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Abstract: Glioblastoma (GBM) is a deadly brain cancer. The prognosis of GBM patients has marginally
improved over the last three decades. The response of GBMs to initial treatment is inevitably followed
by relapse. Thus, there is an urgent need to identify and develop new therapeutics to target this cancer
and improve both patient outcomes and long-term survival. Metabolic reprogramming is considered
one of the hallmarks of cancers. However, cell-based studies fail to accurately recapitulate the in vivo
tumour microenvironment that influences metabolic signalling and rewiring. Against this backdrop,
we conducted global, untargeted metabolomics analysis of the G7 and R24 GBM 2D monolayers and
3D spheroid cultures under identical cell culture conditions. Our studies revealed that the levels
of multiple metabolites associated with the vitamin B6 pathway were significantly altered in 3D
spheroids compared to the 2D monolayer cultures. Importantly, we show that pharmacological
intervention with hydralazine, a small molecule that reduces vitamin B6 levels, resulted in the cell
death of 3D GBM spheroid cultures. Thus, our study shows that inhibition of the vitamin B6 pathway
is a novel therapeutic strategy for the development of targeted therapies in GBMs.

Keywords: glioblastoma; vitamin B6; metabolomics; metabolic pathways; 3D culture

1. Introduction

Glioblastoma (GBM) is the most common form of primary brain tumour in adults.
The World Health Organisation (WHO) classifies GBMs as grade IV astrocytomas. In the
absence of treatment, GBM patients survive on average for less than 6 months. However,
with an optimum treatment plan consisting of surgery, radiotherapy and concomitant
temozolomide chemotherapy, median patient survival is 14–16 months [1]. Nevertheless,
GBM remains an incurable cancer, marked by resistance to treatment modalities and poor
prognosis. Tumour recurrence is inevitable, and this is thought to be driven by inter-
and-intra-tumoral heterogeneity characterised by a distinct cell population with unique
molecular and genetic characteristics [2,3]. Indeed, increasing evidence supports the notion
that a small population of glioblastoma stem-like cells (GSCs) are resistant to conventional
treatment and give rise to new tumours [4,5]. Thus, identification of small molecules that
can target GSC population is likely to improve patient outcomes and long-term survival.

Metabolic reprogramming is considered one of the hallmarks of cancers [6]. Al-
teration of metabolic pathways is critical for maintaining high energy demands and
metabolites necessary to support rapid tumour growth and proliferation [7–9]. This is
particularly important in GBMs, which exhibit hypoxic and nutrient stress driven by
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poor tumour vasculature. In gliomas, mutations in isocitrate dehydrogenase 1 and 2
(IDH1/2) are known to lead to the production of the oncometabolite 2-hydroxyglutaric acid
(2-HG) [10,11]. 2-HG is thought to increase the expression of hypoxia-induced factor-1α
(HIF-1α) leading to upregulation of glucose transporter 1 (Glut 1) and hexokinase 2 (HK 2),
as well as broader regulation of pathways associated with glutamine, fatty acids, and citrate
biosynthesis [12–16]. Indeed, the difference in glucose uptake between the normal cells and
the tumour cells is exploited clinically with 18F-Fluoro-deoxy-glucose positron emission
tomography (18F-FDG PET) and with increased uptake of glucose shown to correlate with
poor prognosis in GBMs [17–19].

Alteration in amino acid metabolism supports biomass production, ATP generation,
and redox homeostasis in tumours [20–22]. Metabolomic studies have shown that gluta-
mate levels are higher in glioma compared to normal brain tissue [23], and we have shown
that glutamate-derived glutamine is able to satisfy the glutamine needs of GBMs, indicating
that glutamine anaplerosis is dispensable for tumour growth [24]. Furthermore, changes
in metabolic signatures have also been identified in gliomas according to tumour grades,
with higher levels of arginine observed in higher grade gliomas compared to lower grade
gliomas [25]. In contrast, defects in the arginine biosynthetic pathway due to epigenetic
silencing of argininosuccinate synthetase (ASS1) has been associated with poor prognosis
in GBM, indicating that metabolic circuitries are subject to complex molecular and genetic
regulations [26].

Adherent 2D GBM cell cultures are widely used as convenient models for biological
studies [27–29]. However, these monolayer cell cultures fail to accurately recapitulate
in the vivo tumour microenvironment. In contrast, 3D GBM spheroid cultures are well-
established, and have been shown to exhibit hallmarks of in vivo tumours, including
hypoxic and nutrient gradients, a complex cellular phenotype with distinct zones of cellular
proliferation, and areas of necrosis [30–34]. Such contrasting differences in cell culture
models are likely to impinge on molecular and cellular signalling, thereby altering metabolic
pathways. Against this backdrop, we conducted an unbiased global metabolomic analysis
in 2D and 3D GBM cultures under identical cell culture mediums. Our studies reveal a
distinct alteration of metabolic pathways in 3D cultures and identify vitamin B6 pathway
as a novel regulatory mechanism governing GBM cell survival.

2. Results
2.1. Characterisation of Cells under 2D and 3D Cell Culture Conditions

G7 and R24 GBM cell lines were cultured as a 2D adherent monolayer on matrigel or as
3D spheroids in suspension in T75 flasks, under identical cell culture media known to enrich
and maintain the Glioblastoma stem cell (GSC) population [5] (Figure 1A). Proliferation of
both G7 and R24 2D cell cultures reached a peak on day 7, and then plateaued (Figure 1B).
However, the wet cell pellet mass continued to increase up to day 11, highlighting potential
changes in cellular composition rather than cell number (Figure 1B). Corresponding G7
and R24 3D spheroid cultures exhibited steady increases in cell proliferation up to day 14,
marked by increases in cell number, wet cell pellet mass and spheroid volume (Figure 1C,D).
Interestingly, spheroids in 3D cultures were heterogenous, and this was particularly evident
on day 14 and 21 (Supplementary Figure S1).

2.2. Validation and Molecular Analysis of 2D and 3D Spheroid Cultures

Two-dimensional and three-dimensional cultures exhibit distinct morphological dif-
ferences, which can impinge on cell viability. Since our cell proliferation studies showed
optimum cell growth on day 7 in 2D cultures and day 14 in 3D spheroid cultures (Figure 1),
we aimed to examine how cell viability was impacted at these specific time points in
both 2D and 3D environments. Flow cytometric analysis in G7 and R24 spheroid cultures
on day 20 highlighted a time-dependent induction in dead cell population, reaching a
peak of approximately 22% and 23%, respectively (Figure 2A). This contrasts with G7
and R24 2D cultures, which exhibited approximately 2% dead cell population on day 7
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(Figure 2A). Oxidative stress has been shown to contribute to cellular stress and cell death in
3D cultures [35]. Analysis of reactive oxygen species (ROS) using 2′,7′-dichlorofluorescein
(DCF) revealed significantly higher levels of ROS in 3D cultures compared to 2D cultures
(Figure 2B). This could account for the increased cell death population in 3D spheroid
cultures (Figure 2A). Cells in 3D cultures have also been shown to reside in a hypoxic
microenvironment. To investigate this, the small molecule 2-nitroimidazole, (pimonidazole;
PIMO) was used to selectively quantify hypoxic cells. Analysis of PIMO positive cells
revealed that approximately 60% and 40% of the cell in the G7 and R24 spheroid, respec-
tively, were hypoxic on day 14 compared to less than 1% in the corresponding 2D cultures
(Figure 2C). Furthermore, flow cytometric analysis of membrane Glioblastoma stem cell
markers (GSC) revealed that GBM cells express higher levels of CD44 compared to CD133
(Figure 2D). However, the expression of CD133 and CD44 was significantly higher in 3D
G7 cultures compared to 2D cultures, whereas only CD133 levels were significantly higher
in R24 3D spheroid cultures (Figure 2D). Western blot analysis of internal GCS markers
revealed significantly higher levels of SOX2 in G7 and Nestin in R24 3D cultures compared
to the corresponding 2D cultures (Figure 2E). Interestingly, passage-specific differences in
the levels of SOX2 and Nestin was observed under each culture condition. Taken together,
our data showed that 3D spheroid cultures exhibited higher levels of stem cell markers and
displayed phenotypic changes associated with the in vivo GBM tumour microenvironment.
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Figure 1. Analysis of cell proliferation in 2D and 3D GBM cultures. (A) Representative microscopic 
images of G7 and R24 2D monolayer cultures on matrigel and 3D spheroid cultures in suspension. 
Scale bar = 100 µm. Analysis of G7 and R24 (B) 2D and (C) 3D cell proliferation in T75 flasks and the 
corresponding wet cell pellet mass at various timepoints. (D) Bar chart shows mean spheroid vol-
ume in G7 and R24 spheroid cultures over a 20 day growth periods. Graphs show mean ± SD (n = 
3), one way ANOVA and t-test, * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.00005. 
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Figure 1. Analysis of cell proliferation in 2D and 3D GBM cultures. (A) Representative microscopic
images of G7 and R24 2D monolayer cultures on matrigel and 3D spheroid cultures in suspension.
Scale bar = 100 µm. Analysis of G7 and R24 (B) 2D and (C) 3D cell proliferation in T75 flasks and the
corresponding wet cell pellet mass at various timepoints. (D) Bar chart shows mean spheroid volume
in G7 and R24 spheroid cultures over a 20 day growth periods. Graphs show mean ± SD (n = 3), one
way ANOVA and t-test, * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.00005.
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flow cytometry overlay plots showing basal levels of reactive oxygen species in 2D and 3D GBM 
cultures on day 7 and 14 respectively. Bar charts summarising mean DCF fluorescence intensity in 
2D and 3D cultures. (C) Representative flow cytometry overlay plots showing 2D and 3D cultures 
on day 7 and 14 respectively, following treatment with PIMO for 72 hours. Bar charts summarise 
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in combination with control or anti-PIMO antibody. (D) Representative flow cytometry plots and 
bar charts summarising the percentage of CD133 and CD44 positive cells in G7 and R24 2D and 3D 
cultures on day 7 and 14 respectively. (E) Representative Western blots showing the levels of Nestin 
and SOX2 stem cell markers in 2D and 3D G7 and R24 cultures on day 7 and 14 respectively in three 
independent biological replicates (R1-R3). Bar charts show densitometry analysis of Nestin and 
SOX2 normalised to GAPDH loading control. Bar charts show mean ± SD (n = 3), one way ANOVA 
and unpaired t-test, * p < 0.05, ** p < 0.005, ns = non-significant. 

Figure 2. Biological characterisation of 2D and 3D GBM cell cultures. (A) Bar charts summarising
flow cytometric data analysing the percentage of 7AAD positive cell population in 2D cultures on
day 7 and 3D cultures over a period of 20 days in G7 and R24 GBM cell lines. (B) Representative
flow cytometry overlay plots showing basal levels of reactive oxygen species in 2D and 3D GBM
cultures on day 7 and 14 respectively. Bar charts summarising mean DCF fluorescence intensity in
2D and 3D cultures. (C) Representative flow cytometry overlay plots showing 2D and 3D cultures
on day 7 and 14 respectively, following treatment with PIMO for 72 h. Bar charts summarise the
percentage of PIMO positive hypoxic cells in the two cultures in the presence or absence of PIMO
in combination with control or anti-PIMO antibody. (D) Representative flow cytometry plots and
bar charts summarising the percentage of CD133 and CD44 positive cells in G7 and R24 2D and 3D
cultures on day 7 and 14 respectively. (E) Representative Western blots showing the levels of Nestin
and SOX2 stem cell markers in 2D and 3D G7 and R24 cultures on day 7 and 14 respectively in three
independent biological replicates (R1–R3). Bar charts show densitometry analysis of Nestin and
SOX2 normalised to GAPDH loading control. Bar charts show mean ± SD (n = 3), one way ANOVA
and unpaired t-test, * p < 0.05, ** p < 0.005, ns = non-significant.
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2.3. Metabolomic Analysis of 2D Monolayer and 3D Spheroid Cultures

Untargeted global metabolomic analysis was performed in the R24 and G7 2D mono-
layer and 3D spheroid cultures under optimum growth conditions on day 7 and 14, re-
spectively. Up to eight independent biological replicates were generated under 2D and 3D
cell culture conditions. All samples were processed and analysed simultaneously using
ultra-high performance liquid chromatography-quadrupole time-of-flight mass spectrome-
try (UHPLC-QTOF MS). A total of 3854 features were identified in R24 and G7 cultures
under positive and negative ionisation modes (Figure 3A). Analysis of the features using
the MetaboAnalyst software (www.metaboanalyst.ca, Version 4) revealed 1117 and 498
features that were significantly altered between 2D and 3D cultures in G7 and R24 cell
lines, respectively. Importantly, combined analysis of G7 and R24 cultures highlighted
250 features that were significantly altered between 2D and 3D cultures in both cell lines
(Figure 3B). This included 154 up- and 96 downregulated features in 3D compared to 2D
cultures. A summary of all 250 features, including fold change (FC), log2FC, p-value, VIP
score, and false discovery rate (FDR) is presented in Supplementary Table S1.
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Figure 3. Metabolomic analysis of 2D and 3D G7 and R24 cultures. (A) Flow chart summarising
the number of features identified at various stages of the LC-MS based metabolomics data. analysis
pipeline in positive (+) and negative (−) ionisation modes in G7 and R24 cells resulting in the
identification of (B) 250 features that were significantly altered between 2D and 3D cultures in both
cell lines (p < 0.05, FDR < 0.046 and VIP > 1.1). (C) Principal component analysis (PCA) highlighting
grouping between 2D and 3D samples and (D) Partial Least Squares Discriminant Analysis (PLS-DA)
score plot highlighting clear separation between 2D, 3D and quality control (QC) samples in the
G7 and R24 cell lines. (E) Heatmap with hierarchical clustering highlighting the 250 significantly
altered features including 154 that were significantly higher (blue box) and 96 that were significantly
lower (red box) in 3D cultures compared to 2D. Cell line specific clusters are highlighted in black
dashed boxes.
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2.4. Multivariate Analysis of Significantly Altered Features in 2D vs. 3D GBM Cultures

Multivariate analysis of the 250 significantly altered features in the two GBM cell lines
highlighted notable metabolic differences between the 2D monolayer and 3D spheroid
cultures. Principal component analysis (PCA) highlighted three distinct clusters consisting
of quality control (QC), 2D and 3D samples (Figure 3C). Supervised partial least squares
discriminant analysis (PLS-DA) resulted in maximum separation between 2D and 3D cell
culture models, resulting in four distinct clusters consisting of G7 and R24, 2D or 3D
samples (Figure 3D). Component 1 in the PLS-DA plot captured the different cell culture
conditions, whereas component 2 highlighted differences between the G7 and R24 cell lines.
A heatmap of the 250 significantly altered features between 2D and 3D cultures across
both cell lines was generated using the Ward clustering algorithm on the MetaboAnalyst
software package (Figure 3E). Overall, there was a distinct separation of the 154 up- and
96 downregulated features in 3D compared to 2D cultures. However, there were some
features in ‘smaller clusters’ which were upregulated to a greater magnitude in 3D cultures
in a cell-line-specific manner (Figure 3E, dashed boxes).

2.5. Identification and Validation of Significantly Altered Pathways in GBM 3D Spheroid Cultures

The 250 significantly altered features in 3D spheroid cultures were subject to putative
metabolite identification using the Human Metabolome Database (www.hmdb.ca) using
the accurate m/z values with a tolerance set at 20 parts per million (ppm). This resulted
in the identification of 287 and 107 putative metabolites associated with the 154 up and
96 downregulated features in 3D spheroid cultures (Supplementary Tables S2 and S3).

The putative up- and downregulated metabolites were uploaded separately onto
the MetaboAnalyst platform and interrogated using the Metabolic Pathway Analysis
(MetPA) module. This resulted in the identification of four pathways that were significantly
upregulated and two pathways that were significantly downregulated in 3D cultures
(p < 0.05 and FDR ≤ 0.05) (Supplementary Tables S4 and S5). The top three significantly
upregulated pathways in 3D cultures were: (i) arginine and proline, (ii) serine, glycine, and
threonine, and (iii) alanine, aspartate, and glutamate metabolism pathways (Figure 4A).
Key putative metabolites associated with the significantly upregulated pathways have been
highlighted (Figure 4C,D), and the full list has been provided in Supplementary Table S6.

Purine and vitamin B6 metabolism pathways were the two most significantly down-
regulated pathways in 3D spheroid cultures compared to 2D cultures (p < 0.001, and
FDR ≤ 0.05) (Figure 4B). List of the putative metabolites associated with the purine path-
way have been summarised in Supplementary Table S7. In the vitamin B6 pathway,
4-pyridoxate, pyridoxal 5-phosphate, 3-amino 2-oxopropyl phosphate, phospho-4-hydroxy
threonine and pyridoxal/pyridoxine were identified as significantly lower in 3D spheroid
cultures compared to 2D monolayer cultures (Figure 5A). Since little is known about the
role of vitamins in GBMs, changes in metabolites associated with the vitamin B6 path-
way in 3D cultures were investigated further. For this purpose, metabolic analysis was
performed to validate changes in the levels of pyridoxal and pyridoxine, two of the key
forms of vitamin B6 in 2D and 3D GBM cell cultures. UHPLC-QTOF MS data revealed
significantly lower levels of pyridoxine in G7 and R24 3D cultures compared to 2D cultures
(Figure 5B). Interestingly, the levels of pyridoxal were significantly higher in 3D compared
to 2D cultures. Such contrasting differences between the two different forms of vitamin
B6 could be due to the complex metabolic regulatory feedback loop governing the cellular
levels of pyridoxal, pyridoxine, and their active phosphorylated forms in cells (Figure 5A).

www.hmdb.ca
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Figure 4. Analysis of significantly altered pathways in 3D cultures. Metabolome view highlighting
putative metabolites contributing to metabolic pathways that are significantly (A) upregulated and
(B) downregulated in G7 and R24 3D cultures compared to 2D. Size of the circle corresponds to the
number of metabolites contributing towards a specific pathway (pathway impact) and statistical
significance is highlighted by the color (red to yellow). The three most significantly up and two
most significantly downregulated pathways in 3D cultures have been highlighted on the plots and
summarised in the tables. Analysis was performed on MetaboAnalyst using the pathway impact
module. (C) Schematic linking key putative metabolites associated with proline, arginine and
glutamine pathways that were significantly higher in 3D cultures compared to 2D (red). Proline and
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arginine metabolism is closely linked with the Tricarboxylic Acid (TCA) cycle. Key enzymes involved
in the metabolic steps are shown in green. (D) Putative metabolites associated with serine and glycine
metabolism pathways that were significantly higher in 3D compared to 2D (red). Serine can be formed
de novo from glycolysis through the oxidation of the metabolic intermediate 3-phosphoglycerate
(3-PG). Serine is a precursor for the folate cycle and one-carbon metabolism, purine biosynthesis and
provides intermediates for methylation reactions. The folate cycle is also linked to the methionine
biosynthesis, which is involved in the production of glutathione for redox reactions. Abbreviations:
CH-THF—5,10-methylenetetrahydrofolate; THF—tetrahydrofolate; SAM—S-adenosylmethionine;
SAH—S-Adenosyl Homocysteine; PO—Proline oxidase; ASS1—Arginosuccinate synthetase 1; ASL—
Arginosuccinate lyase.
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Figure 5. Vitamin B6 pathway is significantly altered in 3D spheroid cultures. (A) Schematic
showing putative metabolites associated with vitamin B6 pathway that were significantly lower in
3D cultures compared to 2D (blue). Enzymes associated with key steps in vitamin B6 synthesis is
shown in green (B) Box plots generated from LC-MS validation studies showing concentration (signal
intensity) of pyridoxal and pyridoxine in R24 and G7 2D and 3D cultures. Levels of pyridoxine were
significantly lower, whereas levels of pyridoxal were significant higher in 3D cultures compared to
2D. The black dots represent the concentration of metabolite associated with each sample (n = 3),
mean concentration is highlighted by yellow diamond, unpaired t-test, * p < 0.05, ** p < 0.005,
*** p < 0.0005. Abbreviations: PDXK—Pyridoxal kinase; PDXP—Pyridoxal phosphate phosphatase;
PNPO—Pyridoxamine 5′-Phosphate oxidase.

2.6. Targeting the Vitamin B6 Pathway in GBMs

We hypothesised that the vitamin B6 pathway could play a crucial role in the mainte-
nance of cells in 3D spheroid cultures. To test this, we utilised the small molecule calcium
transport inhibitor hydralazine, which is known to bind and enhance vitamin B6 excretion
in cells [36,37]. G7 and R24 GBM spheroids were cultured for 7 days and then treated with
hydralazine at a range of concentrations. Images of the spheroids were taken to calculate
the volumes on days 3, 5, and 7. Treatment of G7 3D cultures with 100 µM and 200 µM
hydralazine for 7 days resulted in significant reduction of spheroid volume compared to
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control treatment (Figure 6B). Interestingly, R24 cultures were more sensitive to hydralazine
compared to G7 cultures, exhibiting a dose-dependent reduction in spheroid volume at all
treatment concentrations on day 7 (Figure 6C). Importantly, we observed a dose-dependent
disintegration of the spheroid cultures in response to hydralazine treatment resulting in
floating single cells visible under the microscope (Figure 6A). To determine if the effects
of hydralazine were specific to 3D cultures, corresponding G7 and R24 2D monolayer
cultures were treated with hydralazine for 7 days. Strikingly, 2D cell proliferation remained
unaffected at all concentrations for the duration of hydralazine treatment (Figure 6D,E),
underscoring that the growth inhibitory effects of hydralazine were specific to GBM 3D
spheroid cultures.
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Figure 6. Inhibition of vitamin B6 pathway preferentially effects GBM 3D spheroids. (A) Representa-
tive microscopic images of R24 and G7 3D spheroids treated on day 7 with 20, 50, 100, and 200 µM
hydralazine and then incubated for 7 days. Images taken at 4× magnification. Scale bar = 100 µm.
Graphs summering mean spheroid volume in (B) G7 and (C) R24 3D spheroids cultures over the 7
days hydralazine treatment. 35–40 spheroids analysed per time point, n = 3 independent experiment,
mean ± SD shown. Graphs showing the percentage cell confluency in (D) G7 and (E) R24 2D cell
lines cultured for 24 h and then subject to hydralazine treatment at various concentrations over 168 h,
n = 10 wells per experiment, three independent experiments, mean ± SD shown. Two-way ANOVA,
and t-test vs control, * p < 0.05, *** p < 0.0005.



Int. J. Mol. Sci. 2024, 25, 10428 10 of 21

2.7. Mechanistic Studies Investigating the Effects of Hydralazine in 3D Spheroid Cultures

To investigate the potential mechanism governing the loss of cell viability in response
to hydralazine, G7 and R24 spheroids were cultured for 7 days and then treated with
hydralazine for 4 days. Flow cytometric analysis of combined annexin V and DAPI revealed
significant dose-dependent increases in the percentage of DAPI+ cells in R24 and G7
spheroid cultures (Figure 7A,B). Indeed, treatment with 200 µM hydralazine resulted in
up to 60% DAPI+ cells in GBM spheroid cultures, indicating a non-apoptotic mechanism
as the primary diver of cell death in response to hydralazine treatment (Figure 7A,B).
Interestingly, R24 spheroid cultures exhibited a small but significant dose-dependent
increase in annexin V+ cell population, reaching a peak of approximately 10% in response
to treatment with 200 µM hydralazine. Therefore, multiple cell death mechanisms regulate
hydralazine-induced cell death in 3D spheroid cultures, which may operate in a cell line
specific manner.
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Figure 7. Inhibition of vitamin B6 pathway leads to loss of cell viability and neurosphere formation.
(A) Representative flow cytometric plots showing percentage of annexin V and/or DAPI cell popula-
tion in G7 and R24 3D GBM spheroids cultured for 7 days and then treated with 100 µM and 200 µM
of hydralazine for 4 days. (B) Quantification of annexin V and DAPI cell populations. Red and
blue bars highlight non-apoptotic DAPI+ and late apoptotic annexin V and DAPI+ cell populations,
respectively. Mean ± SD shown, n = 3 independent experiment. Bar charts showing the percentage
of neurosphere formation in (C) G7 and (D) R24 cell lines. Number of neurospheres were counted
following treatment of single cells with various concentrations of hydralazine for 28 days. 10 wells
per experiment, mean ± SD shown, n = 3 independent experiments. One way ANOVA and t-test vs
control * p < 0.05, ** p < 0.005, *** p < 0.0005.

Since GBM stem cells (GSCs) are more resistant to treatment modalities, the effects
of hydralazine on the ability of GSCs to form neurospheres was investigated. For this
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purpose, R24 and G7 cells were seeded into 96-well plates and treated with hydralazine
at various concentrations. Analysis of neurospheres on day 21 revealed a significant
dose-dependent reduction in the neurosphere formation capacity of G7 and R24 cells in
response to hydralazine treatment (Figure 7C,D). Treatment with 200 µM hydralazine
resulted in an approximately 90% reduction in G7 neurosphere formation, whereas an
almost complete absence of neurospheres were observed in R24 cells. Indeed, R24 cells
were more sensitive, exhibiting an approximately 70% reduction in neurosphere formation
capacity following treatment with 20 µM hydralazine. Taken together, these results clearly
show that hydralazine can effectively target the GCS population.

3. Discussion

In this study, global metabolomics analysis of GBM cell cultures were performed
under 2D monolayer and 3D spheroid conditions to identify unique metabolic pathways
for therapeutic exploitation. The use of 3D spheroids is a well-established method for
culturing GBM cells, providing a rapid, simple and superior model for investigating
molecular and cellular processes compared to 2D monolayer cell cultures [27,28,30,31]. Our
results show that 2D cultures were absent of hypoxic cells, whereas 3D spheroid cultures on
day 14 consisted of 40–60% hypoxic cells, recapitulating one of the fundamental hallmarks
of GBMs (Figure 2C). Indeed, hypoxia is thought to drive oxidative stress contributing to
necrotic cell death, and increase GSC population in vivo [38,39]. This is consistent with our
findings which show that 3D cultures on day 14 exhibited significantly higher levels of
ROS and a 5–8-fold increase in dead cell population compared to the corresponding 2D
cell culture (Figure 2A,B). Furthermore, the levels of Nestin, SOX2 and CD44 were also
higher in 3D cultures in a cell-line-specific manner, highlighting that GBM spheroid cultures
exhibit increased levels of stem cell markers compared to the corresponding 2D cultures.

An important prerequisite of metabolomic studies investigating cell culture models is
the need to employ a standardised cell culture media and maintain key cellular phenotypes
that recapitulate in the vivo tumour microenvironment. In this study, 2D and 3D GBM
cells were cultured under identical cell culture media in the absence of FBS, which has
been shown to deplete the GCS population [4,5]. Importantly, we conducted metabolomic
studies in G7 and R24 2D and 3D cultures on day 7 and 14, respectively, which were based
on optimum cell proliferation (Figure 1) and confirmation of hypoxia, ROS and acceptable
level of cell death in 3D cultures (Figure 2). These parameters were crucial in ensuring that
differences between 2D and 3D metabolomic profiles was not a consequence of external
metabolic challenges [40].

An untargeted metabolomics approach was employed to identify differences between
2D and 3D GBM spheroid cultures. This ensured comprehensive, unbiased analysis of the
metabolome and resulted in the identification of 3854 metabolic features in G7 and R24 GBM
cell cultures. Crucially, combined analysis of both cell lines removed cell-line-specific differences
and resulted in the identification of 250 features that were significantly altered between 2D and
3D cultures in G7 and R24 cell lines (Figure 3 and Supplementary Tables S1–S3).

The results presented in this study show that multiple closely connected putative
metabolites associated with proline metabolism were significantly higher in the 3D spheroids
compared to 2D cultures. These included higher levels of pyrroline-5-carboxylate (P5C),
glutamate semialdehyde (GSA), glutamate (Glu), and α-ketoglutaric acid (α-KG) (Figure 4C
and Supplementary Tables S4 and S6). Proline metabolism can be divided into two half
cycles. In one half, catabolism of proline leads to P5C and downstream intermediates, and
in the other half, P5C is converted to proline. Our data suggest that catabolism of proline
in 3D spheroid cultures increases levels of proline catabolic half-cycle intermediates like
P5C, GSA, Glutamate, and α-KG [41]. This finding is consistent with a previous study in
breast cancer which shows that proline catabolism supports growth of 3D spheroids by
increasing production of ATP through proline oxidase [42]. Furthermore, previous studies
have shown that hypoxia can trigger metabolomic rewiring through proline catabolism,
resulting in cancer cell survival [43]. In addition, oxidation of proline to P5C has been
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shown to produce reactive oxygen species (ROS), which could be a mechanism contributing
to the increased levels of ROS observed in 3D GBM spheroid cultures [41].

Arginine is a conditionally essential amino acid produced using the intermediates
citrulline and aspartate via a two-step reaction (Figure 4C and Supplementary Tables S4
and S7) [44]. In first step, citrulline and aspartate form argininosuccinic acid, which is
catalysed by arginosuccinate synthetase (ASS1). In step two, arginosuccinate layse (ASL)
converts argininosuccinic acid to arginine and fumarate. A previous study has shown
that GBMs are typically deficient in either ASS1 or ASL, which hinders the production of
arginine and subsequently leads to arginine deficiency [45]. However, the increased levels
of aspartate and citrulline with concomitant increases in argininosuccinic acid in our data
suggests a functional ASS1 in GBM 3D spheroid cultures. Furthermore, these findings are
consistent with the recent publication showing that the arginine pathway is significantly
upregulated in the GBM neurosphere and could be selectively targeted using the ASS1
inhibitor α-methyl-DL-aspartic acid (MDLA) [40]. However, in the absence of metabolic
flux experiments, it remains unclear whether the unaltered levels of arginine observed
in our 3D spheroid cultures was due to rapid dissemination of arginine into alternative
metabolic pathways [46].

Serine and glycine are non-essential amino acids that play an important role in the
production of proteins, nucleic acid and DNA [47]. One of the key pathways that serine
feeds into is the folate cycle through the production of glycine. Previous studies have shown
that serine–glycine metabolism is essential for tumorigenesis [48,49]. Interestingly, the levels
of the putative metabolites 3-hydroxy pyruvate (3HP) and phosphoserine (PS) were higher
in 3D spheroids compared to 2D cultures (Figure 4D and Supplementary Tables S4 and S6).
This observation is consistent with alterations in the glycolytic flux under hypoxia, which
leads to the generation of 3HP instead of pyruvate [50]. Interestingly, our data show that
the levels of serine and glycine were not significantly altered in the 3D spheroid cultures.
However, these two amino acids play essential role in the generation of one carbon units,
which are crucial for the generation of macromolecules and maintenance of cellular redox.
Indeed, in cancer cells, nucleotides and amino acids are required at a much higher rate to
maintain rapid cell proliferation compared to normal cells. This is supported by data that
show serine is critical for cancer cell proliferation [51].

The conversion of serine to glycine generates 5,10 methylenetetrahydrofolates (CH2-
THF), which is a key intermediate in the folate cycle contributing to the biosynthesis of
purine nucleotides. In addition, CH2-THF is also a key intermediate in the methionine cycle.
Our data show that the levels of methionine, homocysteine, and SAM were all potentially
higher in 3D spheroids compared to 2D cultures (Figure 4D and Supplementary Tables
S4 and S6). In the methionine cycle, homocysteine is re-methylated using a one-carbon
unit from CH2-THF to form methionine via methionine synthase (MS). Demethylation
of S-adenosyl-methionine (SAM) yields S-adenosyl-homocysteine (SAH), which is then
converted to homocysteine, completing the cycle. SAM is also a critical source of one
carbon unit and participates in the methylation of proteins, DNA and RNA [52]. Previous
studies have showed that methionine deprivation decreased tumoursphere formation
and cancer cell stemness [53,54]. Indeed, our data shows that the expression of stem
cell markers was overall higher in 3D GBM spheroid cultures compared to 2D cultures.
Furthermore, homocysteine has been shown to play an important role in promoting and
maintaining cancer stem cells, and contributes to the survival of aggressive tumours
including glioblastomas [55–57].

The role of glutamine/glutamate in cancer cell metabolism is well established [58].
Glutamine provides anaplerotic carbons to supply the TCA cycle through α-ketoglutaric
acid (α-KG), thus contributing to the production of ATP and the synthesis of intermediates
for the generation of macromolecules [59]. Indeed, increased glutaminolysis correlates with
carcinogenesis, and targeting these processes impairs cancer cell proliferation [60]. Our data
suggests that glutamine, glutamate and α-KG were all significantly higher in 3D spheroids
compared to 2D cultures (Figure 4C and Supplementary Tables S4 and S6). Glutaminase
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isoenzymes 1/2 (GLS-1 and GLS-2) function in the cytoplasm, catalysing the conversion of
glutamine to glutamate. Levels of GLS have been shown to be pivotal in glutaminolysis and
crucial for GBM cell survival and tumour growth [61]. Thus, targeting GLS is considered
a therapeutic strategy in GBM [62,63]. Glutamate can be converted into α-ketoglutarate
through cytoplasmic or mitochondrial transamination by amino acid-specific transaminases
or via mitochondrial oxidative deamination by glutamate dehydrogenase 1 (GLDH1). In
addition, transamination of glutamate also produces nonessential amino acids, such as
aspartate, which was potentially significantly higher in 3D spheroids compared to 2D
cultures. Aspartate plays a crucial role as a nitrogen donor in the de novo synthesis of
purine and pyrimidines [64,65]. Interestingly, upregulation of nicotinamide metabolism
and purine synthesis have been associated with maintenance of GSCs, and these pathways
have been proposed as targets for drug development in GBM [66,67].

The significance of vitamins in cancer research is a developing field, with multiple
studies suggesting that dietary vitamins and minerals may contribute to the prevention and
treatment of variety of cancers including lungs, breast, liver and the brain [68]. However,
this is in contrast to studies that have highlighted increased risk of various diseases,
including cancers, associated with the long-term consumption of dietary supplements
containing vitamins and minerals [69]. Using an unbiased metabolomics approach, we
identified significantly lower level of multiple metabolites associated with the vitamin B6
pathway in 3D spheroid cultures (Figure 5 and Supplementary Tables S5 and S7). Vitamin
B6 is crucial for numerous physiological functions and is associated with the synthesis of
neurotransmitters, including serotonin, dopamine, and gamma-aminobutyric acid (GABA),
which are essential for regulating normal neurological function and development [70].
Additionally, Vitamin B6 contributes to the integrity and functionality of myelin, which is
essential for efficient transmission of electrical signals between neurons.

We confirmed that the levels of pyridoxine, a key form of Vitamin B6 was significantly
lower in G7 and R24 3D spheroid compared to the 2D cultures. In contrast, pyridoxal
levels were significantly higher in G7 and R24 3D spheroids, highlighting a reduction
in pyridoxine/pyridoxal ratio. These opposing trends in the inactive forms of Vitamin
B6 suggest an atypical utilization of metabolite in the Vitamin B6 pathway, potentially
supporting the growth of GBM cells in the 3D spheroid microenvironment. The regulation
of vitamin B6 is complex, involving intricate feedback mechanisms that are regulated
by numerous enzyme and metabolic intermediates. Vitamin B6 exists in several forms,
including pyridoxine, pyridoxal, and pyridoxamine, which all exist in the phosphorylated
form, including the predominantly active pyridoxal 5′-phosphate (PLP) [70]. Indeed, our
results showed that PLP levels were significantly lower in 3D cultures compared to 2D
cultures. We speculated that this decrease in PLP, along with the elevated pyridoxal levels,
could indicate rapid use of PLP by cells in 3D cultures. To investigate this further, we
adopted a strategic approach to deplete vitamin B6 levels further by treating cells with
hydralazine. Hydralazine is an antihypertensive medication which modulates the function
of calcium and potassium channels as well as the nitric oxide (NO) pathway leading to
vasodilation of vascular smooth muscles [71]. However, hydralazine is known to bind and
enhance the excretion of vitamin B6 leading to the well documented Vitamin B6 deficiency
in patients taking this drug [36,37].

Our results strikingly showed that treatment of G7 and R24 GBM 3D spheroid cultures
with hydralazine resulted in a dose dependent decreased in spheroid volume. Treatment
with 100 µM and 200 µM hydralazine resulted in disintegration of the spheroids, and
flow cytometric analysis confirmed that up to 60% of cells were dead at the higher con-
centration. Flow cytometric analysis also confirmed that these cells were predominantly
dying via a non-apoptotic mechanism. GSCs continue to be a pivotal focus of molecular
therapeutics [72]. Our study demonstrates that hydralazine significantly inhibits neuro-
sphere formation even at a 20 µM, suggesting the effects of hydralazine in part could
be through targeting the GSC population. Crucially the effects of hydralazine was very
specific to 3D spheroids as 2D cells were remarkably unaffected by the drug treatment,
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highlighting that the observed phenomena was not a consequence of general drug related
cytotoxicity [73,74]. However, the exact mechanism of action of hydralazine in GBM is
likely to be complex [75]. Previous studies have shown that hydralazine functions as a
non-nucleoside DNA methyltransferase (DNMT) inhibitor leading to a global decrease in
DNA methylation [73,74]. Indeed, various studies in prostate cancer cell lines have shown
that hydralazine restored the expression of silence genes and functioned synergistically
with the androgen receptor antagonist enzalutamide and the histone deacetylases inhibitor
(HDACi) panobinostat to exert anti-tumour effects [76–78].

Vitamin B6 is a cofactor for over 150 enzymes, including those involved in synthesis
and degradation of multiple amino acids, nucleic acids, as well as those controlling glucose,
lipid and fatty acid metabolism [70]. Thus, oncogenic growth in GBM could be driven by
metabolites associated with the vitamin B6 pathway. Indeed, this notion is supported by
studies that show acute myeloid leukaemia (AML) is addicted to the vitamin B6 pathway,
and genetic ablation of pyridoxal kinase (PDXK) results in the reduction of nucleic acids,
polyamines and the activity of multiple PLP regulated enzymes, leading to cell death [79].

4. Materials and Methods
4.1. Glioblastoma Cell Culture

Primary GBM cell lines G7 and R24 were kindly gifted by Dr Colin Watts, University
of Birmingham, UK, and have been previously characterised [4,5]. Tissue samples were
obtained in accordance with local ethical guidelines. Cell culture was performed in a
Class II biological safety cabinet using sterile plasticware and an aseptic technique. Two-
dimensional and three-dimensional G7 and R24 cells were cultured in complete stem media
consisting of advanced DMEM/F-12 (Gibco) supplemented with 0.66% B-27 (Gibco), 0.33%
N-2 (Gibco), (ThermoFisher Scientific, Cramlington, UK), 0.1% heparin (Merck Life Science,
Dorset, UK), 1% Glutamine (Gibco), 0.5% penicillin-streptomycin, 10 ng/mL fibroblast
growth factor (Gibco) and 20 ng/mL epidermal growth factor (Gibco). Two-dimensional
cells were cultured as monolayer on matrigel (Corning, Corning, NY, USA)-coated T75
flasks (1:60) and 3D spheroid cultures were maintained in suspension in matrigel free T75
flaks at 37 ◦C, 5% CO2 (Sanyo, Tokyo, Japan). Cells were routinely passaged at 70–80%
confluency. Early passage cells were used throughout the studies, and cell cultures were
discarded after passage 10.

4.2. 2D and 3D Cell Proliferation Studies

G7 and R24 cells were plated out on matrigel-coated T75 flasks at 1 × 105 and 1.5 × 105

cells respectively and harvested on day 5, 7, 11, and 13 to determine cell number and wet
cell pellet mass. Three-dimensional spheroid cultures were generated by plating out
2.5 × 105 and 7.5 × 105 G7 and R24 cells in T75 flasks, respectively. Images of spheroid
cultures were taken using an optical microscope (Lieca, Wetzlar, Germany) attached to a
GXcam Hichrome camera (GT vision) at 4× or 10× magnification on day 7, 10, 14 and 20.
Image J (NIH, Bethesda, MD, USA, Version 1.53i) was used to calculate the diameter of the
spheroid, and the volume was calculated using: 4/3πr3. Three-dimensional flasks were
also harvested at the same timepoints to determine the cell number and wet cell pellet mass.

4.3. Analysis of Cell Death and Apoptosis

Analysis of cell death was performed in 2D and 3D cell cultures using 7-aminoactinomycin
D (7AAD) (Abcam, Cambridge, UK, ab142391). T75 flasks were harvested at specific timepoints,
and the cell pellets were dissociated into single cell suspension and incubated with 400 µL
cold PBS containing 0.2 µg/mL 7AAD for 15 min in the dark followed by flow cytometric
analysis (BD C6 Accuri). Apoptotic cells were detected using the Annexin V apoptosis
detection kit (BD, 559763) following the manufacturer’s protocol. Briefly, G7 and R24 3D
spheroid cultures were generated as described earlier, and on day 7, treated with 100 µM
and 200 µM of hydralazine (Sigma Aldrich, St. Louis, MO, USA, H1753-5G) for 48 h and
harvested for flow cytometric analysis (Beckman CytoFLEX, Brea, CA, USA). All flow
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cytometry samples were filtered using a 70 µm filter (FlowmiTM), and a minimum of
10,000 cells were acquired and analysed using FlowJo software (Biosciences, Franklin Lakes,
NJ, USA, version 10.6.2).

4.4. Analysis of Hypoxia in 2D and 3D Cell Cultures

2D and 3D cell cultures were treated with 1µM pimonidazole (Hypoxyprobe™ Kit
Hypoxyprobe, Burlington, MA, USA) for 72 h prior to harvesting at day 7 and 14, respec-
tively, in 70% ethanol. Samples were dissociated into a single cell suspension and incubated
in 200 µL of 0.05% Triton-PBS containing a 1:200 dilution of anti-PIMO-APC or control
antibody for 45 min at 4 ◦C. The samples were washed twice in cold PBS and followed
by flow cytometric analysis (BD C6 Accuri). Data were analysed using FlowJo software
(Biosciences, version 10.6.2).

4.5. Analysis of Reactive Oxygen Species

The levels of reactive oxygen species (ROS) were detected using 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFH-DA, D399) (ThermoFisher Scientific, Cramlington, UK). Two-
dimensional and three-dimensional cells were cultured and harvested on day 7 and 14,
respectively. The cell pellets were washed and resuspended in a combination of DCFH-
DA/7AAD in PBS. Samples were incubated for 15 min, followed by flow cytometric analysis
(BD Accuri C6). ROS levels were quantified in live cells by gating out the 7AAD-negative
cell population. Data were analysed using FlowJo software (Biosciences, version 10.6.2).

4.6. Analysis of Stem Cell Markers

Two-dimensional and three-dimensional cells were cultured and harvested at day 7
and 14, respectively. The cell pellets were resuspended and transferred equally into four
eppendorf tubes and then mock or control, CD133-PE (Miltenyi Biotec, Bergisch Gladbach,
Germany, 130-113-108) and/or CD44-APC (Miltenyi Biotec, 130-113-338) antibody treated
for 20 min at 4 ◦C. Samples were filtered using a 70 µm filter (FlowmiTM) and 10,000 live
cells were analysed using a flow cytometer (BD C6 Accuri) and using FlowJo software
(Biosciences, version 10.6.2).

4.7. Generation and Preparation of 2D and 3D Samples for Metabolomics Analysis

G7 and R24 GBM cell lines were seeded in T75 flasks under identical cell culture
media to generate 2D and 3D spheroid cultures, which were harvested on day 7 and day
14, respectively. Accurate wet cell pellet mass was determined, and samples were stored
at −80 ◦C. For robustness, up to 8 biological replicate samples were generated under
each condition.

All samples were processed in a single batch on ice and homogenised in 1000 µL of cold
extraction solution consisting of methanol, acetonitrile, and water (ratio 5:3:2, repsectively).
Each sample was sonicated 5 times for 30 ss (Soniprep 1500 MSE, Heathfield, UK) and
then centrifuged at 18,000× g for 20 min at 4 ◦C. Negative quality control (QC) samples
contained extraction solution. The supernatants were transferred into new eppendorf tubes,
evaporated using a Speedvac (Labconco, Kansas City, MO, USA) at 23 ◦C overnight, and
stored at −80 ◦C. Prior to LC-MS analysis, samples were resuspended in 100 µL methanol
water (3:1). Samples were vortexed for 10 s, sonicated and then centrifugated for 20 min at
20,000× g at 4 ◦C. A total of 85 µL of supernatent was transferred into mass chromatography
vials with 200 µL inserts and sealed with PTFE/silicone caps. QC samples were prepared
by pooling 10 µL of 2D or 3D samples for analytical stability assessments.

4.8. High Performance Liquid Chromatography (HPLC) Mass Spectrometry (HPLC-MS)-Based
Metabolomics Analysis

Metabolite characterisations were performed on a Thermo QExactive quadrupole-
orbitrap mass spectrometer (Aligent technologies Inc., Santa Clara, CA, USA) equipped
with a Dionex nano-flow HPLC system with an auto-sampler. Samples were separated on
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the hydrophilic interaction liquid chromatography (HILIC) column (1.8 µm, 2.1 × 100 mm)
using a mobile phase consisting of Solvent A: Acetonitrile with 0.1% formic acid (v/v)
and solvent B: 0.1% formic acid at a flow rate of 0.4 mL/min. The injection volume was
set to 10 µL, and the autosampler was maintained at 4◦C. All samples were subject to
electrospray ionisation in both positive and negative ion modes, with a spray voltage of
3.8 and 3.5 kV, respectively. High purity nitrogen was used as a nebulising gas. Samples
on the autosampler were injected randomly to eliminate bias. The QC sample and blank
solvent were analysed multiple times during the run to ensure reproducibility.

The initial LC-MS raw data was converted to a mzXML/mzMatch profile. The data
were processed with the MassHunter Qualitative Analysis/XCMS, including untargeted
peak finding, annotation of related peaks and noise filtering. A data matrix comprising
of the m/z value, peak area and retention time was obtained. Threshold values for mass
and chromatographic peak heights were set to 1500 and 10,000 counts, respectively. For
a molecular feature, two mass peaks were required, and the peak spacing tolerance for
isotope peaks was 0.0025 m/z+ 7 parts per million (ppm). METLIN metabolite database
was then used to identify putative metabolites by selecting ionisation mode, for multiple
ion species with a tolerance of 10 ppm.

4.9. Metabolomics Data Analysis

Metabolomics data analysis was performed using MetaboAnalyst® 4.0 (http://www.
metaboanalyst.ca/). Peak intensity values for each m/z value were uploaded in CSV
format, followed by removal of features with >50% missing values. The data were scaled
(normalized) before statistical analysis. Variables with relative standard deviations (RSDs)
> 30% were removed. The MetaboAnalyst data analysis pipeline was used to conduct
Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-
DA), generate heatmaps, dendrograms, and perform hierarchical clustering of samples
and features.

Only significantly altered metabolites were identified based on variable influence on
projection (VIP) > 1.0, p < 0.05, and FDR ≤ 0.05. VIP values were acquired from the OPLS-
DA model, and p-values were obtained from one-way ANOVA with Tukey’s post-hoc test.
The false discovery rate (FDR) was used to adjust p-values during multiple hypothesis
testing to reduce the likelihood of false positives. Significant metabolites were identified
by comparing the m/z values with reference standards, including those in open-source
libraries such as the Human Metabolome Database (HMDB) (http://www.hmdb.ca), with
a molecular tolerance set at 20 ppm.

The list of putative metabolites was uploaded to the Metabolomic Pathway Analysis
(MetPA) tool, which utilizes the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. The human pathway library was analysed to identify specific metabolic pathways
associated with the putative metabolites. Additionally, enrichment analysis was performed
to identify broader functional or biochemical categories enriched with significant changes
in metabolite abundance using Metaboanalyst.

4.10. Statistical Analysis

Various statistical methods were used to analyze LC/MS metabolomic datasets. All
samples were normalized according to their wet cell pellet mass. Principal component
analysis (PCA) and partial least squares–discriminate analysis (PLS–DA) were performed
using MetaboAnalyst 4.0 (https://metaboanalyst.ca/; accessed on 29 February 2019).
Supervised and unsupervised statistical analyses were performed using PCA and PLS–
DA, respectively, to identify differences between 2D and 3D cultures. The most weighted
metabolites that separated 2D and 3D cultures were identified by variable importance
in projection (VIP) score. Student’s t test was used to measure statistical differences in
specific metabolite concentrations between 2D and 3D groups. p < 0.05 was considered
statistically significant. Graphs and statistical analysis were performed using GraphPad
Prism (version 10.3.0).

http://www.metaboanalyst.ca/
http://www.metaboanalyst.ca/
http://www.hmdb.ca
https://metaboanalyst.ca/
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4.11. LC-MS Validation of Metabolites

Validation of metabolites in 2D and 3D G7 and R24 cultures were performed on a
Thermo Scientific (Hemel Hempstead, UK) Vanquish Liquid chromatography Front end
connected to IDX High Resolution Mass Spectrometer system. Samples were extracted as
described earlier. MS data were acquired using the AcquieX acquisition workflow. MS
orbitrap detector operating parameters were as follows: MS1 mass resolution 60 K, for MS2
30 K collisional stepped energy (HCD) 20, 35, 50 in step collision mode. The mass scan
range: 100–1000 m/z, RF lens: 35%, AGC target mode custom, normalised AGC target was
set to 25% (100% = 3 × 106) with maximum injection time of 50 ms. The Intensity threshold
was set to 2 × 104. All data were acquired in profile mode. A corresponding extraction
blank was used to create a background exclusion list, and a pooled QC were used to create
the inclusion list.

Hydrophilic Liquid Interaction Chromatography (HILIC) and chromatographic sepa-
ration were performed using a Waters Acquity UPLC BEH amide column (2.1 × 150 mm
with particle size of 1.7 µm) and operating at 65 ◦C with a flow rate of 200 µL/min. The LC
gradient consists of a binary buffer system, buffer A: 95%/5% (LC/MS grade water/ACN)
and Buffer B: 90/10% (ACN/water), both containing 10 mM ammonium formate additives.
Independent buffer systems were used for positive and negative mode, respectively. For
positive mode, the pH of buffers were adjusted using 0.1% formic acid, and for negative
mode, 0.1% Ammonia solution. The LC gradient was the same for both polarities, 95% B at
T0 was held for 2 min, then linearly decreased to 50% B at 11 min, held for 4.5 min, and
returned to starting conditions and held for 4.5 min further (column stabilization). The
total run was approximately 21.5 min, injection to injection. Injection volume used: positive
mode 2 µL and negative mode 3 µL. The voltages applied for positive mode and negative
mode were 3.5 kV and 2.5 kV, respectively. The HESI conditions for 200 µL/min were as
follows: Sheath Gas: 35, Aux Gas 7 and Sweep Gas of 0. Ion Transfer tube Temp: 300 ◦C
and Vaporizer Temp 275 ◦C. The voltage applied for positive mode and negative mode was
3.5 kV and 2.5 kV respectively.

The HILIC positive and negative data sets were processed via Compound Discoverer
3.2 with database to online m/z cloud database: mass tolerance 10 ppm, maximum shift
0.3 min, alignment model adaptive curve, minimum intensity 500 K, S/N threshold 3,
compound consolidation, mass tolerance 10 ppm, RT tolerance 0.3 min. Database matching
was performed at MS2 level with a similar index of ≥70%.

4.12. Effect of Hydralazine on 2D and 3D Cell Proliferation

G7 and R24 GBM cell lines were seeded at 5000 cells/well in a matrigel-coated 96-
well plate. Following 24 h incubation, the wells were subject to control (sterile water) or
hydralazine treatment for 168 h. Live cell images were acquired using the CELLCYTE X
imaging platform (CYTENA), and 2D cell proliferation was determined by calculating well
confluency percentage. Three-dimensional spheroid cultures were generated as described
earlier and subjected to control or hydralazine treatments. Images of spheroid cultures
were taken on day 3, 5, and 7, and spheroid volume was analysed using ImageJ.

4.13. Neurosphere Formation Assay

G7 and R24 cells were seeded at 10 cells/well in a 96 well plate and subject to control
or hydralazine treatment. Plates were incubated at 37 ◦C for 28 days followed by a
manual count of the number of neurosphere per well using an optical microscope at 4×
magnification. The percentage of neurosphere formation in the drug treated wells was
calculated relative to the control treated wells.

4.14. Western Blot Analysis

Western blotting was performed as described previously [5]. Briefly, 2D and 3D cell
cultures were harvested from T75 flasks and subject to protein extraction using a sodium
dodecyl sulphate (SDS) lysis buffer containing protease and phosphatase cocktail inhibitors
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(PPCI) (Sigma-Aldrich), and sonicated. Pierce™ BCA protein assay kit (Thermo Scientific)
was used to determine protein concentrations, and 50 µg of protein sample was separated
on SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes. The membranes were blocked and incubated with primary antibodies Nestin
(Abcam, 6320), SOX2 (Abcam, 75485), and GAPDH (Santa Cruz, Dallas, TX, USA, 47724)
overnight at 4 ◦C and probed with secondary HRP conjugated anti-mouse IgG (Cell
signaling, Leiden, Netherlands, 7076S) for 1.5 h at room temperature. Proteins were
visualised using enhanced chemiluminescence (Bio-Rad Clarity Western ECL substrate) and
captured using a Bio-Rad imaging platform (Bio-Rad ChemiDoc Imaging System, Hercules,
CA, USA). Protein bands were quantified with ImageJ software (https://imagej.net/ij/)
and normalised to GAPDH levels.

5. Conclusions

To the best of our knowledge, this is the first publication that links the vitamin
B6 pathway to glioblastoma cell survival. Crucially, using a 3D spheroid model that
recapitulates key hallmarks of in vivo tumours, we have shown that targeting the vitamin
B6 pathway using hydralazine leads to GBM cell death. Future studies should consider the
development of small molecule inhibitors that target key strategic points in the vitamin B6
pathway for therapeutic exploitation in GBMs.
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