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Glioblastoma multiforme (GBM) is the most common
malignant primary brain tumor. High infiltration rates and
poor therapy responses make it the deadliest glioma. The
tumor metabolism is known to differ from normal one and
is influenced through various factors which can lead to
longer survival. Metabolites are small molecules
(<1500 Da) that display the metabolic pathways in the tis-
sue. To determine the metabolic alterations between
tumor and peritumoral tissue in human GBMs, mass spec-
trometry imaging (MSI) was performed on thin sections
from 25 resected tumors. In addition, the GBMs were
compared with six gliomas harboring a mutation in the
isocitrate dehydrogenase (IDH1) gene (IDHI1). With this
technique, a manifold of analytes can be easily visualized
on a single tissue section. Metabolites were annotated
based on their accurate mass using high resolution MSI.
Differences in their mean intensities in the tumor and
peritumoral areas were statistically evaluated and abun-
dances were visualized on the tissue. Enhanced levels of
the antioxidants ascorbic acid, taurine, and glutathione in
tumor areas suggest protective effects on the tumor.
Increased levels of purine and pyrimidine metabolism
compounds in GBM areas indicate the high energy
demand. In accordance with these results, enhanced abun-
dances of lactate and glutamine were detected. Moreover,
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decreased abundance of N-acetylaspartate, a marker for
neuronal health, was measured in tumor areas. Obtained
metabolic information could potentially support and per-
sonalize therapeutic approaches, hence emphasizing the
suitability of MSI for GBM research.
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metabolites, tumor metabolism.

INTRODUCTION

Glioblastoma multiforme (GBM) is the most common
malignant primary brain tumor.! They are the most malig-
nant form (WHO Grade IV) of astrocytomas, which is
one of the main types of gliomas.”? Current therapies
include surgery, chemotherapy, and radiotherapy.** Nev-
ertheless, GBM is the deadliest brain tumor, with a five-
year survival rate of only 5.6%.! A reason for the high
mortality rate of the disease is the infiltration in the sur-
rounding parenchyma of the central nervous system
(CNS), preventing complete resections. In addition, treat-
ment is weakened through resistance of the tumor to radi-
ation and chemotherapy.>®

Improved therapeutic efficacy and a longer survival rate
are associated with mutations in the isocitrate dehydroge-
nase 1/2 (IDH1/2) gene (IDHI/2) as well as with a meth-
ylation of the O-6-methylguanine-DNA methyltransferase
(MGMT).”® Other common molecular GBM markers like
p53, phosphatase and tensin homolog (PTEN), pho-
sphoinositide 3-kinase (PI3K), epidermal growth factor
receptor (EGFR), and 1p/19q have an ambiguous prognostic
importance.” While major metabolic changes in tumors
include enhanced aerobic glycolysis, so-called the Warburg
effect, and glutamine metabolism,”' genomic and epigenetic
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Metabolic alterations in glioblastomas

alterations also modulate the metabolism in GBM.''? The
analysis of the GBM metabolism is gaining interest to
improve diagnostic accuracy and to promote therapeutic
effects.>1

Molecular spectroscopy and mass spectrometry
(MS) are common tools for the investigation of metabo-
lites and metabolic alterations.'> While most techniques
require homogenized samples and do not provide informa-
tion on spatial distributions of analytes in tissues, MS
imaging (MSI) can be performed on thin sections. A fre-
quently used MSI variant is matrix-assisted laser desorp-
tion/ionization (MALDI) MSI. Depending on the matrix,
a manifold of analytes, such as small molecules, lipids and
peptides, can be detected. Mass spectra are generated for
every pixel by rasterization of the tissue. Recent studies
using MALDI MSI in transmission mode have demon-
strated lateral resolutions below one micrometer,'® mak-
ing single cell analysis possible.

In tumor research, MALDI MSI was already used for
classification of protein expression status of human EGFR
2 (HER2) in breast cancer,!” identification of prostate
carcinoma,'® and biomarker investigation in ovarian carci-
nomas.”” In GBM research, MALDI MSI studies on
metabolites were conducted in mouse models® and
xenografts,”! whereas metabolic analysis on human tissue
seems to be unexplored.

In this study, 25 human GBM samples were analyzed
using an MALDI MSI to elucidate and visualize differ-
ences in the metabolism compared to peritumoral tissue
and to IDH-mutated gliomas. This emerging technique
can reveal tumor biology and can hint towards new
supporting mechanisms for therapeutic approaches while
only a minimal amount of tissues are needed.

MATERIALS AND METHODS
Human material

Human GBMs were resected between 2017 and 2018 at
the Johannes Wesling Klinikum Minden in Minden, Ger-
many. The study was approved by the local ethics commit-
tee, registered with the Bundesinstitut fiir Arzneimittel und
Medizinprodukte. Patients gave informed consent for the
use of resected samples for scientific purposes. Patient
samples were anonymized. A total of 31 tissue samples
was snap-frozen and stored in liquid nitrogen until further
use. The 25 GBMs (WHO Grade 1V) were classified as
IDH wild-type. The analyzed six lower graded gliomas
(WHO Grades I-III) were confirmed with a mutation in
IDHI. A detailed list of analyzed tumors can be found in
the supplementary information (Table S1 and Table S2 in
Appendix S1).
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Sample preparation

Frozen tissues were sectioned at a thickness of 10 pm
using a cryostat. Sections were placed onto conductive
indium tin oxide (ITO) slides (Bruker Daltonik GmbH,
Bremen, Germany), and consecutive sections were placed
on regular microscope slides for histological staining.
Cryo-sections for mass spectrometry imaging were dried
in a desiccator and stored in a dry cabinet (Eureka Dry
Tech/Taiwan Dry Tech, Taipei, Taiwan) until further use.

Histological staining

Hematoxylin and eosin (HE) staining was performed using a
standard protocol. Stained sections were scanned using a
MIRAX DESK scanner (Carl Zeiss Microscopy GmbH, Jena,
Germany) and annotated by an experienced pathologist.

Matrix application

Dried tissue sections on ITO slides were coated with the
matrix 1,5-diaminonaphthalene (DAN) hydrochloride
(HCI). Matrix was prepared as described by Liu et al.,
2014.%* The deposition of the matrix was performed using
a TM-Sprayer (HTX-Technologies, LLC, Chapel Hill,
NC, USA) at 14 passes with a velocity of 1200 mm/min
and a flow rate of 0.1 mL/min at a nozzle temperature of
70°C. Further spraying parameters were 3-mm track spac-
ing, crisscross pattern, and 0 s drying time.

MSI

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry imaging (MALDI-TOF-MSI) was per-
formed on all 31 samples at a lateral resolution of 50 pm
using a RapifleX (Bruker Daltonik GmbH) mass spec-
trometer for analyte distribution analysis. Measurements
were executed over a mass range of m/z 50-1000, with
250 laser shots per pixel with the Smart Beam Laser under
MS5 small mode and with a sample rate of 1.25. Detector
Gain was set to 2450 V and the pulsed ion extraction to
90 ns. Source as well as analyzer voltages were set as fol-
lows: ion source, 20 kV; PIE, 2.470 kV; lens, 11.100 kV;
Ref 1, 20.950 kV; Ref 2, 1.085 kV; Ref 3, 8.550 kV. Mass
calibration was performed using red phosphorus clusters.
High mass resolution imaging was performed with a
solariX (Bruker Daltonik GmbH) FT-ICR-MS on one of
the GBM samples with tumor and peritumoral regions at a
10-pm lateral resolution for the chemical identification of
the analytes over a mass range of m/z 85-500. Spectra were
recorded with a size of 8 M, which resulted in a mass reso-
lution of 450 000 at m/z 400. For each pixel, four average
scans each with 200 laser shots where used. Q1 mass was
set to m/z 100, while time of flight was adjusted to 0.5 ms.
External mass calibration was performed using red
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phosphorus clusters. For internal lock mass calibration, the
[M-H] signal of DAN at m/z 157.077122 was used.

All measurements, using MALDI-TOF-MSI as well as
matrix-assisted laser desorption/ionization Fourier trans-
form ion cyclotron resonance mass spectrometry
(MALDI-FT-ICR-MSI), were carried out in negative
ion mode.

Data analysis

MSI data analysis was executed using an SCiLS Lab 2019¢c
Pro software (Bruker Daltonik GmbH). For visualization
of analytes, MALDI-TOF-MSI data was normalized to
the total ion count (TIC). Regions of interest were
selected according to pathological annotations on adjacent
HE staining images and not normalized mean intensities
were extracted.

Putative identification of the detected compounds was
performed on high mass resolution imaging data in
flexImaging 4.1 (Bruker Daltonik GmbH, Bremen, Ger-
many) with an error of <1 ppm using the databases
Metlin and Human Metabolome Database (HMDB).
Identifications are listed in Table S3 in Appendix S1.

Statistical analysis

Statistical analysis was implemented in python 3.7.5
(Python Software Foundation). Mean intensities of GBMs

JM Kampa et al.

(n =25) and peritumoral (n = 13) regions, as well as IDH-
mutated gliomas (n = 6), were visualized in boxplots with a
lower whisker at 5% and an upper whisker at 95%. Sta-
tistical significance was calculated using an unpaired Stu-
dent’s t-test, and considered when a P-value was less
than 0.05. As indicated in Figures 2-6, significant changes
are labeled with an asterisk (*), while P-values > 0.05 are
marked as not significant (ns).

RESULTS

GBM is characterized by diffuse infiltrative growth;
hence, it is difficult to define clear border. HE staining of
resected tissues revealed tumor-peritumoral tissue border
in 13 of 25 samples. All 25 tissue samples contained
dense tumor areas. Based on pathological annotations on
HE staining images, regions of interest for peritumoral
and tumor tissues were selected on subsequent sections
for statistical analysis of MSI data. Necrotic tissues and
inconclusive transitions between different areas were dis-
regarded. Figure 1 shows the tissue selection for three
representative examples of tissue sections from the
resected GBMs.

Using the calculated mean intensities of the GBMs and
peritumoral regions for statistical analysis revealed changes
in antioxidants, fatty acids, purine and pyrimidine metabo-
lism components, and important tumor or brain metabolites
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Fig 1 Histopathological analysis of HE-stained cryo-sections of three representative human GBMs (I-III). (A) On HE staining images
and zooms in tumor, peritumoral normal tissues, whole tissue scans show annotations by a pathologist. (B) On brightfield (BF) image of
adjacent tissue sections, measured by MSI, regions of tumor (red) and peritumoral tissue (green) are selected for quantitative metabolic
analysis according to pathological annotations; necrotic and transition areas are disregarded.
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Fig 2 Analyses of antioxidants in tumor and peritumoral tissue areas of three examples (I-III) by MALDI-TOF-MSI (A) and inten-
sity boxplots including all 25 GBM samples (B). (A) MALDI-TOF-MSI visualizes taurine, ascorbic acid, and GSH levels in three
example tissue sections. An annotated brightfield (BF) is included for orientation on tissues. (B) Intensity boxplots for antioxidants
shown in (A) demonstrate enhanced abundances of antioxidants. Asterisks indicate P < 0.05. Tumor group (n = 25), Peritumoral

group (n = 13).

(Figs 2-5). Furthermore, comparison with /D H-mutated gli-
omas showed increased 2-hydroxyglutarate (2-HG)
levels (Fig. 6).

Antioxidants are enhanced in GBM

The antioxidants taurine, ascorbic acid, and glutathione
(GSH) were detected by MSI, which revealed the distri-
bution within the tissues (Fig. 2). All three metabolites
were annotated by their exact mass using MALDI-FT-
ICR-MS (Table S3 in Appendix S1). Taurine tended to
be significantly increased in the tumor areas,
(P =0.049). Ascorbic acid not only showed enhanced
abundances in the tumor areas in the three given MSI
examples but also appeared significantly altered when
comparing all the 25 tumor areas with the 13 peri-
tumoral areas (P =0.016). Both taurine and ascorbic
acid seemed to show a gradual transition from GBM to
peritumoral areas. A similar significant increase

(P =0.01) was detected for GSH. The abundance
appeared strongest in the center of the tumors.

Fatty acids show decreased intensities in tumor
areas

Different fatty acids were found to be decreased in GBM
areas compared to peritumoral tissue areas (Fig. 3). The
detected w-6 fatty acids arachidonic acid and adrenic acid
were significantly decreased in the tumor tissue areas with
P-values of 0.035 and 0.027, respectively. Both analytes
were uniformly distributed in peritumoral tissue areas
associated with almost absent intensities in tumor areas,
although the value was weak in sample II. Further, -6
fatty acids linoleic acid (LA) and dihomo-y-linolenic acid
(DGLA) were not significantly changed in GBM areas.
Tonic maps of stearic acid and oleic acids showed related
distributions, although stearic acid showed a gradual tran-
sition from peritumoral to tumor areas. This leads to a
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Fig 3 Analyses of fatty acids in tumor and peritumoral tissue areas of three examples (I-1II) by MALDI MSI (A, B) and intensity
boxplots including all 25 GBM samples (C). (A, B) MALDI-TOF-MSI visualizes »-6 fatty acids linoleic acid (LA), dihomo-y-linolenic
acid (DGLA), arachidonic acid, and adrenic acid (A) and -9 fatty acids stearic acid and oleic acid (B). An annotated brightfield (BF) is
included for orientation on tissues. (C) Intensity boxplots for fatty acids shown in (A) and (B) demonstrate a tendency of decreased
levels of fatty acids. Measurements are performed in negative reflector mode with matrix DAN HCI. Asterisks indicate P < 0.05. ns, not

significant. Tumor group (n = 25), Peritumoral group (n = 13).

calculated significant change in oleic acid intensities
(P =0.034) and no significant alteration for stearic acid.

Alterations in compounds of purine and
pyrimidine metabolism

Metabolites of purine and pyrimidine metabolism were
detected by MSI The values of purine metabolism

compounds, including ADP, AMP, and inosine, are shown in
Figure 4A. The values of pyrimidine metabolism compo-
nents, including UDP, UMP, and uridine, are shown in Fig-
ure 4B. Interestingly, ADP and UDP were both significantly
increased in tumor areas with P-values of 0.032 and 0.017,
respectively, and were mostly located distantly to peritumoral
tissue areas. AMP and UMP also showed significantly
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Fig 5 Analyses of further core metabolites in tumor and peritumoral tissue areas of three examples (I-III) by MALDI MSI (A) and
intensity boxplots including all 25 GBM samples (B). (A) MALDI-TOF-MSI visualizes lactate, glutamine, glutamate, citrate, and NAA.
An annotated brightfield (BF) is included for orientation on tissues. (B) Intensity boxplots for analytes in (A) demonstrate significant
alterations. Measurements are performed in negative reflector mode with matrix DAN HCI. Asterisks indicate P < 0.05. Tumor group

(n = 25), Peritumoral group (n = 13).

increased intensities in tumor areas with P-values of 0.027
and 0.015, respectively, and their levels were highest at areas
closed to the tumor areas. Inosine was not altered, while uri-
dine was increased in tumors (P = 0.024).

Further metabolites of the core metabolism are
altered in GBM

Further metabolites that are involved in tumor metabolism
were found to be altered (Fig. 5). Lactate and citrate were
significantly increased in tumor areas with P-values of

0.023 and 0.015, respectively. Glutamine intensity was also
significantly increased in GBM areas (P = 0.022), while
glutamate showed no consistent alteration for all the sam-
ples. In contrast, N-acetylaspartate (NAA) was signifi-
cantly decreased in GBM areas (P = 0.029).

Comparison of GBMs with IDH-mutated gliomas

Metabolite abundances were compared between IDH
wild-type GBMs and /D H-mutated gliomas (Fig. 6). Anti-
oxidants (taurine, ascorbic acid, and GSH) and
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Fig 6 Metabolic differences between /DH wild-type GBMs (n = 25) and IDH-mutated gliomas (n = 6). (A) Intensity boxplots tend to
show increased levels of antioxidants taurine, ascorbic acid, and GSH in IDH wild-type tumors. (B) Intensity boxplots tend to show
increased levels of AMP, ADP, UMP, and UDP. (C) Intensity boxplots tend to show increased levels of typical tumor metabolites cit-
rate, glutamine, glutamate and lactate, while levels of 2-HG and NAA are lower in IDH wild-type tumors. Asterisks indicate P < 0.05.
ns, not significant.

nucleotides (AMP, ADP, UMP, and UDP) showed higher
intensities in I/DH wild-type GBMs, while not being signif-
icantly different. Similar results were observed for metab-
olites, involved in tumor metabolism (lactate, citrate,

glutamine, and glutamate), and an opposite ratio was
found for NAA. The oncometabolite 2-HG was signifi-
cantly increased in /DH-mutated gliomas compared to
IDH wild-type GBM (P = 0.018).
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DISCUSSION
Antioxidants

Taurine is a f-amino acid which regulates oxidative stress.
It enhances the electron transport chain activity in mito-
chondria and protects them against excessive superoxide
generation.” In our study, concentrations of taurine were
found to be increased in GBM areas. Increased taurine
concentrations in gliomas and peritunoral tissue areas
compared to extratumoral tissue areas were already
detected through high performance liquid chromatogra-
phy-mass spectrometry (HPLC-MS), and a protective role
for the tumor was hypothesized.>* Extracellular taurine
levels were also found to be increased in Grade IV GBM
areas and to correlate with cell proliferation.?® In contrast,
reduced taurine levels were detected in a GBM mouse
model.?! The use of glioma models provides a great
opportunity in glioma research, although they may not
perfectly recapitulate human gliomas.?

Another detected strong antioxidant is ascorbic acid,
also known as vitamin C. It acts as an important factor for
tumor growth and tumor angiogenesis.”” A high dietary
intake of ascorbic acid was associated with decreased sur-
vival of glioma patients.”® Ascorbic acid treatment can
protect tumors from radiation damage, the finding
observed in a mouse glioma model.* Beneficial effects of
ascorbic acid treatment for glioma therapy have also been
observed.**?! To our knowledge, accumulation of ascorbic
acid in GBM areas was detected for the first time in this
study.

GSH is a highly abundant antioxidant in the human
body and was also found to be significantly increased in
GBM areas. The same result was obtained in a GBM
xenograft.”’ GSH influences initiation and progression in
tumorigenesis.* It protects cells from free radical damage,
and increases the resistance of primary brain tumors
against radiotherapy and chemotherapy.*>** Moreover,
GSH promotes tumor growth under hypoxic conditions.*®

Fatty acids

Fatty acids are an important source of energy in glioma
cells.® Abundances of various fatty acids appear
decreased in GBM areas. The decreased levels of polyun-
saturated fatty acids (PUFA) and cytochrome P-450 as
well as the high levels of antioxidants were found to lead
to reduced lipid peroxidation in tumor cells.”” There are
different factors that can contribute to the detected
reduced concentrations of the ®-6 fatty acid arachidonic
acid in GBM areas. The A-6-desaturase in part partici-
pates in the arachidonic acid synthesis, by desaturating
LA to y-linolenic acid, and shows decreased activity in
tumor cells.*® This can result in less production of
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arachidonic acid. Enzymes for eicosanoid production are
overexpressed in gliomas,” hinting at a fast turnover of
arachidonic acid. In contrast, increased abundance of
arachidonic acid was detected in a mouse model of GBM
by MSL?! A detection of incorporated fatty acids through
in-source decay has to be considered. Nevertheless, an
overall alteration of the fatty acid status is detected. As
arachidonic acid is the precursor of adrenic acid, detected
decreased intensities of adrenic acid in tumor areas are in
accordance with these findings. Supplementing the PUFA
arachidonic acid induces generation of reactive oxygen
species, lipid peroxidation and apoptosis, and limits cell
division and tumor growth in glioma cells.**~**

The »-9 fatty acid oleic acid was also found to be signif-
icantly decreased in GBM areas. Oleic acid can inhibit
cholesterol and fatty acid synthesis in glioma cells.***
Beneficial effects of oleic acid on the promotion of apo-
ptosis in different cancer types have been reported.*>*
However, the effects of oleic acid in GBM treatment
appear to be unexplored.

Purine and pyrimidine metabolites

Extracellular purines and pyrimidines are crucial signaling
factors and increase proliferative activity of different gli-
oma cell lines.*” The purines ATP and adenosine are not
detected but are known to have high concentrations in the
tumor microenvironment.*® In the hypoxic tumor, extra-
cellular adenosine accumulates and acts in an immunosup-
pressive factor.*” Increased ATP and ADP levels were
also detected by MSI in GBM xenografts compared to
normal brain.?® The here observed significantly increased
intensities of ADP and AMP in GBM tissue areas are in
accordance with the observed decreased ATP and ADP
hydrolysis in various glioma cells.® A higher hydrolysis
rate in the tumor areas close to peritumoral tissue areas
can be hypothesized due to the occurring pattern of ADP,
being mostly located distantly to peritumoral tissue areas.
This tumor heterogeneity is visualized in Figure S5 in
Appendix S1.

When analyzing ATP contents, its high conversion rate
has to be considered. Methods for rapid quenching in the
murine brain include microwave irradiation and freeze-
blowing®">? but are not applicable to human studies. In
this study, collected samples were frozen in liquid nitrogen
as soon as possible. Thereby, intensities are assumed to be
comparable even if the exact quantity is slightly altered.

The role of pyrimidine metabolites in gliomas is seem-
ingly not as well investigated as the role of purine metabo-
lites. De novo pyrimidine synthesis was recently found to
be upregulated in GBM stem cells.”® Furthermore, meta-
bolic analyses of plasma samples from glioma patients rev-
ealed increased uridine levels in high-grade gliomas and
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GBMs compared to low-grade gliomas and malignant glio-
mas, respectively.”® These findings support the here
obtained results. UDP, UMP, and uridine abundances are
significantly increased in tumor areas, showing a similar
heterogeneity for ADP and UDP, as well as for AMP and
UMP, respectively.

Lactate

Lactate is produced by tumor cells through anaerobic gly-
colysis, known as the Warburg effect.”®> Pyruvate is
converted to lactate by lactate dehydrogenase (LDH)
which is upregulated in various primary tumors, including
LDHA upregulated in GBMs.”*" In this study, lactate
was found to be highly abundant in tumor areas, as
already observed by MSI in a human glioma sample by
Giampa ef al. on 2016.°® Both the inhibition of LDH and
the blockage of lactate efflux to glioma microenvironment
showed promising results as potential therapeutic
targets.SQ‘56

Glutamine and glutamate

Cancer cells have a high glutamine uptake dependent on
extracellular glutamine levels.®*®! Glutamine is highly
abundant in the brain and is a precursor of different
amino acid neurotransmitters, such as glutamate.®* Gluta-
mine and glutamate levels were found to be increased in
GBM areas.”® In agreement with the published literature,
significantly increased glutamine concentrations were
detected in GBM areas, where the increase in glutamate
was not significant.

Citrate

The tricarboxylic acid (TCA) cycle compound citrate is
increased in GBM areas. Citrate was already found to be
increased in different studies, including in a GBM mouse
model and in aggressive low-grade astrocytomas,
suggesting at a glycolysis rate that exceeds the TCA cycle
rate.***! Blocking mitochondrial citrate transporter was
shown to suppress tumor growth.®> Moreover, the admin-
istration of citrate can also exert anti-tumor effects and
can induce apoptosis by inhibiting the glycolysis.®®®’

NAA

NAA is synthesized in neurons and represents a marker
for neuronal health.®® It can be detected by magnetic reso-
nance spectroscopy and appears to be decreased in tumor
areas.®”’® Consequently, NAA is reduced in human GBM
areas, as detected in this study and in previous MALDI
MSI studies in xenografts and a GBM mouse model.*""*
However, NAA treatment of glioma stem-like cells has
been observed to enhance cell growth.”!
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IDH-mutated gliomas

It is known that /DH mutations lead to the conversion of
o-ketoglutarate to 2-HG and the latter accumulation,’” as
also detected in this study. Although other metabolites
were not found to be significantly altered, a tendency to
peritumoral metabolic status was observed in the lower-
graded /IDH mutant glioma samples compared to IDH
wild-type GBM samples. Glioma cells overexpressing
mutated IDH were found to have decreased GSH levels.”
The here observed minor decrease of GSH levels is in
accordance with previous results, where an increased de
novo biosynthesis of GSH from cysteine was hypothe-
sized.?® Nevertheless, a consistent slight decrease of anti-
oxidants was detected in /DH-mutated gliomas, which is
in accordance with the hypothesis that mutant IDH-
expressing cells lack cytoprotective activity against oxida-
tive stress’* and have a higher sensitivity to tumor
therapies.”>’®

Conclusion

In this study, various metabolic alterations in the human
GBM were investigated using MALDI MSI and statistical
analysis for the first time. This powerful technique enables
the label-free visualization of a manifold of analytes on
one single tissue section and the differential metabolic
evaluation between tumor and peritumoral tissue areas.
Antioxidants taurine, ascorbic acid, and GSH are highly
abundant in GBM areas compared to peritumoral tissue
areas and can thereby protect the tumor against oxidative
stress, hypoxia, and therapeutic approaches, and facilitate
tumor growth. Purines and pyrimidines were also
observed to be increased in tumor areas. Furthermore, dif-
ferent fatty acids were found to be decreased in the tumor
areas. While some of them are already investigated well,
further research on the effects of fatty acid supplementa-
tion may support GBM therapies. Tumor heterogeneity
became apparent through metabolite distribution patterns.
The detection of tissue levels of NAA, a known marker of
neuronal health, along with tumor-associated metabolites
including 2-HG and lactate, strengthen the suitability of
MSI for the analysis of gliomas to support the decision
upon possible therapeutic approaches. In addition, contra-
dictory results in different previous studies hint towards
individual variances, as also seen in boxplot visualizations.
Metabolic phenotypes of GBMs can be easily investigated
for individual patients on one thin section and could possi-
bly contribute to a personalized therapy.
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