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Abstract 
 
 The metabolic complexity and flexibility commonly observed in brain tumors, especially glioblastoma, is 
fundamental for their development and progression.  The ability of tumor cells to modify their genetic landscape 
and adapt metabolically, subverts therapeutic efficacy and inevitably instigates therapeutic resistance. In order 
to overcome these challenges and develop effective therapeutic strategies targeting essential metabolic 
processes, it is to necessary to identify the mechanisms underlying heterogeneity and define metabolic 
preferences and liabilities of malignant cells.  In this review we will discuss metabolic diversity in brain cancer 
and highlight the role of cancer stem cells in regulating metabolic heterogeneity. We will also highlight potential 
therapeutic modalities targeting metabolic vulnerabilities and examine how intercellular metabolic signaling can 
shape the tumor microenvironment. 
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Introduction  
 Glioblastoma (GBM) is the most common and most lethal form of brain cancer [1].  GBM tumors are 
notorious and devastating in large part because of the two specific disease features.  GBM tumor cells invade 
extensively throughout brain tissue.  Additionally, subsets of tumor cells develop a hyper-aggressive, cancer 
stem cell (CSC) phenotype, enabling them to resist and survive the effects of radiological [2], chemical [3], 
immunological [4], and putatively magnetic [5] therapies. Today’s clinical standard of care integrates gross 
neurosurgical resection with adjuvant chemoradiation [6]. This strategy effectively targets the primary tumor 
mass and eliminates a fraction of highly proliferative tumor cells, but leaves behind residual, infiltrative CSCs 

that evade treatment and ultimately serve as the seeds of disease recurrence and patient mortality. Targeting 
CSCs alone is unlikely sufficient, but should be in combination with conventional therapies. Therefore, current 

treatments do not adequately account for the complexity and adaptability of GBM.  Because of their propensity 
to drive tumor recurrence, targeting CSCs has become an attractive, yet challenging possibility.   
 GBM tumors establish an ecosystem defined by heterogeneity under the conditions of nutritional scarcity 
associated with tumor progression and treatment.  At the histological level, a single GBM tumor is comprised of 
intertwined tumor populations along with non-transformed neural and immune cells in dynamic and reciprocal 
states of interaction with one another and with their growth environment.  Further, within the cancerous 
populations, GBM tumors become enriched with multiple CSC lineages [7,8], each uniquely capable of tissue 
invasion, chemotherapeutic resistance, and tumorigenesis [9]. Consequently, introducing a selective pressure in 
the form of a single or dual agent treatment effectively ablates a fraction of the total disease represented by the 
treatment sensitive cancerous and non-cancerous populations.  However, treatment resistant CSC lineages 
expand into the void left behind by this initial ablation, driving disease recurrence and hastening patient mortality.  
Relatively recently, the field has turned its attention to the metabolism of GBM tumors.  Unlike the classic view 
of Warburg metabolism [10] in which tumor cells were exclusively dependent on glucose fermentation for energy 
generation, it is increasingly recognized that GBM CSCs, unlike co-mingled non-stem tumor cells, have the 
propensity to metabolize multiple nutritional substrates [11-15].   
 The concept of metabolic dependency has been gaining traction within the field [16]. This concept 
suggests that because certain tumor cell populations are exclusively dependent on specific metabolic substrates, 
revealing these dependencies naturally reveals points of disease vulnerability.  The caveat here is that we 
currently do not know how adaptable one CSC lineage is compared to the numerous others within a given GBM 
tumor; however, even modest adaptability will enable CSCs to out-compete less plastic tumor cells with clear 
metabolic dependencies. Thus, in parallel with developing tools to counteract chemotherapeutic resistance, it 
will become critical to identify and elucidate the mechanisms responsible for CSC metabolic adaptability.  Here, 
we will address this concern according to the following conceptual frames: i) We will discuss the complexity and 
diversity of metabolism in brain cancer and highlight the role CSCs play in driving heterogeneity and plasticity at 
the metabolic level. ii) We will address the implications of CSC metabolism in treatment resistance and the 
potential therapeutic strategies aiming at exploiting metabolic vulnerabilities of brain tumor cells. iii) Lastly, we 
will discuss how interactive cellular metabolism serves to shape the tumor microenvironment.   

 
Metabolic heterogeneity/plasticity in GBM cancer stem cells 
 GBM represents a prototypical example of a highly heterogeneous tumor with multiple distinct molecular 
subclasses [17-19]. More recent approaches using single cell RNA-sequencing have found that combinations of 
several molecular subclasses can be found within the same tumor [7,20,8,21]. This indicates that molecular 
subclasses likely correspond to different functional states of GBM cells or cell populations, rather than a global 
transcriptional program applicable to the entire tumor. This cellular diversity of GBM underpins a functional 
heterogeneity on multiple levels, including cell plasticity and adaptability, therapy resistance, and metabolism. 
The profound resilience to therapy and high recurrence rates of GBM are a direct consequence of this intrinsic 
heterogeneity. 
 Progression and recurrence of GBM are due to residual cancer cells that escape treatment of the primary 
tumor, by physical displacement from the main tumor site, and acquisition of resistance to chemo/radiotherapy. 
Diffuse infiltration and therapy resistance are linked, and both are considered hallmarks of GBM CSCs [2,3,22-
25]. Indeed, GBM CSCs are considered a prime suspect for tumor recurrence, as these cells retain the highest 
potential for initiating tumor growth [24,26]. This is supported by many studies demonstrating CSCs as a 
candidate population for initiating tumor recurrence across multiple brain cancers [22,27-29]. GBM CSCs 
produce non-stem cancer cell progenies via asymmetric division, with only CSCs capable of propagating tumor 
formation [25], although there is evidence that CSCs are more reflective of a cell state rather than a clonal entity 
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[30,31]. In a genetically engineered mouse model of GBM, therapy-resistant CSCs were identified as drivers of 
long-term tumor growth via the generation of a rapidly growing transient population of cells [24]. GBM CSCs are 
further considered as a source of intratumoral clonal heterogeneity [7,20,25]. 
 
Cancer stem cells: 
 Since their initial discovery [27,32,33], much progress has been made to support that GBM CSCs are 
key drivers of tumor progression and recurrence [2,3,22-25,34-37]. Similar to their non-transformed counterparts, 
CSCs retain the ability to self-renew, and to generate more differentiated progenies [24,25,38-40]. In contrast to 
normal stem cells, CSCs are capable of adapting to different niches in their environment [41], which enables 
them to move throughout the brain without compromising their stem cell identity. Hence, GBM CSCs can leave 
the main tumor site and thus escape surgical excision. Due to their resilience to chemo- and radiotherapy 
[2,3,22,24], GBM CSCs are inaccessible to virtually all therapeutic efforts. Their capability for initiating tumor 
growth enables these cells to generate tumor recurrences after treatment. 
 Four critical niches have been defined in GBM that are linked to pathways of stemness and tumor 
progression: the hypoxic, perivascular, invasive and acidic niches [42,43]. Molecular regulators of stemness 
have been identified within hypoxic and perivascular niches, e.g. HIF1/2 [38,44], VEGF [45], integrins [46,47], 
and recently signaling pathways affecting stemness within the invasive niche are also emerging [21]. Patient 
MRI studies indicate changes in GBM metabolic states between primary and recurrent tumors that are linked to 
changes in the microenvironment [48]. An acidic extracellular pH is a pathological feature of the brain tumors 
microenvironment. The GSCs niche is particularly acidic due to the accumulation of acidosis products of the 
glycolytic metabolism. Acidic stress has been shown to support a GSC phenotype [49] and promote a 
mesenchymal differentiation of GSCs cultured under acidic conditions, leading to increased therapeutic 
resistance [50]. Further, an acidic pH increased VEGF expression thus supporting tumor progression in 
glioblastoma [51]. How crosstalk between CSCs and their niche affects CSC metabolism, and how this 
contributes to GBM progression and recurrence has yet to be resolved [52]. 
 Three characteristics of GBM contribute to tumor recurrence: firstly, the diffuse infiltration of these tumors 
prevents complete resection and therefore residual GBM cells remain after surgery. Secondly, therapy resistance 
enables some residual GBM cells to survive chemo- and radiotherapy. Thirdly, expansion of therapy refractory 
GBM cell clones results in tumor recurrence. Below, we will briefly discuss how these three characteristics are 
ingrained in GBM CSCs, and how tumor recurrence is connected to metabolic plasticity in these cells. 

 Studies have shown that migration and proliferation are inversely correlated in gliomas [53,54]. This has 
been termed the ‘go-or-grow hypothesis’ [55]. Using label-retention paradigms, we have demonstrated that 
slower proliferating GBM cells are indeed more invasive than more rapidly proliferating cells from the same 
patient-derived culture [22,56]. Slower proliferating GBM cells are also more capable of initiating tumor growth 
and are more resistant to chemotherapy [22,56]. Hence, these cells constitute a population of GBM CSCs. 
Similar metabolic gene expression profiles between recurrent patient tumors and slower proliferating GBM CSCs 
support that these cells may drive tumor recurrence [22]. A recent study profiling single cells from GBM patients 
by RNA-Seq identified divergent molecular signatures of invasive cells and the tumor mass, and that only 1.6% 
of infiltrating GBM cells were actively proliferating, compared to 7.7% of tumor core cells [57].  

 CSCs are more resistant to therapy and can subsequently give rise to larger clusters of expanding clones 
that constitute recurrent tumors [3,22,24,38,46,58,59]. In order to initiate recurrence, residual cancer cells need 
to propagate and generate sufficient progenies to produce a new tumor mass. GBM recurrences occur most 
frequently in close proximity to the resection cavity, but radical resection of the entire tumor-containing 
hemisphere also results in contralateral recurrence [60,61]. This indicates that locally invasive cells may 
proliferate in response to the trauma of debulking surgery, and thus generate a faster growing recurrence than 
more distant invasive cells. How proliferation is re-initiated in infiltrating GBM cells is unknown, but intravital 
imaging studies suggest this may occur in response to ‘injury’ to the tumor. In these studies, ablation of GBM 
cells resulted in increased proliferation of GBM CSCs connected through tumor microtubes [23,62]. GBM 
recurrence is a complex process driven by CSCs that are maintained by cell-intrinsic molecular alterations and 
metabolic adaptability to a changing tumor microenvironment (TME) [22,24,39]. How CSCs adapt to a changing 
TME over time and space as GBM progresses, is treated, and recurs is still obscure. The transcriptomes from 
recurrent GBM highlight different metabolic signatures than those from primary tumors [22]. This indicates that 
the tumor cells (or cell populations) driving recurrence are metabolically different to the cells driving the growth 
of the primary tumor. Whether this is a cell-autonomous feature, or whether this is caused by an adaptation of 
the tumor cells to TME changes caused by first line treatment remains to be determined. 
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Metabolic support of GBM CSCs:  

 According to the Warburg hypothesis [63], tumorigenesis is partly driven by an impairment of 
mitochondrial function and oxidative phosphorylation (OxPhos). These alterations result in the Warburg effect, 
which is characterized by cancer cells generating most of their energy from glucose fermentation, i.e. aerobic 
glycolysis, with a limited ability to perform nutrient oxidation [64]. This metabolic reprogramming is thought to be 
an adaptation mechanism of rapidly growing tumor cells to cover their increasing energy demands. Recent 
studies have demonstrated residual activity of mitochondrial function in GBM cells [65-67], suggesting that some 
of these cells might utilize mitochondrial OxPhos (Fig. 1). GBM CSCs display increased invasion, 
chemoresistance, and metabolic profiles that are different from non-stem GBM cell populations and engage 
metabolic pathways that overlap with those found in recurrent GBM [3,22]. Additionally, (epi)genetic changes in 
GBM reinforce metabolic reprogramming in these tumors (reviewed in [68-70]). This is particularly notable for 
IDH1-mutant tumors, where the oncometabolite 2-hydroxyglutarate inhibits chromatin remodeling and DNA 
methylation. In IDH1 wild type tumors, EGFR signaling has been shown to induce translocation of the metabolic 
enzyme PKM2 to the nucleus, where it causes histone acetylation and activation of oncogene expression [71]. 
Crosstalk between metabolites and epigenetic alterations is therefore a potential driver of stemness programs 

that enables GBM CSCs to maintain a higher degree of plasticity. For instance, higher α-ketoglutarate levels 

affect stem cell plasticity through promoting histone demethylation [72]. 
 Most studies investigating metabolism in GBM (and in solid tissue cancers in general) have focused on 
the tumor mass, showing a large dependency on aerobic glycolysis in cancer cells, also known as the Warburg 
effect. More recently, reports have recognized metabolic heterogeneity in GBM and other cancers (including 
melanoma, lung and pancreatic cancer) [22,66,73-75]). One report found that functional mitochondrial oxidative 
phosphorylation is maintained in GBM, suggesting that these tumors may not exclusively rely on aerobic 
glycolysis [66]. In line with these findings, we have recently shown that invasive GBM cells rely on different 
metabolic pathways than cells constituting the tumor mass [22]. Less invasive, mass forming GBM cells 
predominantly utilize glucose to meet their energy demands, whereas infiltrating GBM CSCs rely on oxidative 
phosphorylation and lipid metabolism. These findings further underline the functional divergence of tumor mass 
and infiltrating GBM cells. 

 In this context it is noteworthy that non-transformed, quiescent adult neural stem cells (NSCs) require 
high levels of fatty acid oxidation, and that activation of NSCs is accompanied by a metabolic switch to 
lipogenesis [76]. Similarly, in pluripotent stem cells, lipogenesis is necessary to maintain pluripotency [77]. 
Importantly, changes in availability of lipid metabolites (malonyl-CoA) are sufficient to convert quiescent NSCs 
into actively proliferating stem cells. GBM CSCs rely on fatty acid oxidation and oxidative phosphorylation and 
are slower dividing than their non-stem counterparts, which indicates that metabolic pathways between quiescent 
NSCs and GBM CSCs may be conserved [22,65,76,78]. A recent study by Duman and colleagues supports this 
notion, demonstrating that GBM cells require fatty acid oxidation to proliferate, which is dependent on acyl-CoA 
transport. Blocking acyl-CoA transport resulted in increased survival of tumor-bearing mice in this study [79]. Our 
study demonstrated that slower proliferating GBM CSCs contain increased numbers of mitochondria compared 
to non-stem cancer cells [22]. The contributions of mitochondria to the function of NSCs and neurogenesis are 
only just emerging (reviewed in [80]). 

 
Metabolic targeting in Glioblastoma (exploiting metabolic vulnerabilities) 
 Cancer cell plasticity, which is essentially the ability of tumor cells to adjust and adapt to a changing 
microenvironment, defines their survival and proliferation. For instance, the acquisition of a CSC phenotype was 
recently proposed to be phenotypic and inducible state which is acquired in response to environmental cues [30]. 
These cues consist of endogenous factors mainly the stromal cells and the metabolic environment in the brain 
[39] or exogenous factors such as therapeutic interventions (surgery, chemotherapy, radiation). Understanding 
tumor cell plasticity that allows GBM to adapt and proliferate in response to environmental pressure, including 
nutrients, acidity and hypoxia, is paramount for identifying metabolic vulnerabilities and therefore effective 
targeted therapies that could be integrated into traditional treatment modalities such as chemoradiation. 
 A highly heterogeneous genetic and phenotypic landscape in GBM, complicates treatment efforts and 
particularly those focused on targeting genetic drivers such as EGFR, PDGFR and others. One alternative 
strategy that is less explored in the clinic, is to target the altered metabolism of tumor cells. Fast proliferating 
tumor cells have an increased requirement for nutrients. Further, both rapidly dividing, and slow cycling brain 
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tumor cells need to adapt and survive environmental pressure in the brain, including scarce nutrients, acidity and 
hypoxia. Consequently, metabolic reprogramming, a defining feature in the genomic landscape of high-grade 
gliomas [81,82], is pivotal for allowing brain tumor cells to adapt and proliferate in their environment. While clearly 
advantageous to the tumor, such reprogramming does however create metabolic vulnerabilities that could be 
therapeutically explored. Overall there are four predominant strategies that could be employed to target tumor 
metabolism either by depleting extrinsic nutrients from the tumor milieu, preventing the uptake of extrinsic 
nutrients by tumor cells, blocking the biosynthesis of endogenous metabolites that are essential for cell signaling 
and tumor growth or promoting the toxic accumulation of intermediary metabolites (Fig. 2).   
 
Availability of extrinsic nutrients:  
 The availability of bioenergetic substrates, primarily glucose, glutamine, pyruvate, lactate and aspartate 
in the tumor environment can modulate metabolic activities in tumor cells thereby affecting ATP production, 
biosynthesis of macromolecules as well as the regulation of redox state [83,84]. An increased uptake of glucose 
and glutamine is a metabolic hallmark of cancer cells [85,86]. Solid tumors in general rely heavily on glycolysis 
rather than oxidative phosphorylation to generate ATP, which could be exploited to image brain tumors with 
radiolabeled [18F]deoxyglucose positron emission tomography (PET). Since GBM cells including GSCs can 
avidly take up glucose[87], it was proposed that reducing circulating glucose levels, which can be achieved 
through a ketogenic diet (KD), can impact GBM tumor growth and sensitize to conventional therapeutics [88]. 
Unlike GBM cells, normal brain cells are endowed with a metabolic flexibility which allows them to process ketone 
bodies when glucose is depleted [89]. Therefore, a KD would, in theory leave GBM tumors particularly vulnerable 
to hypoglycemia. It is worth noting that the core idea of GBM tumors being unable to process ketone bodies has 
been challenged in one study reporting that in two rodent glioma models, ketone bodies were oxidized by GBM 
cells and the normal brain at a similar rate [90]. Despite some preclinical evidence of enhanced therapeutic 
efficacy in animal models of glioma under KD [91-93,88], clinical studies available to date indicate a modest 
therapeutic efficacy when a KD is combined with other therapies in recurrent GBM [94]. The limited efficacy of 
such approaches may be explained by the metabolic heterogeneity and plasticity observed in these tumors, 
which contain cells (i.e. slow-cycling) maintaining functional and enhanced oxidative phosphorylation activities 
enabling metabolism of a variety of alternative nutrients such as fatty acid [22]. In another example, in the 
absence of glucose GBM cells can also rely of glutamine metabolism by increasing the activity of glutamate 
dehydrogenase (GDH) in order to sustain proliferation [95]. In fact, the combination of a calorie-restricted KD 
with a glutamine antagonist, 6-diazo-5-oxo-L-norleucine (DON), achieved a superior therapeutic effect in two 
murine GBM models [96]. Nevertheless, it is also possible that calorie-restriction in itself, regardless of the diet, 
could contribute to the observed prolonged survival as it has been previously shown [97,98]. Similarly, a 
combination of a KD with GDH inhibitors could be further explored. 
 While tumor cells generally scavenge nutrients from their environment in order to sustain their 
proliferation, the uptake of few extrinsic factors such as ascorbate can result in cancer-specific cytotoxicity in 
various tumor types including GBM [99]. GBM and non-small cell lung cancer (NSCLC) cells are particularly 
sensitive to high levels of ascorbate due to an altered redox-active iron metabolism which mediates toxicity and 
sensitizes to chemoradiation [99]. A high pharmacological dose of ascorbate in combination with radiation and 
temozolomide is currently being tested in a phase II clinical trial in GBM patients (NCT02344355). 
 
Uptake of extrinsic nutrients:  
 Although a substantial body of research in the cancer field in general, including in gliomas, has focused 
on actively targeting glycolysis, success has been fairly limited [83].  The glucose analog 2-deoxy glucose (2-
DG) competes with glucose uptake thus reducing glycolysis. However, clinical exposure to high levels 2-DG 
leads to significant toxicity albeit some tumor response, thus limiting its clinical use [83]. It was shown that GBM 
CSCs can compete for glucose uptake through an increased expression of the high affinity glucose transporter 
type 3 (Glut3) which is necessary for GBM CSCs proliferation and tumorigenicity [87]. Different GLUT inhibitors 
WZB117, indinavir and ritonavir showed some efficacy in limiting proliferation of cultured GBM and GBM CSCs, 
yet GLUT1 inhibition is less effective in glioma models [100-102] and is likely to cause systemic toxicity due to 
the ubiquitous expression of GLUT1. 
 Emerging evidence suggest that, in addition to glucose, other metabolic substrates such as acetate [67] 
and fatty acids [65,22], can also support glioma growth thus challenging the idea that restricting glucose uptake 
is sufficient to block tumor growth. For instance, NMR spectroscopy studies in brain tumor patients suggest that 
less than 50% of glucose is utilized for acetyl-CoA production [103]. Therefore, the ability of brain tumors to 
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scavenge nutrients from their environment warrants further investigation. Common lipids include fatty acids, the 
main component of most lipids, triglycerides, phospholipids and cholesterol. The brain is rich in lipids [104], 
therefore the crosstalk between normal brain structures, such as astrocytes or myelin sheaths and the tumor 
cells can affect brain tumor metabolism. For instance, polyunsaturated fatty acids released by astrocytes can 
activate peroxisome proliferator-activated receptor γ (PPARγ) in metastatic melanoma and breast cancer cells 
thus promoting brain metastasis [105]. Further, it is conceivable that elevated levels of circulating fatty acids 
could also support oncogenic signaling and GBM proliferation. While fatty acids are generally synthesized from 
excess glucose, they can also be actively taken up from the blood or endogenously synthesized through de novo 
fatty acids biosynthesis. Common dietary fatty acids, such as Palmitic Acid (PA; C16:0) which serves as a 
precursor to longer fatty acids, are capable of penetrating the blood-brain-barrier and can be rapidly taken up by 
the brain [106-111]. Further, systemically administered PA is taken up by GBM tumors and converted into lipid 
droplets in a patient-derived xenograft mouse model of GBM [112].  Although the mechanistic details of fatty 
acids uptake by brain tumors are poorly defined, several proteins involved in fatty acids cellular processing are 
upregulated in GBM. CD36 is a scavenger transmembrane protein which mediates fatty acids uptake, is 
particularly enriched in GSCs cultures and is necessary for GBM tumor initiation and progression [11]. Following 
their uptake, fatty acids are transported into different cell compartments through fatty acid binding proteins 
(FABP). FABP7 was found to be enriched in GBM CSCs and glioma slow-cycling cells [113] and its increased 
expression negatively correlates with glioma patient survival [22,114,115]. Further, FABP7 promotes proliferation 
and invasion in GBM [22,116,117]. In the absence of brain-penetrant inhibitors of proteins such as FABP7, CD36 
and others, it is unclear whether preventing fatty acids uptake or binding is a viable therapeutic option for brain 
tumors.  
 
Biosynthesis of endogenous metabolites:  
 Aberrant oncogenic pathways play a fundamental role in metabolic reprogramming of cancer cells. 
Exploiting unique metabolic dependencies rather than oncogenic drivers is an attractive therapeutic strategy that 
could potentially present new treatment options for brain tumors.  
 Increased lipid synthesis is one of the metabolic hallmarks of cancer [118], and indeed, fatty acids are 
particularly abundant in GBM [119-121]. Gliomas have increased levels of lipids and an upregulated lipid 
metabolism [121].  Guo et al. uncovered one of the key molecular mechanisms that promote lipid metabolism in 
GBM and showed that EGFR/PI3K/Akt signaling pathway, a major oncogenic driver in GBM, activates SREBP, 
a master transcriptional regulator of de novo lipid synthesis [122,123].  De novo synthesis of fatty acid is essential 
for membrane synthesis and lipid signaling molecules and therefore a limiting factor for cell proliferation. The 
therapeutic targeting of Fatty Acid Synthase (FASN) which catalyzes the synthesis of PA is currently being 
explored in a randomized phase 2 clinical trial in patients with recurrent high-grade astrocytoma using the FASN 
inhibitor TVB-2640 in combination with Bevacizumab (NCT03032484). The transcriptional activity of SREBP is 
also upregulated following lipid or oxygen retrieval in cultured GBM cells [124]. Further, SREBP-1 is activated 
under ER stress in GSCs and in turn promotes the expression of Stearoyl-CoA Desaturase 1 (SCD1) [112]. 
SCD1 is essential for regulating ER stress through the synthesis of unsaturated fatty acids.  Therefore, the 
dependence of GBM CSCs on fatty acid desaturation presents an exploitable vulnerability to target GBM. Indeed, 
we showed that a small molecule inhibitor of SCD1 can achieve a strong therapeutic effect in GBM xenograft 
mouse models [112]. Given the role of SCD1 is regulating ER stress and supporting self-renewal of GBM CSCs 
[112], its upregulation is also linked to therapeutic resistance to temozolomide in GBM [125]. 
 Fatty acids are catabolized by fatty acid oxidation (FAO; also referred to as β-oxidation). Inhibiting FAO 
with etomoxir in cultured glioma cells depletes NADPH levels and promote ROS-mediated cell death [126]. The 
therapeutic efficacy of etomoxir was also confirmed in a syngeneic mouse model of malignant glioma whereby 
animals treated with the FAO inhibitor exhibited prolonged survival [65]. While FAO inhibitors have not yet been 
tested in a clinical setting, efforts to measure FAO in glioma patients using 18F-FPIA [(18)F-fluoro-pivalic acid] 
PET/MRI are currently ongoing (NCT04097535). Fatty acids are first converted into acyl-CoA and subsequently 
oxidized into Acetyl-CoA. Acyl-CoA-binding protein (ACBP) which binds to acyl-CoAs (catalyzed into acetyl-CoA) 
was recently proposed as a druggable target in GBM due to its supporting role in FAO [79]. 
In addition to limiting glucose levels or blocking glucose uptake, one alternative therapeutic strategy to target 
glycolysis, is to activate pyruvate dehydrogenase (PDH) by targeting its molecular inhibitor, pyruvate 
dehydrogenase kinase (PDK). This could be achieved using the PDK inhibitor dichloroacetate (DCA) [127]. 
Another glycolysis inhibitor 3‐bromo‐2‐oxopropionate‐1‐propyl ester (3‐BrOP) was reported to effectively target 

GSCs particularly under hypoxic conditions [128]. 
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 Nicotinamide adenine dinucleotide (NAD+), a central enzyme in many cellular and biochemical processes 
is synthesized through the conversion of nicotinamide by Nicotinamide phosphoribosyltransferase (NAMPT) or 
through an alternate salvage pathway whereby Nicotinic acid is converted to NAD+ by phosphoribosyltransferase 
(Naprt1). Mutant IDH1 gliomas inhibit NAPRT activity and therefore rely primarily on NAMPT mediated synthesis 
of NAD+, which creates a particular vulnerability to NAD+ depletion achieved through NAMPT inhibitors [129].  
 Chromosomal deletions are the most frequent somatic genetic alteration in neoplastic cells such as 
malignant gliomas. Due to the chromosomal proximity of metabolic and tumor suppressor genes, these deletions 
generally lead to the inactivation of tumor suppressors, in few instances, they could also promote metabolic 
vulnerabilities. The glycolytic enzyme enolase is encoded by two redundant genes ENO1 and ENO2. The former 
resides on chromosome 1p36 locus (along with tumor suppressor genes) which is homozygously deleted in 1-
5% of GBM. Therefore, this subset of GBM tumors are particularly vulnerable to therapeutic targeting of ENO2 
[130]. Homozygous deletion of the chromosome 9p21 locus (harbors CDKN2A gene) is observed in over 50% 
of GBM. This chromosome locus also contains the gene encoding methylthioadenosine phosphorylase (MTAP) 
which metabolizes methylthioadenosine (MTA) to adenine and methionine. Loss of MTAP results in the 
accumulation of MTA which in turn inhibits the activity of protein arginine methyltransferase PRMT5 and renders 
MTAP-deficient cancer cells particularly vulnerable to inhibitors of PRMT5 [131,132]. 
 
Promoting the toxic accumulation of intermediary metabolites as a therapeutic intervention:  
 Targeting metabolic vulnerabilities and inhibiting the synthesis of metabolites that are limiting for glioma 
proliferation could be effective in limiting tumor growth. However, the development of compensatory metabolic 
networks to alternatively support tumor growth could limit therapeutic efficacy. One alternative treatment 
paradigm exploits the upregulated metabolic pathways in glioma in order to create metabolic imbalances and 
promote the toxic accumulation of intermediary metabolites. Identifying intermediary metabolites that promote 
cytotoxicity upon intracellular accumulation could offer new therapeutic avenues. For instance, by blocking the 
desaturase activity of SCD1, but not upstream enzymes involved in de novo fatty acid synthesis, leads to the 
toxic accumulation of saturated fatty acids in GBM CSCs [112].  
 Glioma cells residing in hypoxic niches, as well as rapidly dividing cells rely on glutathione synthesis in 
order to maintain redox homeostasis and counteract a heightened redox stress. Depleting intracellular 
glutathione levels leads to an upregulated ROS levels thus rendering tumor cells particularly vulnerable to 
oxidative or genotoxic stress. For instance, the ability of GBM to hijack glutamine could be hindered by 
glutaminase inhibitors such as CB-839 that effectively depletes glutamate and glutathione in IDH-mutant gliomas 
[133].  The combination of CB-839 with radiation and temozolomide is currently being tested in a phase 1b 
clinical trial in patients with IDH-mutant low-grade glioma (NCT03528642). An increased expression of the 
cystine/glutamate exchange transporter SLC7A11 (also known as xCT), essential for cystine uptake and 
glutathione synthesis, confers protection against oxidative stress in gliomas and other cancers [134]. Further, 
SLC7A11 is reportedly upregulated in EGFR amplified GBM [135] and supports EGFR-mediated tumorigenesis 
in EGFR amplified glioma [136]. Overall the ability of gliomas to increase glutathione synthesis serves as a 
defense mechanism against oxidative stress and aptly, the overexpression of SLC7A11 is associated with 
increased stem cell properties and chemoresistance in GBM [137]. While effective brain permeable inhibitors of 
glutathione metabolism are yet to be identified, effectively blocking glutathione metabolism creates a metabolic 
imbalance caused by ROS accumulation and therefore presents a vulnerability that could be targeted to increase 
oxidative stress and enhance the outcome of genotoxic glioma therapy. 

 
Metabolic interplay and communication in GBM microenvironment  
 As discussed above, GBM are metabolically dynamic entities that rewire and adapt their metabolic 
properties, which are controlled autonomously or regulated by the interactions of tumor cells with other cells in 
the microenvironment. It is now well recognized that GBM cell energetics strongly dictate the metabolic 
landscape of the tumor microenvironment supporting tumor development and growth. Consequently, fully 
understanding the complex metabolic interactions in GBM tumor microenvironment not only will provide critical 
insight into tumor progression, but also identify new therapeutically exploitable vulnerabilities.  
The tumor microenvironment is a complex network of diverse cellular compartments where tumor cells interact 
with a variety of non-neoplastic cells including immune cells, which represent key components of the tumor 
milieu. The metabolic specificities of GBM can determine fates and functions of neoplastic cells but also of 
immune cells creating specific niches, which play critical roles in anti-tumor responses, immunosuppression, 
tumor growth and response to treatment [138-141]. This section will focus on the immune microenvironment and 
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its metabolic features and interactions with GBM cells. GBM-infiltrating immune cells typically include 
macrophages, but also T lymphocytes (mostly CD4+, CD8+ and regulatory), natural killer (NK) cells, dendritic 
cells (DCs), myeloid-derived suppressor cells (MDSCs) and neutrophils [138,142-144]. Notwithstanding the 
presence of immune cells in GBM, the tumor microenvironment is globally immunosuppressive. Immune evasion 
and metabolic reprogramming are now well recognized hallmarks of cancer and are considered to be functionally 
linked. Multiple studies reported that immune cells also possess defined metabolic characteristics and 
requirements that regulate their immunological function and contribute to the overall tumor metabolic 
heterogeneity in GBM [145-149]. Below we will discuss the metabolic reprogramming that specifically regulate 
functions of tumor-associated immune cells and how these mechanisms may be modulated by the tumor 
metabolic activities thus contributing to disease progression.  
 
Regulation of the anti-tumor response by metabolic competition: 
 Histological infiltration of effector CD8+ T lymphocytes in GBM tumors has been well documented [150]. 
However, in order to be activated and exert their antitumor function, naïve T cells must undergo metabolic 
reprogramming shifting from oxidative mechanisms, which support immunosurveillance and quiescence, to 
aerobic glycolysis-based metabolism requiring massive increase in nutrient uptake such as glucose to support 
their rapid growth and cytotoxic function [151]. NK cells are highly effective cytotoxic lymphocytes in the innate 
immune response and are also involved in tumor killing processes via production of IFNg and cytotoxic molecules 
such as granzyme B. Similar to T cells, NK cells rely mainly on oxidative phosphorylation under resting conditions 
but undergo metabolic shift increasing glycolytic flux upon prolonged activation [152]. Neutrophils that can exhibit 
an anti-tumor effect [153] are also strongly committed to glycolysis controlling their functionality [154,155]. 
Despite the presence of these cytotoxic immune cells in the tumor microenvironment of GBM, the overall immune 
response is inefficient. This is due in part to the suppressive action of glioma-produced cytokines, but also to the 
specific metabolic activities of tumor cells. Tumor glycolytic activity has been associated with poor prognostic 
and restricted tumor infiltration and activation of T cells [156]. Indeed, high glycolytic activities of GBM cells 
coupled with inconsistent vasculature within the tumor mass can engender nutrient depletion for immune cells 
impairing their tumoricidal function. Additionally, tumor metabolism generates metabolic byproducts such as 
lactate, which can be toxic for tumor targeting immune cells.  
 Dendritic cells are professional antigen-presenting cells involved in T cell activation, however they can 
also promote immune tolerance specifically when in the tumor microenvironment where they have been reported 
to exhibit impaired ability to trigger response and promote immunosuppression [157-159]. Though the precise 
mechanisms underlying the impaired function of tumor associated DCs are not well understood, it has been 
suggested that metabolic regulation might be implicated [160-162]. The glycolytic pathway is a key metabolic 
regulator of DCs, with increased glycolysis being necessary for early activation and survival [163]. A recent study 
showed that rapidly growing cancer cells can impose accumulation of adenosine promoting oxidative 
phosphorylation and decrease of glycolysis in DCs, thereby contributing to their tolerigenic state [160]. Abnormal 
fatty acid accumulation via activation of lipid biosynthetic and uptake pathways has also been observed in tumor 
associated DCs, further speculating the role of metabolism in promoting their immunosuppressive properties 
[164-166].  
 Overall, GBM cells show capacities to shape their environmental surroundings imposing metabolic 
stresses and challenges for protective immune cells, resulting in immune escape and promoting disease 
progression. 
 
Pro-tumorigenic metabolic processes: 
 MDSCs are one of the most abundantly recruited and expanded myeloid lineage cells in the GBM 
microenvironment and are defined by their potent immunosuppressive properties on antigen-activated CD8+ T 
cells and NK cells [167,168]. Their suppressive activities mainly result from their metabolic characteristics and 
involve amino acid metabolism and oxidative stress [168]. MDSCs can deplete L-arginine, L-cysteine or 
tryptophan, amino acids that are essential for T cell activation and expansion [169-173]. Tryptophan can also 
induce the expansion of immunosuppressive regulatory T cells [172,173]. MDSCs’ metabolism induces the 
production of reactive oxygen species which are toxic to T cells, therfore inhibiting their activation and 
proliferation [168]. Enhanced tricarboxylic acid (TCA) activity and fatty acid oxidation have been noted and 
demonstrated to regulate the suppressive properties of tumor infiltrative MDSCs [174]. This suggests a 
potentially reduced sensitivity of MDSCs to tumor-imposed glucose restriction with maintenance of their 
immunosuppressive function while under metabolically challenging conditions. Regulatory T cells (Treg) also 
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appear tolerant to tumor-imposed glucose competition, as they mainly rely on fatty acid oxidation rather than 
glycolysis facilitating survival and immunosuppressive effect [175,176]. Importantly, hypoxia and metabolic 
waste such as lactate or kynurenine secreted by tumor and other stromal cells promote Treg phenotypic 
expansion and immunosuppressive action via PD-L1 induction [177,178].   
 By far the most dominant tumor immune infiltrates within GBM are macrophages, which are functionally 
and phenotypically plastic [179]. Macrophages exhibit multi-dimensional activation states integrating 
environmental signals in a stimulus-specific fashion producing various functional outcomes. Classically activated 
pro-inflammatory macrophages (M1) promote anti-tumoral responses, whereas immunoregulatory (M2) 
macrophages are pro-tumorigenic [179]. Polarization status of macrophages is associated with distinct metabolic 
pathways. Pro-Inflammatory macrophages engage in glycolysis whereas the M2 immunosuppressive phenotype 
is associated with increased oxidative phosphorylation [180-182]. Lactate has been shown to polarize 
macrophages to an immunosuppressive and tumor-promoting state [183]. The active TCA cycle in these 
macrophages is supported by glutamine metabolism but also lipid metabolism [184]. Upregulation of fatty acid 
uptake, fatty acid synthase and oxidation via lysosomal lipolysis is essential for M2 activation and 
immunosuppression [185,186]. It also worth noting that GBM tumors also contain macrophages with mixed state 
that reside between classical M1/M2 polarization [187]. 
 Together, these observations demonstrate the changes that take place in the microenvironment of GBM 
and the mechanisms of immunometabolic dysregulation linked to cancer cell metabolism, immunosuppression 
and tumor growth.  
 
Metabolic support from the tumor microenvironment:  
 GBM cells metabolically evolve and adapt as tumor progresses. This may reflect an evolutionary 
advantage giving rise to metabolic heterogeneity. This heterogeneity generates a diversity of metabolic niches 
marked by specific cellular composition and heterotopic metabolic communications across cell types. The studies 
discussed above emphasize how glioma metabolism can shape the tumor microenvironment; however, this 
hetero-cellular metabolic remodeling can be multi-directional where the tumor microenvironment also affects 
tumor cell behavior and metabolic fitness and adaptability. Several examples illustrate how proliferating cancer 
cells take advantage of their surroundings to satisfy their metabolic requirements. Metabolic coupling between 
tumor cells and stromal/immune cells can be essential for cancer growth via providing critical signals and 
nutrients. Such metabolic interactions have been described in multiple cancers. For instance, the non-neoplastic 
compartment secretes alanine, which support metabolic activities of pancreatic cancer cells [188]. In another 
example, fatty acids released by adipocytes provide necessary substrates supporting the metabolism of 
metastatic ovarian cancer cells [189]. This hetero-cellular metabolic symbiosis has been described in pancreatic 
and prostate cancers with cancer-associated fibroblasts (CAFs) secreting exosomes containing nutrient cargoes 
including a variety of fatty acid, amino acid and TCA metabolites [190,191]. Symbiotic transfer of entire organelles 
has also been reported with the transfer of mitochondria from stromal cells to lung cancer cells [192]. Such 
metabolic interconnections in GBM have yet to be evidently defined and remain to be further investigated and 
understood. For example, learning more about the metabolic interactions between glioma cells and 
macrophages would be critical. Macrophages are the most represented tumor infiltrating cells and demonstrate 
metabolic adjustments, such as enhanced fatty acid biosynthesis and trafficking [184], which may participate in 
regulating the metabolism of glioma cells, especially treatment-resistant slow-cycling CSCs, which were shown 
to rely on lipid metabolism [56,22].  
 Despite some overlap in metabolic requirements between GBM cells and immune infiltrates, which 
represent a potential therapeutic challenge, targeting key immune-tumor cell metabolic interdependencies may 
reveal lethal vulnerabilities holding great therapeutic promises. Will the targeting of this hetero-cellular metabolic 
relationships provide viable targets with tractable therapeutic window remains to be demonstrated? Treatment 
modalities should be finely tuned and consider the symbiotic or competitive nature of these interactions between 
tumor cells and supportive or suppressive immune populations. 
 Cancer initiation and progression as well as treatment resistance are not exclusively dependent on 
intrinsic properties of the cancer cells but rather rely on the contribution of a multitude of cellular and molecular 
components creating a complex tumor microenvironment. GBM cells manipulate and shape their 
microenvironment and can for example, affect immune cells metabolism leading to anergy or death of anti-tumor 
immune cells and stimulation of immunosuppressive phenotype further supporting tumor growth. However 
stromal/immune cells are also pivotal in the maintenance of the network that feeds and sustains glioma cells, 
undoubtedly essential for tumor initiation and progression. Undermining this equilibrium may define novel 
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therapeutic approaches. However, even though much progress has been made in unraveling the metabolic 
characteristic of GBM and its microenvironment(s), there is much to be determined about metabolic 
communications and dependencies and how these vulnerabilities can be exploited and translated into viable 
therapeutic strategies.  
 
Concluding remarks 
 The GBM TME is extremely complex and heterogeneous with a diversity of neoplastic and non-neoplastic 
cells exhibiting specific metabolic needs and regulation and defining anatomical compartments or niches. The 
nature of these niches constantly evolves and can be influenced by (epi)genetic alterations, anti-cancer 
treatments or additional extrinsic factors such as oxygen or nutrients availability (Fig. 3). All these interconnected 
factors shaping the TME regulate tumor initiation, progression, treatment response and disease recurrence. 
 This review specifically underlines the complexity and diversity of cancer metabolism in GBM and 
examines how understanding metabolic heterogeneity is essential to the development of applicable and efficient 
metabolism-based therapeutic modalities.  
 Genetic aberrations, which are fundamental drivers of tumorigenesis in GBM, are also associated with 
metabolic adaptations allowing cancer cells to survive and proliferate in varied tumor microenvironments. This 
metabolic flexibility drives heterogeneity in cancer metabolism. One point that was not specifically discussed in 
this review and that should be taken into account when studying metabolic heterogeneity are the metabolic 
changes in respect to the different molecular subtypes of GBM that have been associated with distinct 
microenvironment also marked by specific immune constituents and metabolism [82,81,19,193,17,77,194,195].  
 It is also important to note the challenges in drawing conclusions on cancer metabolism when cells are 
studied under conditions that do not mimic the tumor environment, including for example high level of nutrients 
like glucose, high O2 concentration, controlled pH and utilization of serum. Models need to be improved to better 
recapitulate the metabolic restraints of the tumor microenvironment. Ameliorating our analytical toolbox will 
enable us to probe deeper into our investigations of tumor metabolism and increase our understanding of the 
multi-faceted metabolic dependencies in GBM. 
 Targeting the altered metabolism in malignant brain tumors provides exciting and promising avenues to 
tackle this morbid and incurable disease.  A new arsenal of therapeutics that engage metabolic vulnerabilities 
could be effective especially if integrated into traditional treatment modalities such as DNA damaging 
interventions or immunotherapy. Yet, there are several challenges that remain to be addressed and thoroughly 
investigated. An increased understanding of the brain tumor microenvironment, as well as genetic alterations 
that promotes an altered metabolism in brain tumors will certainly guide effective therapeutic strategies.  Further, 
a better understanding of tumor cell plasticity as well as various metabolic switches and rewiring of metabolic 
pathways which allow to bypass the inhibited pathways, would certainly help thwart therapeutic resistance. 
Identifying metabolic inhibitors that effectively penetrate brain tumors without eliciting systemic toxicity is 
paramount for their clinical application. High degree of heterogeneity in genetic alterations identified in cancer 
represents a major contributor of treatment resistance, however limiting treatment design and clinical decision-
making strictly on genome-based tumor characterization holds inherent limitations to prevent outgrowth of 
resistant cancer cell populations and improve patient outcome. Current metabolism-based experimental 
therapies, which are predominantly based on the existence of oncogenic alterations, have not translated into 
compelling clinical results. Metabolic synthetic lethality has emerged as an alternative concept of metabolic 
targeting of cancer that appears to be more challenging than originally anticipated [196,197]. Since tumor 
metabolic alterations and (epi)genetic alterations are interactional, identifying metabolism-related synthetic 
lethality may help overcome resistance to therapies based on tumor cell genetic alterations. For example, lysyl 
oxidase (LOX) has been identified as potential metabolic synthetic lethal interactor in PTEN-deficient GBM as 
LOX inhibition impairs tumor growth by limiting the expression of SPP1 by tumor associated macrophages [198]. 
Additionally, characterizing and understanding the adaptive tumor landscape’s characteristics, marked by 
specific criteria such as oxygen availability, nutrient deprivation, pH status may help overcoming these 
limitations. Indeed, the TME can impose selection forces generating a metabolic heterogeneity and promoting 
emergence and/or acquisition of phenotypic attributes contributing to treatment resistance, disease progression 
and recurrence regardless of tumor cell genetic alterations [197]. Metabolic heterogeneity offers tumor cells 
adaptive mechanisms to face their hostile and very competitive environment and escape therapy. The role of the 
intimate interplay between tumor metabolism and therapy resistance begins to be appreciated however it 
remains to be fully understood. Development of relevant patient-based (pre)clinical models integrating genetic 
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drivers, cell lineage of origin, types of therapy, niche specificities and metabolism is absolutely required to 
accurately explore and understand cancer cell metabolic vulnerabilities and enhance drug response.  
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Figure Legend 
 
Figure 1: Metabolic differences between cancer stem cells and non-stem cancer cells. Increased 
mitochondrial activity in GBM CSCs results in increased oxidative phosphorylation, leading to elevated oxidative 
stress from reactive oxygen species that promote genomic alterations and instability that ultimately lead to clonal 
heterogeneity. Increased fatty acid oxidation is linked to the relative proliferative quiescence of GBM CSCs. 

Other metabolites, such as the levels of α-ketoglutarate and 2-hydroxyglutarate promote epigenetic alterations 

that contribute to stem cell maintenance. By contrast, non-stem cancer cells primarily depend on aerobic 
glycolysis that results in the Warburg effect and drives increased proliferation in these cells. 
 
Figure 2: Therapeutic strategies to target brain tumors’ metabolism. Metabolic targeting in brain tumors can 
be divided into four major strategies: depletion of extrinsic nutrients from the tumor milieu, blocking the uptake 
of extrinsic nutrients by tumor cells, inhibiting the biosynthesis of essential endogenous metabolites, or promoting 
the toxic accumulation of intermediary metabolites.   
 
Figure 3: Features of the tumor microenvironment in glioblastoma contributing to tumor initiation, 
progression and recurrence. The composition and regulation of the tumor microenvironment is dependent on 
multiple interconnected factors including in a non-hierarchical order metabolism, therapies, niches, cell types, 
(epi)genetic alterations and additional extrinsic effectors such as nutrients, oxygen (O2), pH and apoptosis.  
 
 


