
part of

to provide energy and biomolecules regard-
less of the availability of oxygen. This shift 
toward increased glycolytic flux and away 
from the tricarboxylic acid cycle and oxi-
dative phosphorylation occurs very early 
in tumorigenesis, prior to hypoxia while 
the tumor has sufficient oxygen. Since 
Warburg’s discovery, metabolism has 
been of interest in the cancer field, but 
it often seemed overshadowed by dis-
coveries of oncogenes, tumor suppressor 
genes, growth factor pathways, molecular 
subtypes of cancers and so on. There is a 
resurgence of interest in metabolism as a 
central theme in cancer, and we continue 
to find that metabolic pathways intersect 
and often regulate key components of 
tumor initiation, progression and therapy 
response [6,7]. Thus, it has been suggested 
that one promising therapeutic strategy is 
to exploit the metabolic dysregulation seen 
in virtually all tumor cells.

We now know that cancer metabo-
lism is much more complex than just a 
higher rate of glycolysis. Mitochondrial 
bio genesis is also altered, and the cancer 
cell’s fate becomes reliant on the balance 
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EDITORIAL

“...it has been suggested that 
one promising therapeutic 
strategy is to exploit the 

metabolic dysregulation seen in 
virtually all tumor cells.”

Malignant brain tumors are nearly uni-
formly fatal due, in part, to the limitations 
of currently available treatments, which 
include surgery, chemotherapy and radio-
therapy. It is of paramount importance 
that new therapeutic strategies are devel-
oped, especially those that can enhance 
the efficacy of current treatments without 
damaging normal brain. Advances in our 
understanding of the molecular biology 
of this disease have led to an increase in 
the number of targeted therapies in pre-
clinical and clinical trials [1–3], and while 
these therapies may prove somewhat effec-
tive, there has been little improvement in 
overall survival [4]. This is due, in part, 
to the intrinsic cellular heterogeneity of 
these tumors that often precludes the tar-
geted molecules from being found on all 
cells, thus reducing the efficacy of these 
treatments. By contrast, one trait shared 
by virtually all tumor cells is altered 
metabolism.

Otto Warburg first described what we 
now call aerobic glycolysis or the ‘Warburg 
Effect’ in 1924 [5]. The Warburg Effect 
describes the tumor cell’s use of glycolysis 
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between the availability of energy, sufficient 
macromolecular synthesis for increased growth, 
and the modulation of reactive oxygen species. 
Many pathways long known to be associated 
with tumor cell growth, escape from apoptosis 
and therapy resistance have now been linked to 
cellular metabolism, including well-known key 
players such as the TP53 tumor suppressor gene, 
PI3K signaling pathway, AKT, mTOR, HIF-1, 
EGFR and the transcription factor MYC [8]. For 
example, p53 is a tumor suppressor encoded by 
TP53, which is frequently mutated in cancer. 
p53 promotes a variety of cellular responses to 
hypoxia, DNA damage and oncogene activation; 
however, recently it has been found to regulate 
glycolysis and assist in maintaining mitochon-
drial integrity [9]. The overactivation of the stress 
responsive PI3K/AKT signaling pathway, typi-
cal in many cancers, has also been implicated in 
metabolism and was shown to result in rapid 
tumor cell death under conditions of low glu-
cose [8]. These connections suggest that targeting 
metabolic changes can and should be considered 
in the context of other, more classic therapeutic 
targets. 

One approach to using metabolism as a therapy 
is to target altered metabolism as a front-line ther-
apy. Metformin, a therapy for diabetes mellitus, 
and the analog phenformin are becoming a focus 
in the cancer metabolism research community 
owing to their antitumor activity in a variety of 
in vitro and in vivo cancer models, including brain 
tumors [10]. They are thought to act by suppress-
ing glucose production by the liver via AMPK 
and mTOR. Although results with these agents 
have been mostly positive, recent work suggests 
that metformin treatment accelerated the growth 
in BRAF-mutant melanoma cells, underscoring 
the importance of taking the tumor genetics into 
account when testing the efficacy of pluripotent 
treatments such as metabolic alteration [11]. 
Another agent being considered to reduce glu-
cose availability is 2DG, which acts as a potent 
glycolytic inhibitor and mimics a fasting state in 
the cell. Although it has shown positive antitumor 
effects, its potential toxicity is of concern.

A nonpharmaceutical method to restrict glu-
cose availability is through caloric restriction. 
Seyfried et al. have demonstrated that caloric 
restriction resulted in decreased blood glucose, 
increased survival and reduced tumor vascula-
ture, highlighting a link between metabolism and 
tumor angiogenesis [12]. Currently, bevacizumab, 
a monoclonal antibody targeting VEGF, remains 

the only US FDA-approved molecular drug for 
use in glioblastoma multiforme, but this drug 
often results in adverse effects and only a limited 
improvement in survival [13]. If caloric restriction 
could be used to provide a less toxic way to limit 
VEGF activity it may mimic the beneficial effects 
of bevacizumab with fewer side effects. 

While the aforementioned approaches have 
shown some utility, particularly in rodent mod-
els, metabolic alteration may have even greater 
potential as an adjuvant to current treatment 
modalities. This potential is highlighted in the 
link between metabolic pathways and oxidative 
stress. Genome-wide analyses of gliomas led to 
the important discovery of mutations in the meta-
bolic enzymes IDH1 and IDH2. This mutation 
is thought to occur relatively early during glioma-
genesis and is found in low-grade astrocytomas, 
oligodendrogliomas, mixed oligoastrocytomas 
and secondary glioblastoma multiforme. IDH 
normally couples the reverse reaction of isocitrate 
to a-ketoglutarate and NADP+ to NADPH; how-
ever, mutated IDH loses this activity and leads to 
a reduction in NADPH, which functions in the 
antioxidant defence against reactive oxygen spe-
cies by maintaining glutathione in a reduced state 
[14]. This alteration of the cell’s antioxidant system 
may explain why the IDH mutation correlates 
with improved prognosis and enhanced response 
to radiation and chemo therapeutic agents includ-
ing temozolomide and VEGF receptor targets 
[15,16]. Thus, mutated IDH is a target of interest for 
the pharmaceutical community. Similarly, HK2 
and PFK1 are important metabolic enzymes that 
are linked to the cell’s oxidative state and involved 
with the cell’s increased glycolytic flux [8]. Both 
enzymes are upregulated by HIF-1, a transcription 
factor that is upregulated in response to hypoxia 
and other forms of oxidative stress. Both HK2 
and PFK1 inhibitors are currently being explored 
as combination therapies and may act in synergy 
with treatments that exploit the oxidative environ-
ment such as radiation; however, their affects on 
normal cells remain unknown [8].

The ketogenic diet
The ketogenic diet (KD) is a medically regi-
mented, high-fat low-protein/carbohydrate diet 
used to treat refractory pediatric epilepsy. It simu-
lates fasting, thus increasing ketones in the blood, 
leading to high rates of fatty acid oxidation and an 
increase in the production of acetyl-CoA. When 
the amount of acetyl-CoA exceeds the capacity 
of the tricarboxylic acid cycle to utilize it, there is 
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an increase in the production of the ketone bodies 
b-hydroxybutyrate and acetoacetate, which can be 
used as an energy source in the brain. The neuro-
protective effects of a KD on the brain have led 
to interest in using it for the treatment of a host of 
neurological disorders, including Alzheimer’s dis-
ease, traumatic brain injury, amyotrophic lateral 
sclerosis and CNS tumors. 

Studies in a number of rodent models of malig-
nant brain tumors have shown that the KD inhib-
its the growth of these tumors and extends survival 
[12,17,18]. Perhaps most exciting are the demonstra-
tions that increasing blood ketones affects a num-
ber of tumor-related gene networks, and that the 
effects are different in tumor cells than they are 
in the contralateral nontumor containing brain. 
This includes alteration in the expression of genes 
involved in the cellular response to oxidative stress 
in tumor tissue, leading to a reduction in reac-
tive oxygen species. Additional changes in gene 
expression suggest that the KD may inhibit IGF, 
PDGF and EGFR signaling pathways [19]. Gene 
expression changes in the tumor were not the same 
as those in the nontumor-containing contralateral 
side of the brain. This allows for the hypothesis 
that the neuroprotective activity of blood ketones 
may also function to reduce the deleterious side 
effect of cranial radiation on normal brain. This 
is supported by the recent publication of Lee et al., 
which showed that fasting – which elevates blood 
ketones – may promote the protection of normal 
tissue from the toxicity associated with radiation 
and chemotherapy [20].

Conclusion
While the mechanisms through which the KD, 
caloric restriction and other potential metabolic 

therapies are not completely understood, the ani-
mal model data strongly suggest that metabolic 
alteration may be a highly effective adjuvant to 
the current standard of care for malignant brain 
tumors. This suggests a number of avenues for 
further research such as:

 � Can we mimic the effects of some current 
chemotherapies using metabolic alteration?

 � Will the use of metabolic alteration provide 
an effective way to reduce the confounding 
effects of tumor heterogeneity?

 � Can metabolic therapies help to reduce the 
 deleterious side effects of current therapies?

 � Can the use of standard therapies be aug-
mented by altering the cancer’s intrinsic 
c ellular metabolism? 

These and other questions can only be 
answered using carefully constructed clinical 
trials that include metabolic alteration. Thus, 
while these complex metabolic changes add 
more pieces to the cancer puzzle, they also pro-
vide pathways full of important insight and 
ample opportunity to enhance the way CNS 
tumors are treated. 
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