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Abbreviations

2DG 2-Deoxy-d-glucose
2HG 2-Hydroxyglutarate
ACC Acetyl coenzyme A (CoA) 

carboxylase
ACSS2 Acetyl-CoA synthetase enzyme 2
aKG Alpha-ketoglutarate
ALDH1A1 Aldehyde dehydrogenase 1 family 

member A1
BBB Blood-brain barrier
BPTES Bis-2-(5-phenylacetamido-1,3,4- 

thiadiazol- 2-yl)ethyl sulfide

CDKN2A Cyclin-dependent kinase inhibitor 
2A

CDO Cysteine dioxygenase
CSA Cysteine sulfinic acid
EGFR Epidermal growth factor receptor
FABP7 Fatty acid-binding protein 7
FAS Fatty acid synthase
FUS Focused ultrasound
GABRA1 Gamma-aminobutyric acid type A 

receptor alpha-1
GBM Glioblastoma
GDH Glutamate dehydrogenase
GLS Glutaminase
GSC Glioblastoma stem-like cell
GSH Glutathione
HK Hexokinase
IDH Isocitrate dehydrogenase
M2 Macrophage 2
MAX Myc-associated factor X
mTOR Mechanistic target of rapamycin or 

mammalian target of rapamycin
NAAG N-acetyl-aspartyl-glutamate
NEFL Neurofilament light
NF1 Neurofibromatosis type 1
p53 Phosphoprotein 53
PDGFRA Platelet-derived growth factor 

receptor alpha
PDH Pyruvate dehydrogenase
PDK1 Pyruvate dehydrogenase kinase 1
PI3K Phosphoinositide 3-kinase
PTEN Phosphatase and tensin homolog
ROS Reactive oxygen species
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RTK Receptor tyrosine kinase
SLC12A5 Solute carrier family 12 member 5
SREBP-1 Sterol regulatory element-binding 

protein 1
SYT1 Synaptotagmin 1
TCA Tricarboxylic acid
TET Ten-eleven translocation
TME Tumor microenvironment
TMZ Temozolomide
TP73-AS1 Tumor protein 73 antisense RNA 1
VEGF Vascular endothelial growth factor

Key Points

• Glioblastoma (GBM) can be categorized into 
different subtypes based on diverse metabolic 
profiles.

• Characteristic genomic alterations lead to 
transformed metabolism.

• Synergistic therapies are beneficial to combat 
dynamic adaptations of glioblastoma 
metabolism.

• Advanced-grade brain tumors exhibit distinct 
metabolic profiles compared to lower grade 
tumors.

1  Introduction

Glioblastoma multiforme (GBM) develops on 
glial cells and is the most common as well as the 
deadliest form of brain cancer [1]. As in other 
cancers, distinct combinations of genetic altera-
tions in GBM subtypes induce a diversity of met-
abolic phenotypes, which explains the variability 
of GBM sensitivity to current therapies targeting 
its reprogrammed metabolism. Therefore, it is 
becoming imperative for cancer researchers to 
account for the temporal and spatial heterogene-
ity within this cancer type before making gener-
alized conclusions about a particular treatment’s 
efficacy. Standard therapies for GBM have shown 
little success as the disease is almost always 
lethal; however, researchers are making progress 
and learning how to combine therapeutic strate-
gies most effectively. GBMs can be classified ini-
tially into two subsets consisting of primary and 
secondary GBMs, and this categorization stems 

from cancer development. GBM is the highest 
grade of gliomas, which includes glioma I (low 
proliferative potential), glioma II (low prolifera-
tive potential with some capacity for infiltration 
and recurrence), glioma III (evidence of malig-
nancy), and glioma IV (GBM) (malignant with 
features of necrosis and microvascular prolifera-
tion) [2]. Secondary GBM develops from a low- 
grade glioma to an advanced-stage cancer, while 
primary GBM provides no signs of progression 
and is identified as an advanced-stage glioma 
from the onset. The differences in prognosis and 
histology correlated with each classification are 
generally negligible, but the demographics of 
individuals affected and the accompanying 
genetic/metabolic properties show distinct differ-
entiation [3].

2  GBM Classifications 
and Intratumoral 
Heterogeneity

Previously, tumors had been classified based on 
histological and structural similarities without 
accounting for clinical disparities among them 
[4]. More recently, tumor classification has 
shifted toward a more molecular and genetic 
basis in combination with phenotypic informa-
tion. This new-era classification allows practitio-
ners to differentiate between biologically similar 
cases, allowing for more precise treatment and 
prognosis when encountering distinct mutant 
variants [4]. Phenotypic information must be 
used in accordance with genotypic data to deter-
mine tumor type and grade differentiation and to 
account for the rare occurrences when the pheno-
type differs from the usual criteria accompanying 
the defined genotype [5].

2.1  GBM Subtype Classification

A recent study identified four gene expression 
subtypes of GBM: mesenchymal, classical, pro-
neural, and neural (Fig. 1).
• The mesenchymal subtype is characterized by 

high mutation rates of the tumor-suppressor 
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genes: neurofibromatosis type 1 (NF1), phos-
phatase and tensin homolog (PTEN), and phos-
phoprotein 53 (p53). Following aggressive 
treatment, mesenchymal subtypes  frequently 
display substantial increases in length of sur-
vival [6].
The mesenchymal subtype was discovered to 
have a large association with both the tumor- 
promoting M2 macrophage gene and the 
deactivation of NF1 [7]. This suggests a path-
way linking the loss of function of NF1 to pro-
moted macrophage/microglia recruitment and 
invasion of the tumor microenvironment 
(TME), leading to a poorer prognosis for 
patients afflicted with mesenchymal subtype 
expression factors [7]. High-grade gliomas 
containing altered NF1 frequently have an 
associated deactivation of cyclin-dependent 
kinase inhibitor 2A (CDKN2A) that inhibits 
Ras-mediated growth signaling, suggesting 
NF1 as another tumor-suppressor gene in the 
central nervous system. As a consequence of 

losing the NF1 function, Ras activity stimu-
lates Ras effectors (PI3K, PAK, RAF, 
ERK1/2), increasing the proliferation of astro-
cytes, contributing to GBM growth [8].

• Classical GBM is defined by focal epidermal 
growth factor receptor (EGFR) mutation 
events in much larger frequencies than in the 
other three subtypes while containing zero 
mutations of the most altered gene in GBMs: 
p53. Similar to the mesenchymal subtype, 
classical subtypes tend to show the highest 
survival rates of all the subtypes when sub-
jected to aggressive treatments [6].

• The proneural subtype carries mutations of 
p53, platelet-derived growth factor receptor 
alpha (PDGFRA), and isocitrate dehydroge-
nase- 1 (IDH1) [6]. IDH1 and PDGFRA muta-
tions can result in irregular cell/tumor growth. 
Proneural patients are characteristically 
younger than other subtype patients and have 
more prolonged survival, but their survival 
remains constant whether they are exposed to 

Prognosis

Genes

Subtype

Cancer GBM

Mesenchymal

NF1
PTEN
TP53

Large 
increase in 
survival in 

response to 
aggressive 
treatment

Classical

EGFR
PTEN

CDK2NA

Largest 
increase in 
survival in 

response to 
aggressive 
treatment

Proneural

IDH1
PDGFRA

TP53

No change 
in survival 

in response 
to 

aggressive 
treatment

Neural

NEFL
GABRA1

SYT1

Minimal 
increase in 
survival in 

response to 
aggressive 
treatment

Fig. 1 Subtypes of glioblastoma, including the major genes altered and effect on prognosis following treatment. NF1 
neurofibromatosis type 1, PTEN phosphatase and tensin homolog, EGFR epidermal growth factor receptor, CDKN2A 
cyclin-dependent kinase inhibitor 2A, IDH1 isocitrate dehydrogenase 1, PDGFRA platelet-derived growth factor 
receptor alpha, NEFL neurofilament light, GABRA1 gamma-aminobutyric acid type A receptor alpha-1, SYT1 synap-
totagmin 1
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aggressive treatment or not. Furthermore, 
studies have demonstrated that classical and 
mesenchymal subtypes have a better response 
to therapy and better prognosis compared to 
the proneural subtype [6].

• The neural subtype is categorized based on the 
overexpression of neurofilament light (NEFL), 
gamma-aminobutyric acid type A receptor 
alpha-1 (GABRA1), synaptotagmin 1 (SYT1), 
and solute carrier family 12 member 5 
(SLC12A5) neural markers. The gene expres-
sions present within the neural subtype have 
been determined to be the most similar to nor-
mal brain tissue and are weakly characterized. 
Data suggests the average efficacy of treat-
ment in the neural subtype, but it is not as 
effective as treatments of classical and mesen-
chymal subtypes [6]. These unique genetic 
alterations leading to subtype classifications 
result in different metabolic profiles of can-
cers depending on the specific genes altered.
There have been speculations that GBM sub-

types do not remain stagnant during disease pro-
gression, nor while being bombarded with 
varying treatments [7]. A study by Wang et  al. 
investigated phenotypic plasticity and genetic 
drivers behind the evolution of proneural, classi-
cal, and mesenchymal subtypes. Samples were 
collected from varying gliomas at the time of 
diagnosis as well as at the first onset of GBM 
recurrence, and genetic profiles were obtained to 
establish their molecular subtypes for compari-
son. After analysis, 50 of 91 (55%) samples had 
their expression subtypes remain constant. After 
recurrence, the quantity of proneural and mesen-
chymal subtypes had increased, and the number 
of classical subtypes had decreased. There was 
no direct correlation observed between proneural 
and mesenchymal subtypes. The intratumoral 
heterogeneity of the initially collected samples 
was taken into account, and the samples with the 
lowest purity were typically the groups to 
undergo a transition of subtype.

GBMs are also divided into different groups 
based on the World Health Organization (WHO) 
classification system. Wild-type IDH accounts 
for 90% of diagnosed GBMs, which have a high 
correlation to primary GBM, especially in elderly 

patients. IDH-mutant GBM occurs in about 10% 
of patients and has a higher correlation to second-
ary GBM, which is GBM progressing from pre-
vious lower grade gliomas. The final classification 
is reserved for cases in which a complete IDH 
evaluation cannot be completed. IDHwt versus 
IDHmu has significant implications on GBM 
cells’ metabolism and needs to be investigated 
further. With all the heterogeneity that exists 
within glioblastomas, the classifications are con-
tinually changing, and the variants and patterns 
must frequently be updated to keep up with the 
evolving characteristics.

2.2  Intratumoral Heterogeneity

There are currently two proposed models that 
lead to tumor heterogeneity. The first model sug-
gests that heterogeneity stems from clonal evolu-
tion, where there are changes in single cells that 
create survival advantages between clonal popu-
lations [9]. The second model relies on cancer 
stem cells to produce phenotypically diverse dif-
ferentiated cells. These models are not mutually 
exclusive as the cancer stem cells have the oppor-
tunity to undergo clonal evolution for them to 
evolve into more aggressive, self-renewing stem 
cells [9].

The complexity of genotype and epigenetic 
states creates the intratumoral heterogeneity of 
metabolism [10–15]. In a study by Patel et  al., 
single-cell RNA sequencing was used to create a 
profile for 430 cells harvested from 5 diverse 
glioblastomas. These cancer cells were catego-
rized based on oncogenic signaling, proliferation, 
complement/immune response, and response to 
hypoxia. Variability between different tumors 
was evident, which led to different stages, gene 
and protein expression, and outcomes for thera-
peutic strategies [16].

2.2.1  Liquid Biopsy as a Method 
for Detecting Heterogeneity 
and Longitudinal Tracking

The existing spatial heterogeneity within indi-
vidual gliomas has made therapy more difficult. 
Distinct cells contained within the same tumor 
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can present with different mutations and 
 phenotypic or epigenetic states, resulting in dif-
ferent subtypes being found in other compart-
ments of the same tumor. These variances within 
the same tumor ultimately lead to the inefficiency 
of treatment and cancer recurrence. Thus, studies 
suggest that synergistic treatments will be the 
direction of new therapeutic strategies [16]. It is 
becoming more pressing to establish the spatial 
and temporal heterogeneity of any particular 
tumor in order to devise an effective treatment. 
As cancer develops, the longitudinal metabolic 
profile is not stagnant. Therefore, if we wish to 
inhibit metabolic targets, correct timing is essen-
tial. Surgical biopsies are the conventional strat-
egy for gathering pathological information from 
GBM tumors. This fact is troublesome because a 
surgical biopsy will only provide a limited spatial 
and temporal snapshot of cancer, failing to reflect 
the intratumoral heterogeneity, not to mention 
there are significant risks associated with the pro-
cedure [17]. A newer approach is emerging that 
allows for assessment of the entire genetic land-
scape and longitudinal tracking, and is much less 
invasive: the liquid biopsy (Fig. 2).

Liquid biopsy has two potential sources, either 
the peripheral blood supply or the cerebrospinal 
fluid (CSF) via lumbar puncture. The liquid 
biopsy through the peripheral blood supply is 
best for measuring smaller metabolites that can 
cross the BBB easily and could be very important 
for longitudinal tracking of disease progression. 
Nguyen et al. demonstrated how concentrations 
of N-acetyl-aspartyl-glutamate (NAAG) within 
tumor tissue were directly correlated with the 
advancement of GBM and lower grade gliomas 
with very minimal concentrations of 
NAAG. NAAG concentration in plasma was also 
directly correlated with NAAG concentration in 
the tumor and glioma advancement [18].

Additionally, it has been shown that focused 
ultrasound (FUS) enhances the release of bio-
markers into the bloodstream [19]. This tech-
nique, in concordance with the liquid biopsy, 
could be pivotal in establishing precise spatial 
heterogeneity within a tumor. Liquid biopsy via 
lumbar puncture is also a viable, less invasive 
option for patients where surgical resection is too 

dangerous. It has been shown that there are 
greatly enhanced detectable levels of cf-DNA 
from malignant brain tumors. Liquid biopsy is 
highly beneficial as it could provide the entire 
genome of a cancer and allow for personalized 
oncology to target specific biomarkers [20]. 
Liquid biopsy could provide a broader overall 
look at the spatial heterogeneity present within a 
particular tumor. However, there are still obsta-
cles to be overcome with liquid biopsy of the 
CSF because the amount of tumor cf-DNA leak-
age into the CSF appears to be relevant to the 
proximity of the tumor to the CSF reservoir, as 
well as the progression of the tumor.

2.2.2  Glioblastoma Stem Cell 
Resistance and Recurrence Are 
Supported Through 
Mitochondrial Activity 
and Fatty Acid Oxidation

A recent discovery that has a substantial impact 
on the spatial and temporal pathogenesis is the 
existence of glioblastoma cancer stem-like cells 
(GSCs). GSCs are not traditional stem cells—
they are tumor cells that develop an ultra- 
aggressive phenotype that facilitates resistance 
and survival following standard therapies [21]. 
The effect that GSCs have on spatial pathogene-
sis can be explained with the “Go or Grow 
hypothesis,” which postulates that infiltrative 
cells, such as GSCs, tend to diffuse and spread 
through tissues but have little proliferative poten-
tial. In contrast, tumor cells are proliferative and 
make up the bulk tumor mass (Fig. 3) [22]. The 
infiltration of these GSCs has the potential to 
seed different GBM cell subtype lineages, which 
contributes to the overall spatial heterogeneity.

The temporal pathogenesis of GBM is also 
affected by GSCs as they are the critical driv-
ers for the recurrence of GBM, which is com-
mon following resection. Traits of GSCs that 
allow for recurrence are their diffuse infiltra-
tion, resistance, and initiation of growth fol-
lowing therapy. We have already discussed 
the diffuse infiltration of GSCs, but it is 
important to mention that slower proliferating 
GBM cells are better at initiating tumor 
growth and have increased resistance [23]. A 
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recent discovery has determined that these 
infiltrating GSCs retain residual mitochon-
drial function, allowing them to perform oxi-
dative phosphorylation along with fatty acid 
oxidation [23, 24]. This is the reason for 
resistance and recurrence: GSCs are able to 
withstand glucose deprivation and glycolytic 
disruption because they have other means to 
survive. These GSCs are incredibly adaptable 
to their environment as they are able to sur-
vive in four critical niches: hypoxic, perivas-
cular, invasive, and acidic, allowing them to 
infiltrate various tissues without losing their 
stemness [21]. Recurrence typically occurs in 
resection-adjacent tissue, but even following 

a radical hemispherectomy, there is still con-
tralateral recurrence. There is some evidence 
that injury, such as surgical resection, to the 
tumor may initiate proliferation and recur-
rence, but this process remains obscure [25]. 
Following the recurrence of GBM, when com-
paring the transcriptomes between primary 
and secondary tumors, the tumors have differ-
ent metabolic signatures, with the recurrent 
tumor having similar metabolic activities to 
GSCs [23]. Experts are unsure as to the rea-
son for the metabolic shifts, whether they are 
due to the changes in tumor microenviron-
ment (TME) from first- line therapies or cell 
autonomous.

Fig. 2 Liquid biopsy and the analysis of biopsy: DNA, protein, and metabolites
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3  Genomic Alterations Lead 
to Distinct Metabolic 
Changes Allowing 
for Targeted Therapies

As previously mentioned, GBMs can be classi-
fied according to their genetic and metabolic 
profiles. Genetic mutations are the cause of 
deviation of metabolism from the status quo. As 
genes are overexpressed, inactivated, or 
mutated, it leads to downstream effects. These 
downstream metabolic effects can be identified 
and investigated for therapeutic strategies, 
which is the current goal of cancer metabolism 
research.

3.1  PTEN Mutations Lead to High 
Rates of Glycolysis, 
Facilitating Survival in Harsh 
Microenvironments

In a study by Wolf et  al., GBMs with loss of 
PTEN activity had high expression of the glyco-
lytic enzyme hexokinase 2 (HK2), the first 
enzyme of glycolysis, enabling those GBM cells 
to survive and proliferate in a harsh TME [26]. 
HK2 is expressed in basal levels in adipose and 
skeletal tissues, but it is not expressed in normal 
brain tissue, which typically expresses HK1. 
Inhibition of HK2, without interfering with HK1 
function, by siRNA led to a reverse of the 

Fig. 3 Spatial representation of a GBM tumor exhibiting the proliferating mass of the bulk tumor compared with the 
diffuse infiltration of glioblastoma stem-like cells (GSCs) past the typical perimeter of surgical resection
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Warburg effect to oxidative glucose metabolism, 
which ultimately led to impaired tumor growth. 
Also, HK2 inhibition sensitized GBM cells to 
multiple treatments, including the following: (1) 
temozolomide, the current chemotherapeutic 
GBM treatment; (2) radiation; and (3) hypoxia- 
induced apoptosis. Also, high HK2 expression 
predicted lower overall survival [26]. These find-
ings support the genetically evolved metabolic 
heterogeneity in cancer cells.

3.2  EGFR Mutations Shift Cancer 
Cells toward a Glycolytic 
Phenotype and Permit 
Survival under Glucose- 
Deprived Conditions

Mutations in EGFR provide an additional exam-
ple of genetic alterations that lead to changes in 
cancer cell metabolism [27]. In their study, Babic 
et al. revealed an activating EGFRvIII mutation, 
which causes an intracellular increase in hetero-
geneous nuclear ribonucleoprotein (hnRNP) A1 
splicing factor. This upregulation, in turn, pro-
motes the splicing of MYC-associated factor X 
(MAX), a partner protein of MYC, which ulti-
mately results in an upregulation of glycolysis, 
and shorter patient survival time [27]. There has 
been some success in utilizing the vulnerabilities 
created by the glycolytic phenotype of GBM as 
therapeutic strategies. A glucose analog, 2-deoxy- 
d-glucose (2DG), has been shown to inhibit gly-
colysis and was well tolerated in clinical trials for 
other advanced cancers [28].

Growth factor signaling pathways are respon-
sible for cellular metabolism, proliferation, and 
environmental adaptation [29, 30]. The growth 
factor signaling pathways are heavily dependent 
upon regulation from receptor tyrosine kinases 
(RTKs), showing that genetic mutations in RTKs 
such as EGFR lead to variable progression and 
growth of tumors stemming from the changes in 
the signaling pathways [31]. Furnari et al. used 
mouse models in correlation with clinical sam-
ples wherein the mouse growth factor signaling 
pathways were genetically modified to match the 
clinical samples [32]. The corresponding GBMs 

were determined to be histologically identical, 
indicating the importance of RTK alterations in 
the progression of GBMs. In a study of 251 
patient-derived GBMs comprised mainly of de 
novo GBMs (95%), there were alterations to 
RTKs in 66% of the samples, and the dominant 
alteration was to EGFR. This lesion was usually 
accompanied by activation of other PI3Ks, alter-
ation, and deletion of CDKN2A. EGFRvIII+ cells 
had a higher proliferation rate with less cell death 
in xenograft models when using EGFR-targeted 
therapies and showed increased glycolysis to ful-
fill the energy demand [30, 31, 33, 34]. Further 
studies are required to evaluate the mechanisms 
utilized by GBMs to sustain growth based on 
their environment.

3.3  p53 Mutations Result 
in Activation of the Warburg 
Effect

Tumor-suppressor gene p53 has been identified 
as a gene commonly mutated in many cancers, 
including GBM [35]. p53 serves to initiate cell 
cycle arrest and apoptosis when the cell is sub-
jected to stressors, including hypoxia, hyperpro-
liferative signals, nutrient deprivation, and DNA 
damage [36, 37]. Mutant p53 genes typically lead 
to complete inactivation of p53, which is charac-
terized by a higher malignancy of cancer through 
greater rates of metastasis, genetic instability, 
and cellular differentiation [38–40]. Novel func-
tions of p53 have emerged, showing its potential 
to regulate cellular metabolism. A signature 
 feature of cancer is its reliance on the Warburg 
effect [41]. p53 has been shown to counter this 
oncogenic hallmark by activating the synthesis of 
cytochrome oxidase 2 to promote oxidative 
 phosphorylation and inhibit glycolysis by 
repressing glucose transporters (SLC2A1, 
SLC2A4). Thus, the Warburg effect is more pro-
found when p53 is inactivated [42–44]. Recently, 
there have been contradictory studies showing 
that the impact of p53 as a tumor suppressor is 
not as compelling as initially suggested. These 
studies found evidence to support the claim that 
cell cycle arrest and apoptosis, as a result of DNA 
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damage, are not large contributors to tumor sup-
pression depending on the cancer tissue exam-
ined [35]. These findings have yet to be replicated 
when evaluating GBM development, but further 
examination is necessary.

3.4  GBM Exhibits Upregulated 
Glutamine Metabolism 
Allowing for Targeted 
Vulnerabilities Through GLS, 
GS, and mTOR

As is true for many other cancers, GBM also 
exhibits “glutamine addiction” [45]. Glutamine 
serves as the major contributor to cell growth and 
energy production after it is converted into gluta-
mate via glutaminase (GLS), and then into 
α-ketoglutarate (aKG) via glutamate dehydroge-
nase (GDH) or several aminotransferases. For this 
reason, GLS inhibition has become a popular 
therapeutic strategy to treat cancer patients and 
has reached clinical trials (NCT03528642). Oizel 
et al. showed how metabolic phenotype leading to 
subtype classification could help with targeted 
therapies. In their study, Oizel showed that mes-
enchymal GBM cells had significantly more 
uptake of glutamine and that glutamate derived 
from glutamine was converted to aKG to generate 
ATP.  This altered phenotype was facilitated by 
upregulated SLC1A5 (glutamine transporter), 
GLS, and mitochondrial and cytosolic amino-
transferase. Consequently, mesenchymal GBM 
was shown to be more susceptible to GLS inhibi-
tion [46]. Glutamine is essential in normal brain 
tissue, but it appears to have even higher concen-
trations in GBM tissue [47]. The primary source 
of glutamine in the brain comes from glutamine 
synthase (GS) as it combines glutamate and 
ammonia to form glutamine. GS levels in GBM 
have been shown to correlate with patient survival 
time, as those with lower GS levels could have up 
to a twofold increase in survival time [48]. The 
impact of GS expression levels on GBM progres-
sion, resistance, and patient survival time needs 
further investigation, but GS appears to be a 

 reliable prognostic biomarker and could poten-
tially lead to another therapeutic strategy.

The mechanistic target of rapamycin (mTOR) 
is a protein kinase that promotes oncogenic sig-
naling through the phosphoinositide 3-kinase 
(PI3K) pathway, which in turn promotes cancer 
growth [49]. This has also made mTOR a popular 
target for cancers that use PI3K as a major path-
way [50]. mTOR has been identified as a primary 
factor in downstream signaling for EGFR-mutant 
GBM, which is resistant to kinase inhibitors [51]. 
In a study by Tanaka et  al., they found that 
mTOR-targeted treatments affected glutamine 
catabolism, increasing GLS expression, which is 
already highly expressed in GBM patients. 
mTOR-targeted therapies (by rapamycin or 
PP242) limited cell proliferation, glucose usage, 
and lactate production [50]. However, they were 
ineffective in promoting cell death. Following 
these results, Tanaka et al. performed an experi-
ment in which the U87 and EGFRvIII GBM cells 
were subjected to glutamine deprivation through 
compound 968 (GLS inhibitor) and then treated 
with PP242, which was seen as more effective 
than mTOR-targeted treatment alone. Results 
showed that when used in combination, the GLS- 
and mTOR-targeted therapies yielded a synergis-
tic effect triggering enhanced tumor cell death 
compared to when either treatment was applied 
individually [50]. This combined treatment was 
then tested on normal human astroglial cells, and 
the results revealed that the treatment did not 
cause any normal cell death to occur. This syner-
gistic treatment was then tested on GBM xeno-
graft models of U87 and EGFRvIII GBM 
samples. The treatment resulted in 80% shrink-
age of tumors and a sixfold increase in cell death 
from mTOR-targeted treatment alone. To deter-
mine the effects of the drug on the whole body 
and motor function, the same treatment was 
applied to normal mice. There were no changes 
in body weight, motor function, or cell morphol-
ogy, indicating that the combination of GLS and 
mTOR inhibition has the potential to develop 
into an effective treatment for mTOR-targeted 
resistant GBM cancers [50].
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3.5  Lipid Metabolism 
Dysregulation Following 
BRAF Mutations and EGFR 
Signaling Provides Clues 
for New GBM Therapeutic 
Strategies

Lipid synthesis is a limiting factor for cellular 
proliferation. GBMs must synthesize their own 
lipid components for proliferation leading to a 
potential vulnerability. Indeed, certain lipid lev-
els—specifically free fatty acid levels—in 
 malignant tissue are elevated when compared to 
normal brain tissue [52]. To synthesize fatty 
acids, cells must first generate cytosolic acetyl-
CoA, and both tumor-suppressor genes and 
oncogenes regulate this crucial step in 
GBM. When there is a BRAF mutation concom-
itant with TP53 and PTEN deletion, it results in 
an increased expression of acetyl-CoA synthe-
tase enzyme 2 (ACSS2), the enzyme responsible 
for converting acetate to acetyl-CoA in the cyto-
sol [53, 54]. Another study discovered that 
EGFR-PI3K-Akt signaling, which results in ste-
rol regulatory element- binding protein 1 
(SREBP-1) cleavage and activation of acetyl 
coenzyme A (CoA) carboxylase (ACC) and 
fatty acid synthase (FAS), plays a role in the 
upregulation of lipogenesis in malignant glio-
mas. The reaction catalyzed by ACC has been 
determined as the rate-limiting step for de novo 
lipogenesis. For cells with upregulated EGFR 
signaling, targeting the downstream effectors of 
the pathway (SREBP-1, ACC, and FAS) results 
in GBM cell death but does not affect normal 
cells [55]. GSCs also contain elevated levels of 
lipid metabolites, which contribute to their 
resistance to glycolytic inhibition or glucose 
deprivation because when facing glycolytic 
inhibition or glucose deprivation, they have the 
ability to rely on fatty acid oxidation for energy. 
To combat this, Hoang-Minh et al. experimented 
with pharmacologic inhibition and CRISPR 
intervention of the fatty acid transporter fatty 
acid-binding protein 7 (FABP7) to prevent fatty 
acid uptake, which led to an increase in the 
overall survival of mice carrying GBM in vivo 
model [23].

3.6  GBMs Rely on the TCA Cycle 
and Its Reductants

Alterations of tumor-suppressor genes and 
oncogenes lead to dysregulations of the TCA 
cycle in GBM, which creates aberrant metabo-
lism. IDH enzymes play a significant role in the 
TCA cycle for normal cells by catalyzing the 
oxidative decarboxylation of isocitrate to aKG 
using NADP+ or NAD+ as cofactors. IDHwt 
expression levels are elevated fourfold in GBM 
tumors when compared to normal brain tissue 
making IDH the most significant NADPH-
producing enzyme and thus a promising thera-
peutic target. NADPH is necessary for GBM 
tumors as a reductant for antioxidant biomole-
cules that help to mitigate oxidative stress. The 
knockdown of IDH1 depletes stores of NADPH 
and sensitizes GBM cells to radiation, increas-
ing cellular senescence [56].

In SF188 glioblastoma, high amplification of 
MYC [57, 58] activates glutamate dehydrogenase 
(GDH), enabling cancer cell survival under glu-
cose deprivation [59]. GDH, an enzyme neces-
sary for the conversion of glutamate to aKG for 
incorporation into the TCA cycle, is upregulated 
in the absence of glucose. This upregulation 
allows glioblastoma cells to maximize the use of 
glutamine and thus contributes to the growth and 
proliferation of neoplastic cells in the absence of 
glucose [59].

As seen with the previous metabolic path-
ways, dysregulation of the TCA cycle results in 
aggressive GBM phenotypes resulting in greater 
proliferation and growth.

3.7  IDH1 Mutations Lead 
to Oncometabolite 
Production and Glutamine 
Addiction and Act 
as a Prognostic Marker

A study by Dang et al. demonstrated that muta-
tions in IDH1 give rise to a novel function of this 
enzyme, which produces the oncometabolite 
(R)-2-hydroxyglutarate (2HG) from alpha- 
ketoglutarate (aKG) [60]. Struys et  al. reported 
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that “2HG,” in fact, does not exist [61]. The com-
pound has an asymmetric carbon atom that leads 
to L-2HG and D-2HG, which are both stable 
endogenous metabolites in all bodily fluids. 
Routine analytical methods measure the sum of 
these two metabolites, which creates problems 
because IDH1 mutations solely result in increased 
levels of D-2HG.  Therefore, an increase in 
L-2HG could yield false positives, and a small 
rise in D-2HG may be missed. This is why ana-
lytical methods able to distinguish L-2HG from 
D-2HG must be used [61, 62]. D-2HG not only is 
found in glioblastoma but has also been found to 
be sufficient in promoting several other types of 
cancers, such as leukemia, through mutations in a 
homolog to IDH1 and IDH2 [63, 64]. D-2HG 
retains a structure similar to that of aKG, thus 
inhibiting enzymes from binding to aKG.

Both L- and D-2HG inhibit aKG-dependent 
histone demethylases and D-2HG occupies the 
active site of CeKDM7A, which is where aKG 
usually binds. Both L- and D-2HG also interferes 
with 10–11 translocation (TET) family interac-
tions and regulates HIF-1a, which promotes hyper-
methylation, triggering cancer proliferation, and 
preservation [65, 66]. The effect of IDH1mu on 
HIF-1a is currently being debated. HIF-1a-induced 
overexpression of target enzymes GLUT1, vascu-
lar endothelial growth factor (VEGF), and pyru-
vate dehydrogenase kinase 1 (PDK1) leads to 
increased tumor growth, invasion, and angiogene-
sis [67]. These mutations render cancer cells 
addicted to glutamine. Thus, glioblastoma cells 
with IDH1 mutations are more sensitive to GLS 
inhibition by bis-2-(5- phenylacetamido- 1,3,4-
thiadiazol-2-yl)ethyl sulfide (BPTES), a small-
molecule selective inhibitor of GLS, as compared 
to their wild-type counterparts [68] (Fig.  4). 
Metabolic dependence on aKG was confirmed 
through rescue experiments showing that the sup-
plement of aKG reduced the impact of BPTES on 
proliferation hindrance. However, wild-type IDH1 
and IDH1 mutants were equally sensitive to gluta-
mine deprivation, suggesting that there are differ-
ent downstream effectors active when considering 
inhibition of glutamine metabolism versus inhibi-
tion of glutamine uptake. Metabolomics analysis 
[69] provided interesting findings that 2HG levels 

remained constant between the IDH1-mutant 
BPTES-treated group and the IDH1-mutant non- 
treated group. However, the glycolytic intermedi-
ate levels increased, and the TCA cycle 
intermediate levels decreased in the group treated 
with BPTES when compared to the non-treated 
group. The increase of glycolytic intermediates 
and the decrease of TCA cycle intermediates can 
be attributed to compensatory mechanisms 
attempting to maintain aKG levels by reallocating 
glutamine carbon from the TCA cycle to glycoly-
sis [68]. The message from this specific example is 
that the mutations of IDH1 form a subset of glio-
blastomas that exhibit a shift toward glutamine- 
dependent energy pathways. These pathways 
allow tumor cells to best utilize glutamine and its 
products in order to produce ATP as a fuel source 
for biosynthetic pathways. This ability is particu-
larly advantageous when glucose is scarce. This 
signifies that these IDHmu tumors exhibit gluta-
mine addiction, and therapies to target glutamine 
metabolism should prove to be particularly useful 
here. GLS inhibition could serve as a potential 
therapeutic target, and several BPTES analogs 
have been developed [70]. Still, they will most 
likely need to be used in conjunction with other 
treatment regiments to combat the dynamic prop-
erties of cellular metabolism [68].

In a study by Nobusawa et  al., individuals 
with secondary glioblastoma who possessed 
IDH1 mutations had a more favorable prognosis 
than those with IDH1 wild-type [71]. 
Histologically, primary and secondary glioblas-
tomas are identical; thus, clinical data is relied 
upon to determine their subdivision because they 
occur in patients of different ages and develop 
through different pathways [72, 73]. Through 
statistical analyses, it was determined that there 
was a positive correlation between IDH1 muta-
tions accompanied by p53 mutations, diagnosis 
of secondary glioblastoma, more prolonged 
median survival, and younger patient age [74]. 
IDH1wt genes correlated with older patients, 
shorter median survival, and higher EGFR 
amplification. Secondary glioblastomas make up 
a smaller fraction of the disease compared to pri-
mary glioblastomas, but of the secondary cases 
sampled, an IDH1mu affected the majority, 
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while a minority of primary glioblastomas were 
affected by the IDH1 mutation. For the patients 
initially diagnosed as secondary GBM, which 
did not harbor an IDH1 mutation, and for the 
cases initially diagnosed as primary, which con-
tained an IDH1 mutation, further analysis 
showed that these cases were likely misdiag-
nosed. The “primary” diagnosed patients with 
IDH1mu had every characteristic of secondary 
glioblastoma, while the opposite was true for 
“secondary” glioblastomas with IDH1wt. These 
discrepancies suggest incorrect diagnoses for 
gliomas that may have started at a low grade and 
then progressed quickly, making them look like 
a primary or higher grade glioma with some pro-
gression disguising it as secondary. Nobusawa 
et al. accurately identified IDH1 as a reliable sig-
nature marker for secondary glioblastoma with a 
more favorable outcome [71].

Furthermore, another study by Labussiere 
et  al. showed that individuals with IDH1mu 
tumors lived longer than those who had IDH1wt 
tumors, despite all tumors being of the same grade 
[75]. Another classical function of IDH1 is to sup-
port oxidative decarboxylation of isocitrate to 
aKG coupled with the reduction of NADPH, 
allowing NADPH to promote the further reduc-
tion of glutathione (GSH), a crucial antioxidant 
[76, 77]. When glioblastomas have IDH1mu, the 
loss of normal enzymatic function lowers the pro-
duction of aKG and NADPH, subsequently low-
ering GSH, while increasing 2HG [60]. The surge 
of D-2HG increases oxidative stress present in 
cancer cells and the accumulation of reactive oxy-
gen species (ROS), which encourages tumor cell 
growth [78]. These characteristics seemingly cre-
ate a paradox wherein the accumulation of ROS 
could serve to further tumor  development due to 

Fig. 4 The paradoxical nature of downstream effects of 2HG. 2HG inhibition of aKG-dependent histone demethylases, 
2HG regulation of HIF-1a which induces overexpression of target enzymes GLUT1, VEGF, and PDK1 leading to 
increased tumor growth, proliferation, and glutamine addiction. However, that glutamine addiction creates a vulnerabil-
ity within those GBM cells to targeted glutamine inhibition. 2HG also functions to inhibit ATP synthase and interferes 
with mTOR signaling causing decreased cancer cell growth and viability
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the increase of genetic instability, but on the other 
hand, the decrease of GSH levels leaves the tumor 
cells vulnerable for oxidative damage [75]. Both 
L- and D-2HG have also been shown to function 
as an ATP synthase inhibitor and interferes with 
mTOR signaling, which leads to a decrease in 
tumor growth and cell viability [79] (Fig.  4). 
There appears to be a greater response to radiation 
in patients with IDHmu tumors, which may be 
due to the effect D-2HG has as a radiosensitizing 
agent [80]. Both enantiomers of 2HG inhibit 
homologous recombination allowing for the 
greater effect of alkylating agents [81]. 
Controversy exists over the therapeutic potential 
of targeting 2HG because there appear to be both 
oncometabolite and tumor-suppressing capabili-
ties of 2HG. These conclusions suggest the need 
for further analyses on the mechanistic links 
between metabolic phenotype and clinical out-
come. There appears to be a limited therapeutic 
window with IDHmu tumors where inhibition of 
IDH1/2 or 2HG could be beneficial earlier in 
pathogenesis to prevent invasion and progression, 
but further in development, these metabolic aber-
rations could hold the key to increased longevity 
due to the vulnerabilities created. This conflict 
illustrates the need for a deeper dive into the tem-
poral pathogenesis of GBM with IDH mutations.

4  Benefits of Combined 
Therapy

Among the many struggles in treating cancer, 
tackling its inherent metabolic heterogeneity is a 
significant obstacle [69]. Metabolic pathways 
relevant to GBM have been established, but those 
pathways are dynamic, and cancer cells alter 
their metabolism as their environments change 
[82]. When a pathway is hit and deactivated, the 
ability of a cancer cell to work around it contrib-
utes to the complexity of treatments. After mul-
tiple pathways are inhibited, a cancer cell’s 
metabolism will eventually be cornered with 
nowhere to turn (Fig. 5). Tanaka et al. success-
fully combined therapies inhibiting mTOR and 
GLS to limit cancer cell proliferation [50]. As 
mTOR-targeted treatments inactivate the PI3K, 

GBM switches to higher expressions of GLS to 
rescue it from apoptosis [50]. Combining the 
mTOR-targeted treatment with GLS inhibition 
essentially traps specific GBM cells so that their 
metabolism cannot shift pathways to encourage 
cell survival. Heterogeneity creates problems 
when determining treatment because different 
metabolic profiles result in differences as to how 
cancer metabolism will change in response to 
treatment. These synergistic treatments are ben-
eficial because they can work together when 
attempting to target different pathways. Still, the 
challenge remains to affect only the cancerous 
cells while not having a detrimental impact on 
benign, healthy cells.

The current treatment protocol for GBM is 
surgical resection, radiation, and chemotherapy, 
typically through temozolomide (TMZ), which is 
an alkylating agent that causes DNA damage to 
tumor cells to trigger apoptosis. Even with 
aggressive treatment, this disease is universally 
lethal. Interfering with GBM’s metabolic path-
ways through metabolic targeting could serve as 
a way to enhance the effectiveness of standard 
therapies. Glycolytic phenotypes are typically 
accompanied by radiation resistance. Therefore if 
glycolytic inhibition is accompanied by radia-
tion, it could improve the effectiveness of treat-
ment. Indeed, these are the results obtained by 
Wolf et  al. in their in  vitro studies. As they 
depleted HK2 (a glycolytic enzyme) and com-
bined it with radiation therapy, they observed 
reduced proliferation and increased apoptosis 
[26]. As discussed earlier, NADPH is a powerful 
reductant to help mediate oxidative stress created 
by radiation. Decreasing NADPH levels is also 
linked to high rates of cellular senescence in the 
presence of radiation [56]. As IDHwt is the driver 
for increased NADPH concentrations, IDHwt 
inhibition appears to be another potential syner-
gistic strategy. Combination therapy with high 
pharmacological doses of ascorbate, which 
becomes a powerful prooxidant to inflict oxida-
tive damage, and radiation is also a viable strat-
egy to combat radiation resistance. Specifically, 
Herst et al. used in vitro studies to show that high 
doses of ascorbate combined with 1 Gy of radia-
tion (which is lower than the typical amount of 

The Multifaceted Glioblastoma: From Genomic Alterations to Metabolic Adaptations



72

2  Gy) resulted in greater cell death than either 
singular strategy and had less harmful effects on 
normal astrocytes [83]. Oxidative stress can be 
mediated by altering glutamine metabolism. 
Glutamine is converted to glutamate via GLS, 
and glutamate is an amino acid incorporated into 
GSH.  Therefore, if GLS inhibition indirectly 
inhibits the formation of GSH, there are fewer 
antioxidants to provide radioprotection. CB-839, 
a potent GLS inhibitor, is currently undergoing a 
clinical trial (NCT03528642) in combination 
with TMZ and radiation.

Currently, it is not well understood how glyco-
lytic metabolites contribute to chemotherapy 
resistance. However, as seen with radiation, the 
depletion of HK2 also appears to sensitize GBM 
to TMZ [26]. Tumor protein 73 antisense RNA 1 
(TP73-AS1) has been found to have connections 
with GSCs that confers TMZ resistance. Mazor 
et al. demonstrated that silencing TP73-AS1 led 
to an increased sensitivity of GBM to TMZ ther-
apy. The mechanism behind this effect is cur-

rently being investigated. TP73-AS1 is known to 
encode aldehyde dehydrogenase 1 family mem-
ber A1 (ALDH1A1), which is an established 
marker for cancer stem cells and promotes resis-
tance. ALDH1A1 inhibition has a very similar 
sensitizing effect on GBM cells to TMZ [84].

5  Advanced Brain Tumors 
(GBM) Display Distinct 
Metabolic Profiles Compared 
to Lower Grade Tumors

While IDH1 mutations can distinguish between 
primary and secondary GBMs, another metabolic 
pathway involving cysteine catabolism is not 
highly activated in lower grade tumorigenesis 
[85]. The GSH synthesis pathway involving cys-
teine begins with a simultaneous efflux of gluta-
mate and influx of cystine, which is then reduced 
to cysteine and converted to GSH when com-
bined with glutamate and glycine. GSH functions 

Fig. 5 Metabolic targets for GBM therapy (indicated by multicolored panels) accompanied by the specific metabolic 
pathways in which they participate. These targeted therapies can be used to supplement the standard therapy for treating 
GBM possibly resulting in synergistic effects. HK2 hexokinase 2, mTOR mechanistic target of rapamycin or mamma-
lian target of rapamycin, GLS glutaminase, GS glutamine synthase, IDH isocitrate dehydrogenase, GDH glutamate 
dehydrogenase, SREBP-1 sterol regulatory element-binding protein 1, FABP7 fatty acid-binding protein 7
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as a central nervous system antioxidant increas-
ing cancer cell survival when subjected to redox 
stress and hypoxia [86]. Prabhu et al. investigated 
another pathway involving cysteine, which 
resulted in the accumulation of cysteine sulfinic 
acid (CSA) through the regulatory enzyme cyste-
ine dioxygenase- 1 (CDO1). When comparing 
with grade 2 gliomas, there was a 23-fold increase 
in the  relative accumulation of CSA in GBM, 
ranking it as the highest change in concentration 
of any metabolite. This increase of metabolite 
concentration correlated with a higher expression 
of the CDO1 enzyme in GBM when evaluated 
using Western blot analysis. The buildup of CSA 
is associated with inhibited cellular respiration 
and decreased both oxidative phosphorylation 
and ATP production. CSA modulates mitochon-
drial function through inhibition of pyruvate 
dehydrogenase (PDH). PDH functions as a chan-
nel enzyme controlling the rate at which glycoly-
sis occurs, and this enzyme was inhibited in a 
dose-dependent manner when treated with CSA 
using an established GBM cell line (U251). 
Further investigation is needed to determine how 
this alternative pathway of cysteine catabolism 
contributes to GBM tumorigenesis [85]. An anal-
ysis was conducted to uncover the impacts PDH 
modulation had on tumorigenesis in GBM and 
showed that PDH phosphatase expression regu-
lated PDH activity as a result of Ras-mediated 
signaling. When the impairment of PDH was 
reversed, it inhibited tumor growth, making this 
pathway a possible therapeutic target to treat 
GBM in the future [87].

Nguyen et al. discovered a metabolite, NAAG, 
that serves as a glutamate reservoir for cancer 
cells in a glutamine-deprived environment, as 
mentioned earlier. Additionally, NAAG was 
found to be significantly elevated in GBM when 
compared to grade II–III gliomas and meningio-
mas [18]. As more of these biomarkers emerge, 
they could provide the key for tracking longitudi-
nal pathogenesis and discovering new metabolic 
targets.

6  Conclusion

Glioblastoma is the most common and deadliest 
form of brain cancer in humans. Its poor progno-
sis and unreliable diagnosis are the results of its 
intricate heterogeneity and evolutionary charac-
teristics. Experts have made substantial progress 
in characterizing this cancer with the use of 
improved technologies; most recently, there has 
been a spotlight on the use of metabolomics to 
discover its underlying molecular mechanisms. 
As more data and results are obtained to deter-
mine how different glioblastomas function and 
why they exhibit certain metabolic phenotypes, 
more therapeutic strategies can be developed to 
treat patients individually with respect to their 
genotypic and phenotypic profiles.
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