferation, invasion, and
immune evasion, thereby ofering candidate targets for thera-
peutic strategies targeting the GBM microenvironment. Fur-
thermore, studies have already demonstrated that GSH
metabolism in GBM shapes an immunosuppressive TME
through multiple mechanisms [49]. We found that the GSH
metabolism score was higher in proliferative tumor cells and
proliferative macrophages through enrichment scoring, which
verifed the previous conclusion and indicated that GSH meta-
bolism plays a signifcant role in regulating the tumor immune
microenvironment of GBM. Emerging evidence supports the
involvement of both the SPP1–CD44 and APP–CD74 signaling
pathways in modulating the immune microenvironment of GBM
[48, 50]. Collectively, these fndings suggest a potential syner-
gistic role for the SPP1–CD44 and APP–CD74 signaling axes
together with the GSH metabolism pathway in driving GBM
progression. Further experiments are needed in the future to
verify the interaction among these pathways.

GSTA4, a member of the GSH S-transferase family, has tradi-
tionally been recognized for its role in xenobiotic metabolism and
defense against oxidative stress [51, 52]. Recent studies have
shown that GSTA4 is highly expressed in GBM tissues [23].
However, its specifc biological functions and underlying regu-
latory mechanisms remain poorly understood. This study sys-
tematically addresses this knowledge gap. We confrmed the
elevated expression of GSTA4 in GBM cells via PCR andWestern
blotting assays. Functional experiments demonstrate that GSTA4
promotes the proliferation, invasion, andmigration of GBM cells,
supporting its oncogenic role in GBM pathogenesis. Moreover,
we also explored the regulatory mechanism of GSTA4 through
cell molecular experiments, especially its dependence on the
Wnt/β-catenin pathway, which is an important innovation of our
study beyond previous research. Notably, the study reveals the
distinct temporal dynamics of GSTA4 expression through
pseudotime analysis. The expression level of GSTA4 peaks
during the intermediate stage. This intermediate stage might be
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FIGURE 3 | Sorting and characterization of proliferative cell subpopulations. (a) Dimensionality reduction map of single cells generated using the t-
SNE algorithm. (b) Proliferative cells exhibit high expression levels of proliferation-associated markers STMN1 and TOP2A. (c) Proliferative mac-
rophages show elevated expression of canonical macrophagemarkers, including CSF1R, CD14, and FCER1G. (d) Proliferative T/NK cells display robust
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associated markers ASCL1, OLIG2, and SOX2.
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a critical window period for GBM cells to complete the malignant
phenotypic transformation. Under conditions of chronically el-
evated ROS, GSTA4 may facilitate cellular adaptation to

metabolic stress during phenotypic remodeling by enhancing
GSH-mediated detoxifcation and redox homeostasis, thereby
promoting somatic mutations and oncogenic transformation
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[53]. Furthermore, our fndings imply that GSTA4 may serve as
a promising therapeutic target for GBM, and suppression of its
expression or enzymatic activity could provide a novel strategy to
inhibit tumor invasion and metastasis [54].

This study has certain limitations, as the experiments were
primarily conducted using in vitro cell line models. Future
studies should incorporate patient-derived cells and orthotopic
xenograft tumor models to validate the functional role of GSTA4
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FIGURE 6 | Verifcation of the cellular function of GSTA4 in GBM. (a) GSTA4 is highly expressed at the mRNA level in GBM cells, with relatively
higher expression observed in U251 and LN229 cell lines. (b) Elevated GSTA4 protein expression was confrmed in GBM cells. (c) Cell models with
modulated GSTA4 expression (overexpression or knockdown) were established, and qPCR analysis validated the corresponding changes in GSTA4
mRNA levels. (d) CCK-8 assays demonstrated that GSTA4 overexpression enhanced proliferative capacity in U87 cells, whereas its knockdown
suppressed proliferation in LN229 and U251 cells. (e) Transwell invasion assays revealed that GSTA4 overexpression promoted invasive potential, while
its downregulation exerted an inhibitory efect. (f) Wound healing assays indicated that GSTA4 overexpression increased migratory ability, whereas its
suppression reduced migration (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001).
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within the in vivo TME. Furthermore, clinical tissue samples
should be analyzed to assess the correlation between GSTA4 and
β-catenin expression levels, as well as their association with
patient prognosis.

5 | Conclusion

In conclusion, this study utilized single-cell analysis to provide
a novel perspective on the cellular landscape and the regulation
of GSHmetabolismwithin the GBMmicroenvironment. The role
of GSH metabolism in the dynamic process of GBM cells was
elucidated at single-cell resolution. Furthermore, the study
identifes GSTA4 as a promoter of malignant phenotypes in GBM
cells, ofering new molecular insights into GBM progression.
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catenin pathway. (b and c) β-Catenin expression was downregulated, while p-β-catenin, GSK3β, and APC expression were upregulated, and the
expression of the Wnt downstream target cyclin D1 was downregulated. (d) The CCK8 assay was used to verify the proliferation ability. After
overexpression inU87 cells, the proliferation ability was enhanced, and it was weakened after adding the pathway inhibitor. (e) Transwell invasion assay
showed that the invasion ability was enhanced after overexpression and weakened after adding the pathway inhibitor. (f) Wound healing assay
demonstrated that the migration ability was enhanced after overexpression and weakened after adding the pathway inhibitor (∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001).

International Journal of Genomics, 2026 21 of 23

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE162631
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE223063
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE223063
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE235676
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE235676


References

1. S. Singh, D. Dey, D. Barik, et al., “Glioblastoma at the Crossroads:
Current Understanding and Future Therapeutic Horizons,” Signal
Transduction and Targeted Therapy 10, no. 1 (2025): 213, https://doi.org/
10.1038/s41392-025-02299-4.

2. B. M. Alexander and T. F. Cloughesy, “Adult Glioblastoma,” Journal of
Clinical Oncology 35, no. 21 (2017): 2402–2409, https://doi.org/10.1200/
JCO.2017.73.0119.

3. Q. T. Ostrom, G. Ciof, H. Gittleman, et al., “CBTRUS Statistical
Report: Primary Brain and Other Central Nervous System Tumors Di-
agnosed in theUnited States in 2012–2016,”Neuro-Oncology 21, no. Suppl
5 (2019): v1–v100, https://doi.org/10.1093/neuonc/noz150.

4. M. Koshy, J. L. Villano, T. A. Dolecek, et al., “Improved Survival Time
Trends for Glioblastoma Using the SEER 17 Population-Based Regis-
tries,” Journal of Neuro-Oncology 107, no. 1 (2012): 207–212, https://
doi.org/10.1007/s11060-011-0738-7.

5. A. I. Cortes Ballen, M. Amosu, S. Ravinder, et al., “Metabolic
Reprogramming in GlioblastomaMultiforme: A Review of Pathways and
Therapeutic Targets,” Cells 13, no. 18 (2024): 1574, https://doi.org/
10.3390/cells13181574.

6. F. Sahm, S. Brandner, L. Bertero, et al., “Molecular Diagnostic Tools for
the World Health Organization (WHO) 2021 Classifcation of Gliomas,
Glioneuronal and Neuronal Tumors; An EANOGuideline,”Neuro-Oncology
25, no. 10 (2023): 1731–1749, https://doi.org/10.1093/neuonc/noad100.

7. G. Cairncross, M. Wang, E. Shaw, et al., “Phase III Trial of Chemo-
radiotherapy for Anaplastic Oligodendroglioma: Long-Term Results of
RTOG 9402,” Journal of Clinical Oncology 31, no. 3 (2013): 337–343,
https://doi.org/10.1200/JCO.2012.43.2674.

8. A. Mansouri, L. D. Hachem, S. Mansouri, et al., “MGMT Promoter
Methylation Status Testing to Guide Therapy for Glioblastoma: Refning the
Approach Based on Emerging Evidence and Current Challenges,” Neuro-
Oncology 21, no. 2 (2019): 167–178, https://doi.org/10.1093/neuonc/noy132.

9. W. Zou and D. R. Green, “Beggars Banquet: Metabolism in the Tumor
Immune Microenvironment and Cancer Therapy,” Cell Metabolism 35,
no. 7 (2023): 1101–1113, https://doi.org/10.1016/j.cmet.2023.06.003.

10. Z. Li, C. Sun, and Z. Qin, “Metabolic Reprogramming of Cancer-
Associated Fibroblasts and Its Efect on Cancer Cell Reprogramming,”
Theranostics 11, no. 17 (2021): 8322–8336, https://doi.org/10.7150/thno.62378.

11. L. Sun, C. Suo, S. T. Li, H. Zhang, and P. Gao, “Metabolic Reprog-
ramming for Cancer Cells and Their Microenvironment: Beyond the
Warburg Efect,” Biochimica Et Biophysica Acta (BBA)-Reviews on Cancer
1870, no. 1 (2018): 51–66, https://doi.org/10.1016/j.bbcan.2018.06.005.

12. B. Faubert, A. Solmonson, and R. J. DeBerardinis, “Metabolic
Reprogramming and Cancer Progression,” Science 368, no. 6487 (2020):
eaaw5473, https://doi.org/10.1126/science.aaw5473.

13. P. S. Ward and C. B. Thompson, “Metabolic Reprogramming: A
Cancer Hallmark Even Warburg Did Not Anticipate,” Cancer Cell 21,
no. 3 (2012): 297–308, https://doi.org/10.1016/j.ccr.2012.02.014.

14. Y. Mao, Z. Xia, W. Xia, and P. Jiang, “Metabolic Reprogramming,
Sensing, and Cancer Therapy,” Cell Reports 43, no. 12 (2024): 115064,
https://doi.org/10.1016/j.celrep.2024.115064.

15. H. J. Forman, H. Zhang, and A. Rinna, “Glutathione: Overview of Its
Protective Roles, Measurement, and Biosynthesis,” Molecular Aspects of
Medicine 30, no. 1-2 (2009): 1–12, https://doi.org/10.1016/j.mam.2008.08.006.

16. J. D. Hayes, J. U. Flanagan, and I. R. Jowsey, “Glutathione Trans-
ferases,” Annual Review of Pharmacology and Toxicology 45, no. 1 (2005):
51–88, https://doi.org/10.1146/annurev.pharmtox.45.120403.095857.

17. D. Lapenna, “Glutathione and Glutathione-Dependent Enzymes:
From Biochemistry to Gerontology and Successful Aging,” Ageing Re-
search Reviews 92 (2023): 102066, https://doi.org/10.1016/
j.arr.2023.102066.

18. A. Salazar-Ramiro, D. Ramírez-Ortega, V. Pérez de la Cruz, et al.,
“Role of Redox Status in Development of Glioblastoma,” Frontiers in
Immunology 7 (2016): 156, https://doi.org/10.3389/fmmu.2016.00156.

19. P. Wang, W. Yang, H. Guo, et al., “IL-36γ and IL-36Ra Re-
ciprocally Regulate NSCLC Progression by Modulating GSH Ho-
meostasis and Oxidative Stress-Induced Cell Death,” Advanced
Science (Weinheim) 8, no. 19 (2021): e2101501, https://doi.org/
10.1002/advs.202101501.

20. G. Asantewaa and I. S. Harris, “Glutathione and Its Precursors in
Cancer,” Current Opinion in Biotechnology 68 (2021): 292–299, https://
doi.org/10.1016/j.copbio.2021.03.001.

21. A. Bansal and M. C. Simon, “Glutathione Metabolism in Cancer
Progression and Treatment Resistance,” Journal of Cell Biology 217, no. 7
(2018): 2291–2298, https://doi.org/10.1083/jcb.201804161.

22. S. C. Lu, “Regulation of Glutathione Synthesis,” Molecular Aspects of
Medicine 30, no. 1-2 (2009): 42–59, https://doi.org/10.1016/j.mam.2008.05.005.

23. B. Cheng, X. Hong, L. Wang, et al., “Curzerene Suppresses Pro-
gression of Human Glioblastoma Through Inhibition of Glutathione S-
Transferase A4,” CNS Neuroscience and Therapeutics 28, no. 5 (2022):
690–702, https://doi.org/10.1111/cns.13800.

24. S. Zhao, J. Xie, Y. He, and L. Li, “Unveiling the TBX2-Driven
Molecular Landscape of Large and Giant Congenital Melanocytic
Naevi: From Single-Cell Sequencing to Targeted Therapy,” British
Journal of Dermatology 194, no. 1 (2026): 7–8, https://doi.org/10.1093/
bjd/ljaf415.

25. Q. Yuan, J. Sun, Z. Hong, and D. Shang, “Determining a Robust
Prognostic Biomarker for 804 Patients With Pancreatic Cancer Using
a Machine Learning Computational Framework,” International Journal
of Surgery 111, no. 1 (2025): 1561–1563, https://doi.org/10.1097/
JS9.0000000000002016.

26. B. Huang, B. Zhang, J. Liu, et al., “The Molecular Characteristics and
Therapeutic Implications of O-Glycan Synthesis in Pancreatic Cancer by
Integrating Transcriptome and Single-Cell Data,” Current Medicinal
Chemistry 32, no. 26 (2025): 5557–5581, https://doi.org/10.2174/
0109298673293445240409060446.

27. J. Peng, J. Sun, Y. Yu, Q. Yuan, and Y. Zhang, “Integrative Multi-
Omics Analysis Reveals the Role of Toll-Like Receptor Signaling in
Pancreatic Cancer,” Scientifc Reports 15, no. 1 (2025): 52, https://doi.org/
10.1038/s41598-024-84062-3.

28. C. Trapnell, D. Cacchiarelli, J. Grimsby, et al., “The Dynamics and
Regulators of Cell Fate Decisions Are Revealed by Pseudotemporal
Ordering of Single Cells,” Nature Biotechnology 32, no. 4 (2014): 381–386,
https://doi.org/10.1038/nbt.2859.

29. N. M. Novikov, S. Y. Zolotaryova, A. M. Gautreau, and E. V. Denisov,
“Mutational Drivers of Cancer Cell Migration and Invasion,” British
Journal of Cancer 124, no. 1 (2021): 102–114, https://doi.org/10.1038/
s41416-020-01149-0.

30. Z. Seferbekova, A. Lomakin, L. R. Yates, and M. Gerstung, “Spatial
Biology of Cancer Evolution,” Nature Reviews Genetics 24, no. 5 (2023):
295–313, https://doi.org/10.1038/s41576-022-00553-x.

31. R. C. Ji, “Hypoxia and Lymphangiogenesis in Tumor Microenvi-
ronment and Metastasis,” Cancer Letters 346, no. 1 (2014): 6–16, https://
doi.org/10.1016/j.canlet.2013.12.001.

32. S. Zhao, Z. Li, K. Liu, et al., “Combining Multi-Omics Analysis With
Machine Learning to Uncover Novel Molecular Subtypes, Prognostic
Markers, and Insights into Immunotherapy for Melanoma,” BMC Cancer
25, no. 1 (2025): 630, https://doi.org/10.1186/s12885-025-14012-3.

33. P. Dey, A. C. Kimmelman, and R. A. DePinho, “Metabolic Co-
dependencies in the Tumor Microenvironment,” Cancer Discovery 11,
no. 5 (2021): 1067–1081, https://doi.org/10.1158/2159-8290.CD-20-1211.

34. B. Arneth, “TumorMicroenvironment,”Medicina 56, no. 1 (2019): 15,
https://doi.org/10.3390/medicina56010015.

22 of 23 International Journal of Genomics, 2026

http://doi.org/10.1038/s41392-025-02299-4
http://doi.org/10.1038/s41392-025-02299-4
http://doi.org/10.1200/JCO.2017.73.0119
http://doi.org/10.1200/JCO.2017.73.0119
http://doi.org/10.1093/neuonc/noz150
http://doi.org/10.1007/s11060-011-0738-7
http://doi.org/10.1007/s11060-011-0738-7
http://doi.org/10.3390/cells13181574
http://doi.org/10.3390/cells13181574
http://doi.org/10.1093/neuonc/noad100
http://doi.org/10.1200/JCO.2012.43.2674
http://doi.org/10.1093/neuonc/noy132
http://doi.org/10.1016/j.cmet.2023.06.003
http://doi.org/10.7150/thno.62378
http://doi.org/10.1016/j.bbcan.2018.06.005
http://doi.org/10.1126/science.aaw5473
http://doi.org/10.1016/j.ccr.2012.02.014
http://doi.org/10.1016/j.celrep.2024.115064
http://doi.org/10.1016/j.mam.2008.08.006
http://doi.org/10.1146/annurev.pharmtox.45.120403.095857
http://doi.org/10.1016/j.arr.2023.102066
http://doi.org/10.1016/j.arr.2023.102066
http://doi.org/10.3389/fimmu.2016.00156
http://doi.org/10.1002/advs.202101501
http://doi.org/10.1002/advs.202101501
http://doi.org/10.1016/j.copbio.2021.03.001
http://doi.org/10.1016/j.copbio.2021.03.001
http://doi.org/10.1083/jcb.201804161
http://doi.org/10.1016/j.mam.2008.05.005
http://doi.org/10.1111/cns.13800
http://doi.org/10.1093/bjd/ljaf415
http://doi.org/10.1093/bjd/ljaf415
http://doi.org/10.1097/JS9.0000000000002016
http://doi.org/10.1097/JS9.0000000000002016
http://doi.org/10.2174/0109298673293445240409060446
http://doi.org/10.2174/0109298673293445240409060446
http://doi.org/10.1038/s41598-024-84062-3
http://doi.org/10.1038/s41598-024-84062-3
http://doi.org/10.1038/nbt.2859
http://doi.org/10.1038/s41416-020-01149-0
http://doi.org/10.1038/s41416-020-01149-0
http://doi.org/10.1038/s41576-022-00553-x
http://doi.org/10.1016/j.canlet.2013.12.001
http://doi.org/10.1016/j.canlet.2013.12.001
http://doi.org/10.1186/s12885-025-14012-3
http://doi.org/10.1158/2159-8290.CD-20-1211
http://doi.org/10.3390/medicina56010015


35. C. N. Sofa and S. Jacinta, “Glutathione in Ovarian Cancer: A Double-
Edged Sword,” International Journal of Molecular Sciences 19, no. 7
(2018): 1882, https://doi.org/10.3390/ijms19071882.

36. D. Trachootham, J. Alexandre, and P. Huang, “Targeting Cancer
Cells by ROS-Mediated Mechanisms: A Radical Therapeutic Approach?”
Nature Reviews Drug Discovery 8, no. 7 (2009): 579–591, https://doi.org/
10.1038/nrd2803.

37. H. Lv, C. Zhen, J. Liu, P. Yang, L. Hu, and P. Shang, “Unraveling the
Potential Role of Glutathione in Multiple Forms of Cell Death in Cancer
Therapy,” Oxidative Medicine and Cellular Longevity 2019 (2019):
3150145–16, https://doi.org/10.1155/2019/3150145.

38. V. V. Khramtsov and R. J. Gillies, “Janus-Faced Tumor Microenvi-
ronment and Redox,” Antioxidants and Redox Signaling 21, no. 5 (2014):
723–729, https://doi.org/10.1089/ars.2014.5864.

39. J. Xie, C. Ma, S. Zhao, et al., “Deubiquitination by USP7 Stabilizes
JunD and Activates AIFM2 (FSP1) to Inhibit Ferroptosis in Melanoma,”
Journal of Investigative Dermatology 145, no. 10 (2025): 2562–2575,
https://doi.org/10.1016/j.jid.2025.03.018.

40. Z. Li, H. Dai, X. Huang, et al., “Artesunate Synergizes With Sorafenib
to Induce Ferroptosis in Hepatocellular Carcinoma,” Acta Pharmaco-
logica Sinica 42, no. 2 (2021): 301–310, https://doi.org/10.1038/s41401-
020-0478-3.

41. C. Zhang, L. Chen, Q. Bai, et al., “Nonmetal Graphdiyne Nanozyme-
Based Ferroptosis–Apoptosis Strategy for Colon Cancer Therapy,” ACS
Applied Materials and Interfaces 14, no. 24 (2022): 27720–27732, https://
doi.org/10.1021/acsami.2c06721.

42. X. Tan, D. Kong, Z. Tao, et al., “Simultaneous Inhibition of FAK and
ROS1 Synergistically Repressed Triple-Negative Breast Cancer by
Upregulating p53 Signalling,” Biomarker research 12, no. 1 (2024): 13,
https://doi.org/10.1186/s40364-024-00558-0.

43. S. Castelli, F. Ciccarone, P. De Falco, and M. R. Ciriolo, “Adaptive
Antioxidant Response toMitochondrial Fatty Acid Oxidation Determines
the Proliferative Outcome of Cancer Cells,” Cancer Letters 554 (2023):
216010, https://doi.org/10.1016/j.canlet.2022.216010.

44. A. Colquhoun, “Cell Biology-Metabolic Crosstalk in Glioma,” In-
ternational Journal of Biochemistry and Cell Biology 89 (2017): 171–181,
https://doi.org/10.1016/j.biocel.2017.05.022.

45. M. Kijewska, M. Kocyk, M. Kloss, et al., “The Embryonic Type of
SPP1 Transcriptional Regulation is Re-Activated in Glioblastoma,”
Oncotarget 8, no. 10 (2017): 16340–16355, https://doi.org/10.18632/
oncotarget.14092.

46. S. Zhao, K. Ni, J. Xie, et al., “Exploring the Prognostic Value of
BRMS1þMicroglia Based on Single-Cell Anoikis Regulator Patterns in
the Immunologic Microenvironment of GBM,” Journal of neuro-oncology
170, no. 1 (2024): 101–117, https://doi.org/10.1007/s11060-024-04781-5.

47. A. Pietras, A. M. Katz, E. J. Ekström, et al., “Osteopontin-CD44
Signaling in the Glioma Perivascular Niche Enhances Cancer Stem Cell
Phenotypes and Promotes Aggressive Tumor Growth,” Cell Stem Cell 14,
no. 3 (2014): 357–369, https://doi.org/10.1016/j.stem.2014.01.005.

48. C. Ma, J. Chen, J. Ji, et al., “Therapeutic Modulation of APP-CD74
Axis Can Activate Phagocytosis of TAMs in GBM,” Biochimica Et Bio-
physica Acta (BBA)-Molecular Basis of Disease 1870, no. 8 (2024): 167449,
https://doi.org/10.1016/j.bbadis.2024.167449.

49. X. Zhu, F. Yuan, Q. Sun, et al., “N-Acetylcysteine Remodels the
Tumor Microenvironment of Primary and Recurrent Mouse Glioblas-
toma,” Journal of Neuro-Oncology 173, no. 1 (2025): 131–145, https://
doi.org/10.1007/s11060-025-04971-9.

50. F. Lombardi, F. R. Augello, S. Artone, et al., “Involvement of
Cyclooxygenase-2 in Establishing an Immunosuppressive Microenvi-
ronment in Tumorspheres Derived From TMZ-Resistant Glioblastoma
Cell Lines and Primary Cultures,” Cells 13, no. 3 (2024): 258, https://
doi.org/10.3390/cells13030258.

51. S. S. Singhal, S. P. Singh, P. Singhal, D. Horne, J. Singhal, and
S. Awasthi, “Antioxidant Role of Glutathione S-Transferases: 4-
Hydroxynonenal, A Key Molecule in Stress-Mediated Signaling,” Toxi-
cology and Applied Pharmacology 289, no. 3 (2015): 361–370, https://
doi.org/10.1016/j.taap.2015.10.006.

52. H. Raza, “Dual Localization of Glutathione S-Transferase in the
Cytosol and Mitochondria: Implications in Oxidative Stress, Toxicity and
Disease,” FEBS Journal 278, no. 22 (2011): 4243–4251, https://doi.org/
10.1111/j.1742-4658.2011.08358.x.

53. J. D. Hayes, A. T. Dinkova-Kostova, and K. D. Tew, “Oxidative Stress
in Cancer,” Cancer Cell 38, no. 2 (2020): 167–197, https://doi.org/
10.1016/j.ccell.2020.06.001.

54. S. Sathornsumetee, D. A. Reardon, A. Desjardins, J. A. Quinn,
J. J. Vredenburgh, and J. N. Rich, “Molecularly Targeted Therapy for
Malignant Glioma,” Cancer 110, no. 1 (2007): 13–24, https://doi.org/
10.1002/cncr.22741.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section. (Supporting Information)

The primer sequences for GAPDH and GSTA4.

International Journal of Genomics, 2026 23 of 23

http://doi.org/10.3390/ijms19071882
http://doi.org/10.1038/nrd2803
http://doi.org/10.1038/nrd2803
http://doi.org/10.1155/2019/3150145
http://doi.org/10.1089/ars.2014.5864
http://doi.org/10.1016/j.jid.2025.03.018
http://doi.org/10.1038/s41401-020-0478-3
http://doi.org/10.1038/s41401-020-0478-3
http://doi.org/10.1021/acsami.2c06721
http://doi.org/10.1021/acsami.2c06721
http://doi.org/10.1186/s40364-024-00558-0
http://doi.org/10.1016/j.canlet.2022.216010
http://doi.org/10.1016/j.biocel.2017.05.022
http://doi.org/10.18632/oncotarget.14092
http://doi.org/10.18632/oncotarget.14092
http://doi.org/10.1007/s11060-024-04781-5
http://doi.org/10.1016/j.stem.2014.01.005
http://doi.org/10.1016/j.bbadis.2024.167449
http://doi.org/10.1007/s11060-025-04971-9
http://doi.org/10.1007/s11060-025-04971-9
http://doi.org/10.3390/cells13030258
http://doi.org/10.3390/cells13030258
http://doi.org/10.1016/j.taap.2015.10.006
http://doi.org/10.1016/j.taap.2015.10.006
http://doi.org/10.1111/j.1742-4658.2011.08358.x
http://doi.org/10.1111/j.1742-4658.2011.08358.x
http://doi.org/10.1016/j.ccell.2020.06.001
http://doi.org/10.1016/j.ccell.2020.06.001
http://doi.org/10.1002/cncr.22741
http://doi.org/10.1002/cncr.22741
https://doi.org/10.1155/ijog/7575181

	Single-Cell Analysis Delineates Glutathione Metabolism–Related Gene Signatures in the Glioblastoma Microenvironment and Identifies GSTA4 as a Regulator of Malignant Behaviors
	1. Introduction
	2. Methods
	3. Results
	4. Discussion
	5. Conclusion
	Author Contributions
	Acknowledgments
	Funding
	Ethics Statement
	Consent
	Conflicts of Interest
	Data Availability Statement
	Supporting Information




