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Abstract 

Advances in our understanding of glioma biology has led to an increase in targeted 

therapies in preclinical and clinical trials; however, cellular heterogeneity often precludes the 

targeted molecules from being found on all glioma cells, thus reducing the efficacy of these 

treatments. In contrast, one trait shared by virtually all tumor cells is altered (dysregulated) 

metabolism. Tumor cells have an increased reliance on glucose, suggesting that treatments 

affecting cellular metabolism may be an effective method to improve current therapies. Indeed, 

metabolism has been a focus of cancer research in the last few years, as many pathways long 

associated with tumor growth have been found to intersect metabolic pathways in the cell. The 

ketogenic diet (high fat, low carbohydrate and protein), caloric restriction, and fasting all cause a 

metabolic change – specifically, a reduction in blood glucose and an increase in blood ketones. 

We, and others, have demonstrated that these metabolic changes improve survival in animal 

models of malignant gliomas and can potentiate the anti-tumor effect of chemotherapies and 

radiation treatment. In this review we discuss the use of metabolic alteration for the treatment of 

malignant brain tumors. 

 

Key words: metabolism, cancer, brain tumor, ketones, therapy, caloric restriction, glioblastoma 

multiforme, glucose, Warburg Effect 
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Brain Tumors: 

 

 Glioblastoma multiforme (GBM), the most aggressive type of brain tumor, represents 

one of the greatest challenges in the management of cancer patients worldwide. Despite 

aggressive surgery followed by radiation and chemotherapy, patients with newly diagnosed 

GBM have an average life expectancy of 12-18 months and less than 10% survive 5 years (1, 

2). Brain tumors are highly infiltrative, and surgery rarely removes all tumor cells, particularly 

from eloquent areas of the brain. Further, while radiation and chemotherapy can kill most of the 

remaining tumor cells, those that survive typically regrow. Thus, these tumors often recur within 

2 years of their original diagnosis and in the same general area as the primary tumor. The 

proximity of the recurrent tumor to the primary tumor often precludes the use of additional 

standard radiation therapy because of toxicity concerns (3). Once a GBM recurs following 

chemotherapy with temozolomide (TMZ), there are few additional chemotherapeutic agents with 

demonstrated efficacy for these tumors. The identification of new therapeutic targets for 

malignant gliomas has focused on molecular targets, often those found through global analyses 

done by The Cancer Genome Atlas consortium (4) and other groups (5-8). This work 

demonstrated that there are approximately four molecular subtypes of GBMs based on genetic 

aberrations, gene expression profiling and protein expression. One ultimate goal of these 

studies is the identification of therapeutic targets and a better understanding of how to 

determine the best patients for these specific targeted agents (9). However, solid tumors are 

heterogeneous, and these targets are typically not found on all cells in a tumor. The failure to 

successfully manage primary GBM and its recurrence remains a major challenge, and advances 

in survival and quality of life rely on new therapeutic approaches. 

 

Tumor Metabolism: 

 

Cancer cells must meet the demands of rapid proliferation, thus cellular energy 

metabolism is one of the main processes affected during the transition from normal to cancer 

cells. Otto Warburg first described this shift in what we now call aerobic glycolysis or the 

“Warburg Effect” in 1924 (10, 11). The Warburg Effect describes the tumor cell’s use of 

glycolysis to provide energy and biomolecules regardless of the availability of oxygen. Under 

adequate oxygenation, normal cells rely on mitochondrial oxidative phosphorylation to generate 

ATP and switch to the less favorable anaerobic pathway of glycolysis when exposed to hypoxia. 

However, many types of cancer cells survive and proliferate by generating ATP via glycolysis 
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rather than oxidative phosphorylation even when oxygenated; a process that occurs very early 

in tumorigenesis, prior to hypoxia (12). We now know that cancer metabolism is much more 

complex than just a higher rate of glycolysis. Mitochondrial biogenesis is also altered, and the 

cancer cell’s fate becomes reliant on the balance between the availability of energy, sufficient 

macromolecular synthesis for increased growth, and the modulation of reactive oxygen species 

(ROS)(13, 14). 

Since Warburg’s discovery, metabolism has been of interest in the cancer field, but it 

often seemed overshadowed by discoveries of oncogenes, tumor suppressor genes, growth 

factor pathways, molecular subtypes of cancers, etc. 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 (15, 16). Many pathways long known to be associated with tumor cell growth, escape 

from apoptosis, aggressive blood vessel formation (angiogenesis) and therapy resistance have 

now been linked to cellular metabolism (17). 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 mitochondrial integrity (18). The overactivation of the stress 

responsive PI3K/AKT signaling pathway, typical in many cancers, has also been closely linked 

to metabolism and under low glucose conditions results in rapid tumor cell death (17, 19, 20). 

Hypoxia, a common occurrence in the tumor microenvironment, induces hypoxia inducible 

factor 1 (HIF-1), which regulates the uptake of glucose and the expression of a number of genes 

involved in glycolysis and energy metabolism (21). Myc, an oncogene long known to be involved 

in malignant cell transformation has also been shown to play a role in metabolic regulation, 

particularly in response to changes in the tumor microenvironment (22). These connections, and 

others, suggest that targeting metabolic changes can and should be considered in the context of 

other, more classic therapeutic targets.  

  

The Ketogenic Diet (KD) 

 

The ketogenic diet (KD) is a medically regimented, high-fat low protein/carbohydrate diet 

used to treat refractory pediatric epilepsy (23, 24). It simulates fasting, thus increasing ketones 

and decreasing glucose 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 an increase in the production of the ketone 
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bodies β hydroxybutyrate (βHB) and acetoacetate (ACA) which can be used as an energy 

source in the brain (25-28). While the mechanisms are not fully understood, the neuroprotective 

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 disease, traumatic brain injury and amyotrophic 

lateral sclerosis (29, 30). 

It has been postulated that the KD may be useful in exploiting tumor metabolism and the 

Warburg Effect. Unlike normal brain cells, many tumor cells cannot utilize ketones effectively 

due to their various genetic and mitochondrial defects, and must rely on glucose as their primary 

energy source (14, 31-36). Ketone bodies may also be toxic to some human tumor cells (37-39). 

So by reducing the glucose availability to cancer cells and providing ketones as an alternative 

energy source for normal cells, the KD may offer an approach to targeting the Warburg Effect in 

highly glycolytic tumors, such as malignant gliomas. However, as we have learned primarily 

from the epilepsy literature, the action of the KD is more complex and its anti-tumor actions are 

likely to extend beyond the effects of reduced blood glucose. For example, the KD has been 

shown to reduce reactive oxygen species (ROS) production in the brain (23, 40). ROS are multi-

faceted effector molecules involved in numerous cellular pathways, including those regulating 

autophagic/apoptotic responses to genotoxic stress, inflammation, hypoxia and nutrient 

deprivation. Cancer cells often have increased levels of ROS (41) and they have been 

implicated in angiogenesis induction and tumor growth through the regulation of vascular 

endothelial growth factor (VEGF) and HIF-1 (42).  

 

The KD and Caloric Restriction in Preclinical Studies   

 

Early attempts to use metabolism as a therapeutic target often focused on caloric 

restriction (CR). In 1914, Payton Rous was the first to suggest that restricted food intake 

reduced tumor growth by reducing the tumor blood supply (43). More recently it has been 

suggested that CR reduces growth and angiogenic biomarker expression in prostate cancer and 

breast cancer (44-47). The combination of caloric restriction and the ketogenic diet (restricted 

ketogenic diet; RKD) has also been studied as a cancer therapy. The anti-proliferative and anti-

angiogenic effects of CR and the RKD have been substantiated in a number of studies using 

experimental mouse and human brain tumor models (14, 32, 48-51). Angiogenesis is currently a 

therapeutic target for the treatment of gliomas, and bevacizumab, a monoclonal antibody 

targeting the proangiogenic factor, vascular endothelial growth factor (VEGF), is the only FDA-

approved molecular drug for use in glioblastomas multiforme (GBMs). Unfortunately, this drug 
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often results in adverse effects and only a limited improvement in survival (52). If metabolic 

therapy 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.  

Tumors not only stimulate rapid angiogenesis but these blood vessels often develop 

immaturely and become very leaky (53). This can lead to an increased influx of inflammatory 

cells and signaling that can actually perpetuate tumor growth and damage surrounding normal 

tissue. A byproduct of this inflammation is the buildup of fluid around the tumor, or peritumoral 

edema, which is a frequent cause of morbidity and mortality in patients with gliomas. 

Dexamethasone is the current treatment of choice for peritumoral inflammation and edema, yet 

it comes with adverse side effects such as hyperglycemia, cardiovascular effects, osteoporosis, 

weight gain, insomnia, infection and cognitive effects which ultimately reduce the quality of life 

for patients (54, 55). Evidence suggests that CR and the RKD alters inflammatory pathways, 

normalizes vasculature and may reduce peritumoral edema. In a mouse astrocytoma model, CR 

reduced expression of pro-inflammatory markers, cyclooxygenase-2 (COX-2), nuclear factor 

kappa B (NF-κB) and macrophage inflammatory protein (MIP-2) (56). Seyfried and colleagues 

recently showed that CR promoted vessel maturation by preventing vascular VEGF signaling in 

the CT-2A mouse astrocytoma model (57)  Further, a recent study in  the U87 human glioma 

model showed that CR normalized a variety of factors involved in tumor vessel instability and 

leakiness, including VEGF, and showed a reduction of peritumoral edema (51).  

While CR and RKD can easily be administered in animal models of malignant tumors 

and there is anecdotal evidence and a few case reports of efficacy in humans, there has been 

resistance in the medical community to use CR for cancer patients. An alternative strategy is the 

unrestricted KD (UKD) which has a long safety record for the treatment of pediatric epilepsy and 

may be easier for patients to maintain (58). Thus, this approach may meet with less resistance 

from the clinical community. In the case of the UKD, “unrestricted” is something of a misnomer, 

as caloric sources and overall caloric intake are carefully monitored by a registered dietician to 

attain appropriate ketone and glucose levels.   

Recent studies have shown that an unrestricted ketogenic diet (UKD) also causes a 

reduction in blood glucose, an elevation of blood ketones and extends life in an 

immunocompetent  mouse model of malignant glioma (59, 60). In the GL261 mouse glioma 

model, the UKD decreased tumor vasculature, reduced peritumoral edema, and altered the 

expression of genes involved in angiogenesis (Woolf et al., manuscript in preparation), 

paralleling the CR results mentioned above. Results also demonstrated that increasing blood 

ketones affects a number of tumor-related gene networks. This includes alteration in the 
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expression of genes involved in the cellular response to oxidative stress in tumor tissue, notably 

COX-2, leading to a reduction in reactive oxygen species (ROS) (59). A separate study using 

the same model found that the UKD plus radiation therapy also reduced expression of both 

COX-2 and Nf-κB while reducing the production of ROS (61). Additional changes in gene 

expression suggest that the UKD may inhibit insulin-like growth factor (IGF-1), platelet-derived 

growth factor (PDGF) and epidermal growth factor receptor (EGFR) signaling pathways (39) as 

has been shown in various CR and RKD studies (49, 51, 57). 

The KD not only targets specific aspects of tumor biology as described above, but may 

also exert a global effect on the aberrant genetic landscape found in tumors. We have used 

cDNA Array technology to demonstrate that overall gene expression in tumor from animals fed 

the UKD was shifted more towards the gene expression found in non-tumor containing tissue 

from animals fed either the UKD or standard diet (59). While the mechanism(s) through which 

this global shift in gene expression as a result of the UKD is not known, one hypothesis is that 

the UKD may be altering the tumor epigenome. The epigenome describes the collection of 

abnormal, heritable changes in gene activity that are not caused by changes in the DNA 

sequence (62). These modifications include chromatin remodeling, histone modifications, DNA 

methylation, and microRNA pathways; all of which have now been linked to metabolism in many 

cancers, including brain tumors (63, 64). Epigenetic changes in cancer are now being looked at 

as potential therapeutic targets. New therapies such as histone deacytelase (HDAC) inhibitors 

are actively being tested for their ability to reverse the abnormal gene expression patterns 

inherent to the cancer epigenome and for their ability to enhance other anti-tumor therapies (65, 

66). A recent study suggests that β-hydroxybutyrate (βHB), the major ketone that is increased in 

the blood in animals and patients on the UKD can alter the epigenetic landscape in mammalian 

cells by inhibiting HDAC (67). Another study showed that the UKD reversed the major 

epigenetic modifications found in the brains of epileptic rats (68). While the effect of the KD on 

tumor epigenetics has yet to be studied directly, evidence warrants further exploration. 

KD as an Adjuvant Therapy 

 

While the studies described above show that the KD and/or CR provides various anti-

tumor benefits on their own, evidence suggests that they may also enhance other therapies for 

brain tumors by either protecting normal tissue, working in synergy with other treatments, or 

both. Gene expression changes in the tumors from animals fed the UKD were not the same as 

those in the non-tumor containing contralateral side of the brain (39, 59). This allows for the 
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hypothesis that the neuro-protective activity of blood ketones may also function to reduce the 

deleterious side effect of cranial radiation on normal brain. A recent publication showed that 

fasting, which elevates blood ketones, not only sensitizes many types of cancer cells to 

standard therapies but may promote the protection of normal tissue from the toxicity associated 

with radiation and chemotherapy (69). 

As an adjuvant to radiation and chemotherapy, the UKD has demonstrated a large 

synergistic effect. The UKD greatly enhanced survival in a mouse model of glioma when 

combined with TMZ when compared to either treatment alone (70). In addition, a separate study 

showed that 9 out of 11 animals maintained on the UKD and treated with radiation had complete 

and sustained remission of their implanted tumors, even after being switched back to a standard 

rodent diet (60). Another recent study found that combining the KD with radiation and 

chemotherapy resulted in decreased tumor growth rate and increased survival in a lung cancer 

xenograft model (71). Studies also show that CR and fasting may act in synergy with other anti-

cancer therapeutics (69, 72-75).  

It has been suggested that the KD and/or caloric restriction may be more effective in 

combination with other agents targeting metabolism and specifically glucose. It has been shown 

that a RKD given in combination with the glycolysis inhibitor, 2-deoxy-D-glucose (2DG), reduced 

the growth of a mouse CT-2A astrocytoma to a greater extent than either therapy administered 

alone (76). Metformin, a therapy for diabetes mellitus, and the analog phenformin are becoming 

a focus in the cancer metabolism research community due to their antitumor activity in a variety 

of in vitro and in vivo cancer models, including brain tumors (77); however they have not been 

investigated in combination with CR or the KD. Hyperbaric oxygen is another experimental anti-

cancer therapy that works by reversing tumor hypoxia, which can contribute to a tumor’s 

dependence on glycolysis (78) and it has recently been demonstrated that the UKD showed a 

synergistic effect when used with hyperbaric oxygen therapy, prolonging survival in a mouse 

model of metastatic cancer over either therapy alone (79). 

 

KD In Humans 

 

The first use of the KD for the treatment of human malignant brain tumors was in 1995 

by Nebeling and colleagues. The patients in this study were two female children diagnosed with 

nonresectable advanced stage brain tumors (anaplastic astrocytoma stage IV and cerebellar 

astrocytoma stage III), both of which had undergone extensive radiation and chemotherapy. The 

goal of the study was to determine if dietary induced ketosis could decrease the availability of 
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glucose to disrupt tumor metabolism while maintaining the nutritional status of the patients. Both 

children responded remarkably well to the KD, showing a reduction in glucose uptake and 

experiencing long-term tumor management (80). 

In 2010, researchers in Italy published a case report on 65-year-old female patient with 

multicentric glioblastoma multiforme (GBM) that was treated with a restricted calorie ketogenic 

diet (RKD) during standard radiation and chemotherapy. The patient followed the 4:1 (ratio of 

fats:carbohydrate plus protein) ketogenic diet restricted to 600kcal/day which resulted in 

reduced levels of blood glucose and elevated levels of urinary ketones. After two months on the 

diet, the patient's body weight was reduced by about 20%, however most importantly; no 

observable brain tumor was detected using either Fluorodeoxyglucose Positron Emission 

Tomography (FDG-PET) or magnetic resonance imaging (MRI). Ten weeks after stopping the 

diet, the tumor recurred and CPT11 (Irinotecan) and bevacizumab chemotherapy was initiated 

(81). The patient succumbed to her disease less than 2 years after diagnosis. Nevertheless, this 

work demonstrated that the RKD could be tolerated in a brain tumor patient, at least for a short 

period of time, and it appeared to have some efficacy. In 2011, German researchers evaluated 

the restricted-calorie KD in 16 subjects with various types of advanced cancers who had 

exhausted all therapeutic options. This pilot trial showed that the KD did not cause any severe 

side effects or changes in cholesterol or blood lipids. Of the 16 subjects, 5 were able to 

complete the 3-month treatment period and none of these patients experienced further tumor 

progression while on the diet (82). Two of the 11 remaining patients died early following the 

beginning of the trial, one was unable to tolerate the diet and dropped out immediately, 2 

patients dropped out for personal reasons, one was unable to continue the diet for more than a 

month and 3 had disease progression within less than 2 months of starting the diet and one 

dropped out to resume chemotherapy. On the whole, this pilot study demonstrated that the KD 

could be tolerated in some patients with advanced disease and it appeared to be beneficial in 5 

of the 16 subjects; however, the overall results were hard to interpret based on the variety and 

severity of disease in the enrolled patients.  

More recently, a number of prospective clinical trials have been initiated. A study in 

Germany is evaluating the efficacy of a calorie-restricted ketogenic diet and transient fasting 

during re-irradiation for patients with recurrent GBM (NCT01754350). Michigan State University 

is directing a similar trial evaluating a calorie-restricted KD for the management of recurrent 

GBM (NCT01535911). A third pilot study is evaluating the KD as adjunctive treatment in 

refractory/end-stage GBM (NCT01865162). The goals for all of these studies are to obtain data 

on the safety, efficacy and tolerability of the KD as an adjunctive therapy for patients with GBM. 
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The only study using the KD as an up-front, concurrent therapy has recently been 

approved and is now open for enrollment at St. Joseph’s Hospital and Medical Center and 

Barrow Neurological Institute in Phoenix, Arizona (ClinicalTrials.gov identifier pending). This trial 

for patients with primary GBM will evaluate the classic 4:1 ketogenic diet therapy during 

radiation treatment and concurrent temozolomide followed by the modified Atkins Diet (1:1 

fat:carbohydrate plus protein) during temozolomide treatment. 

While the KD holds promise as an anti-cancer therapy, clinical utilization is not without 

its challenges. More data is needed to define the optimum “therapeutic range” for blood glucose 

and ketone levels, and to determine if varying formulations of the KD would be more effective in 

different individuals. Further studies are also needed to determine the necessary duration and 

long term effects of the KD. A limited number of papers suggest that long term use of the UKD 

may in fact have deleterious effects including glucose intolerance in rats (83-85). However, it 

should be noted that the composition of the diet is critical, and the ongoing support of a 

registered dietician well versed in its use can reduce the likelihood of adverse effects in 

humans. In addition, the medical community must be educated on the therapeutic value of 

metabolic alteration as an adjuvant therapy, even if it results in a small amount of healthy weight 

loss, since the current dogma is to avoid weight loss in patients undergoing chemotherapy for 

fear of increased fatigue and further decline in overall patient health. In fact, it has been 

suggested that a high fat diet may even reduce cachexic weight loss, a source of reduced 

overall health in cancer patients (86). As with any clinical decision, implementation of therapy 

must be guided by the assessment of the patient’s individual situation, which should include 

nutritional status. Quality of life is also a concern as this type of nutritional therapy requires 

discipline, motivation and careful guidance by a registered dietician experienced in 

implementing the KD. Compliance can be made more difficult by the use of steroids (prescribed 

for peritumoral edema) that often increase hunger and raise blood glucose levels. Despite these 

caveats, the existing preclinical data suggesting anti-tumor efficacy and a synergistic effect with 

standard therapies provides a strong impetus to conduct controlled clinical trials, particularly 

those that will shed light on the interactions between the KD and other therapies. 

 

Conclusions 

 

The anti-tumor mechanisms through which the ketogenic diet, caloric restriction (and 

intermittent fasting) and other potential metabolic therapies act are not completely understood; 

however, the animal model data strongly suggest that metabolic alteration may be a highly 

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


11 
 

effective therapy as well as a potent adjuvant to the current standard of care for malignant brain 

tumors. The KD and/or CR are the only therapeutic approaches that simultaneously target 

multiple hallmarks of cancer such as energy metabolism, angiogenesis, and inflammation. This 

suggests a number of avenues for further research such as: (i) Can we mimic the effects of 

some current chemotherapies using metabolic alteration; (ii) will the use of the KD provide an 

effective way to reduce the confounding effects of tumor heterogeneity by targeting the 

abnormal metabolic processes underlying brain tumors and many other cancers; (iii) can the 

neuro-protective actions of metabolic therapies that increase blood ketones help reduce the 

deleterious side effects of current therapies and (iv) can the use of standard therapies be 

augmented by altering the cancer’s intrinsically aberrant cellular metabolism? These and other 

questions can only be answered using carefully constructed clinical trials that include metabolic 

alteration. Our increased understanding of metabolism as both a driving hallmark of cancer and 

an important therapeutic strategy provides important insight and suggest the KD may be an 

effective way to enhance the way brain tumors are treated.  

  

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


12 
 

 

Reference List 

 

 (1)  Bloch O, Han SJ, Cha S, Sun MZ, Aghi MK, McDermott MW, et al. Impact of extent of resection 

for recurrent glioblastoma on overall survival: clinical article. J Neurosurg 2012;117:1032-8. 

 (2)  Anton K, Baehring JM, Mayer T. Glioblastoma multiforme: overview of current treatment and 

future perspectives. Hematol Oncol Clin North Am 2012;26:825-53. 

 (3)  Weller M, Stupp R, Hegi M, Wick W. Individualized targeted therapy for glioblastoma: fact or 

fiction? Cancer J 2012;18:40-4. 

 (4)  The Cancer Genome Atlas Research Group. Comprehensive genomic characterization defines 

human glioblastoma genes and core pathways. Nature 2008;455:1061-8. 

 (5)  Brennan C. Genomic profiles of glioma. Curr Neurol Neurosci Rep 2011;11:291-7. 

 (6)  Brennan C, Momota H, Hambardzumyan D, Ozawa T, Tandon A, Pedraza A, et al. Glioblastoma 

subclasses can be defined by activity among signal transduction pathways and associated 

genomic alterations. PLoS ONE 2009;4:e7752. 

 (7)  Lee Y, Scheck AC, Cloughesy TF, Lai A, Dong J, Farooqi HK, et al. Gene expression analysis of 

glioblastomas identifies the major molecular basis for the prognostic benefit of younger age. 

BMC Med Genomics 2008;1:52.:52. 

 (8)  Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, et al. Integrated genomic 

analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities 

in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010;17:98-110. 

 (9)  Masui K, Cloughesy TF, Mischel PS. Review: molecular pathology in adult high-grade gliomas: 

from molecular diagnostics to target therapies. Neuropathol Appl Neurobiol 2012;38:271-91. 

 (10)  Warburg O. On the origin of cancer cells. Science 1956;123:309-14. 

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


13 
 

 (11)  Warburg O, Wind F, Negelein E. THE METABOLISM OF TUMORS IN THE BODY. J Gen Physiol 

1927;8:519-30. 

 (12)  Ward PS, Thompson CB. Metabolic reprogramming: A cancer hallmark even Warburg did not 

anticipate. Cancer Cell 2012;21:297-308. 

 (13)  Mischel PS. HOT models in flux: mitochondrial glucose oxidation fuels glioblastoma growth. 

Cell Metab 2012;15:789-90. 

 (14)  Seyfried TN, Kiebish MA, Marsh J, Shelton LM, Huysentruyt LC, Mukherjee P. Metabolic 

management of brain cancer. Biochim Biophys Acta 2011;1807:577-94. 

 (15)  Wolf A, Agnihotri S, Guha A. Targeting metabolic remodeling in glioblastoma multiforme. 

Oncotarget 2010;1:552-62. 

 (16)  Nijsten MW, van Dam GM. Hypothesis: using the Warburg effect against cancer by reducing 

glucose and providing lactate. Med Hypotheses 2009;73:48-51. 

 (17)  Marie SK, Shinjo SM. Metabolism and brain cancer. Clinics (Sao Paulo) 2011;66 Suppl 1:33-

43.:33-43. 

 (18)  Puzio-Kuter AM. The Role of p53 in Metabolic Regulation. Genes Cancer 2011;2:385-91. 

 (19)  Robey RB, Hay N. Is Akt the "Warburg kinase"?-Akt-energy metabolism interactions and 

oncogenesis. Semin Cancer Biol 2009;19:25-31. 

 (20)  Yang C, Sudderth J, Dang T, Bachoo RG, McDonald JG, DeBerardinis RJ. Glioblastoma cells 

require glutamate dehydrogenase to survive impairments of glucose metabolism or Akt 

signaling. Cancer Res 2009;69:7986-93. 

 (21)  Semenza GL. Regulation of cancer cell metabolism by hypoxia-inducible factor 1. Semin Cancer 

Biol 2009;19:12-6. 

 (22)  Yeung SJ, Pan J, Lee MH. Roles of p53, MYC and HIF-1 in regulating glycolysis - the seventh 

hallmark of cancer. Cell Mol Life Sci 2008;65:3981-99. 

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


14 
 

 (23)  Kim DY, Rho JM. The ketogenic diet and epilepsy. Curr Opin Clin Nutr Metab Care 

2008;11:113-20. 

 (24)  Cross JH. New research with diets and epilepsy. J Child Neurol 2013;28:970-4. 

 (25)  Morris AAM. Cerebral ketone body metabolism. Journal of Inherited Metabolic Diseases 

2005;28:109-21. 

 (26)  Cahill GF, Jr., Veech RL. Ketoacids? Good medicine? Trans Am Clin Climatol Assoc 

2003;114:149-61. 

 (27)  Vanitallie TB, Nufert TH. Ketones: metabolism's ugly duckling. Nutr Rev 2003;61:327-41. 

 (28)  Veech RL, Chance B, Kashiwaya Y, Lardy HA, Cahill GF, Jr. Ketone bodies, potential therapeutic 

uses. IUBMB Life 2001;51:241-7. 

 (29)  Stafstrom CE, Rho JM. The ketogenic diet as a treatment paradigm for diverse neurological 

disorders. Front Pharmacol 2012;3:59. Epub@2012 Apr 9.:59. 

 (30)  Maalouf M, Rho JM, Mattson MP. The neuroprotective properties of calorie restriction, the 

ketogenic diet, and ketone bodies. Brain Res Rev 2009;59:293-315. 

 (31)  Maurer GD, Brucker DP, Bahr O, Harter PN, Hattingen E, Walenta S, et al. Differential 

utilization of ketone bodies by neurons and glioma cell lines: a rationale for ketogenic diet as 

experimental glioma therapy. BMC Cancer 2011;11:315:315. 

 (32)  Zhou W, Mukherjee P, Kiebish MA, Markis WT, Mantis JG, Seyfried TN. The calorically 

restricted ketogenic diet, an effective alternative therapy for malignant brain cancer. Nutr 

Metab (Lond) 2007;4:5:5. 

 (33)  Seyfried TN, Mukherjee P. Targeting energy metabolism in brain cancer: review and 

hypothesis. Nutrition and Metabolism 2005;2:30-8. 

 (34)  Tisdale MJ, Brennan RA. Loss of acetoacetate coenzyme A transferase activity in tumours of 

peripheral tissues. Br J Cancer 1983;47:293-7. 

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


15 
 

 (35)  Fredericks M, Ramsey RB. 3-Oxo acid coenzyme A transferase activity in brain and tumors of 

the nervous system. J Neurochem 1978;31:1529-31. 

 (36)  Seyfried TN. Cancer as a metabolic disease: on the origin, management and prevention of 

cancer. Hoboken, NJ: John Wiley and Sons, Inc.; 2012. 

 (37)  Magee BA, Potezny N, Rofe AM, Conyers RA. The inhibition of malignant cell growth by ketone 

bodies. Aust J Exp Biol Med Sci 1979;57:529-39. 

 (38)  Skinner R, Trujillo A, Ma X, Beierle EA. Ketone bodies inhibit the viability of human 

neuroblastoma cells. J Pediatr Surg 2009;44:212-6. 

 (39)  Scheck AC, Abdelwahab MG, Fenton K, Stafford P. The ketogenic diet for the treatment of 

glioma: Insights from genetic profiling. Epilepsy Research 2012;100:327-37. 

 (40)  Maalouf M, Sullivan PG, Davis L, Kim DY, Rho JM. Ketones inhibit mitochondrial production of 

reactive oxygen species production following glutamate excitotoxicity by increasing NADH 

oxidation. Neuroscience 2007;145:256-64. 

 (41)  Fruehauf JP, Meyskens FL, Jr. Reactive oxygen species: a breath of life or death? Clin Cancer 

Res 2007;13:789-94. 

 (42)  Weinberg F, Chandel NS. Reactive oxygen species-dependent signaling regulates cancer. Cell 

Mol Life Sci 2009;66:3663-73. 

 (43)  Rous P. THE INFLUENCE OF DIET ON TRANSPLANTED AND SPONTANEOUS MOUSE TUMORS. J 

Exp Med 1914;20:433-51. 

 (44)  Mukherjee P, Sotnikov AV, Mangian HJ, Zhou JR, Visek WJ, Clinton SK. Energy intake and 

prostate tumor growth, angiogenesis, and vascular endothelial growth factor expression. J 

Natl Cancer Inst 1999;91:512-23. 

 (45)  De Lorenzo MS, Baljinnyam E, Vatner DE, Abarzua P, Vatner SF, Rabson AB. Caloric restriction 

reduces growth of mammary tumors and metastases. Carcinogenesis 2011;32:1381-7. 

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


16 
 

 (46)  Phoenix KN, Vumbaca F, Fox MM, Evans R, Claffey KP. Dietary energy availability affects 

primary and metastatic breast cancer and metformin efficacy. Breast Cancer Res Treat 

2010;123:333-44. 

 (47)  Thompson HJ, McGinley JN, Spoelstra NS, Jiang W, Zhu Z, Wolfe P. Effect of dietary energy 

restriction on vascular density during mammary carcinogenesis. Cancer Res 2004;64:5643-50. 

 (48)  Mukherjee P, El-Abbadi MM, Kasperzyk JL, Ranes MK, Seyfried TN. Dietary restriction reduces 

angiogenesis and growth in an orthotopic mouse brain tumour model. Br J Cancer 

2002;86:1615-21. 

 (49)  Mukherjee P, Abate LE, Seyfried TN. Antiangiogenic and proapoptotic effects of dietary 

restriction on experimental mouse and human brain tumors. Clin Cancer Res 2004;10:5622-9. 

 (50)  Shelton LM, Huysentruyt LC, Mukherjee P, Seyfried TN. Calorie restriction as an anti-invasive 

therapy for malignant brain cancer in the VM mouse. ASN Neuro 2010;2:e00038. 

 (51)  Jiang YS, Wang FR. Caloric restriction reduces edema and prolongs survival in a mouse glioma 

model. J Neurooncol 2013;114:25-32. 

 (52)  Patel M, Vogelbaum MA, Barnett GH, Jalali R, Ahluwalia MS. Molecular targeted therapy in 

recurrent glioblastoma: current challenges and future directions. Expert Opin Investig Drugs 

2012. 

 (53)  El-Kenawi AE, El-Remessy AB. Angiogenesis Inhibitors in Cancer Therapy: Mechanistic 

perspective on classification and treatment rationales. Br J Pharmacol 2013. 

 (54)  de GJ, Reardon DA, Batchelor TT. Antiangiogenic therapy for glioblastoma. Am Soc Clin Oncol 

Educ Book 2013;2013:71-8. 

 (55)  Rutz HP, Herr I. Glucocorticoid administration in antiemetic therapy: Is it safe? Cancer 

2005;103:2656-7. 

 (56)  Mulrooney TJ, Marsh J, Urits I, Seyfried TN, Mukherjee P. Influence of caloric restriction on 

constitutive expression of NF-kappaB in an experimental mouse astrocytoma. PLoS ONE 

2011;6:e18085. 

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


17 
 

 (57)  Urits I, Mukherjee P, Meidenbauer J, Seyfried TN. Dietary restriction promotes vessel 

maturation in a mouse astrocytoma. J Oncol 2012;2012:264039. 

 (58)  Kossoff EH, Wang HS. Dietary therapies for epilepsy. Biomed J 2013;36:2-8. 

 (59)  Stafford P, Abdelwahab MG, Kim DY, Preul MC, Rho JM, Scheck AC. The ketogenic diet 

reverses gene expression patterns and reduces reactive oxygen species levels when used as an 

adjuvant therapy for glioma. Nutr Metab (Lond) 2010;7:74. 

 (60)  Abdelwahab MG, Fenton KE, Preul MC, Rho JM, Lynch A, Stafford P, et al. The ketogenic diet is 

an effective adjuvant to radiation therapy for the treatment of malignant glioma. PLoS ONE 

2012;7:e36197. 

 (61)  Woolf EC, Stafford P, Abdelwahab MG, Fenton KE, Preul MC, Scheck AC. The ketogenic diet 

potentiates radiation therapy in a mouse model of glioma: effects on inflammatory pathways 

and reactive oxygen species. Cancer Research 73[8 Supplement 1], 4441. 4-13-2013.  

 (62)  Baylin SB, Jones PA. A decade of exploring the cancer epigenome - biological and translational 

implications. Nat Rev Cancer 2011;11:726-34. 

 (63)  Venneti S, Thompson CB. Metabolic modulation of epigenetics in gliomas. Brain Pathol 

2013;23:217-21. 

 (64)  Yun J, Johnson JL, Hanigan CL, Locasale JW. Interactions between epigenetics and metabolism 

in cancers. Front Oncol 2012;2:163. 

 (65)  Qureshi IA, Mehler MF. Developing epigenetic diagnostics and therapeutics for brain 

disorders. Trends Mol Med 2013;19:732-41. 

 (66)  Azad N, Zahnow CA, Rudin CM, Baylin SB. The future of epigenetic therapy in solid tumours--

lessons from the past. Nat Rev Clin Oncol 2013;10:256-66. 

 (67)  Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le MN, et al. Suppression of oxidative 

stress by beta-hydroxybutyrate, an endogenous histone deacetylase inhibitor. Science 

2013;339:211-4. 

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


18 
 

 (68)  Kobow K, Kaspi A, Harikrishnan KN, Kiese K, Ziemann M, Khurana I, et al. Deep sequencing 

reveals increased DNA methylation in chronic rat epilepsy. Acta Neuropathol 2013;126:741-

56. 

 (69)  Lee C, Raffaghello L, Brandhorst S, Safdie FM, Bianchi G, Martin-Montalvo A, et al. Fasting 

cycles retard growth of tumors and sensitize a range of cancer cell types to chemotherapy. Sci 

Transl Med 2012;4:124ra27. 

 (70)  Scheck AC, Abdelwahab MG, Stafford P, Kim DY, Iwai S, Preul MC, et al. Mechanistic studies of 

the ketogenic diet as an adjuvant therapy for malignant gliomas. Cancer Research 70[8 

Supplement], 638. 1-10-2011.  

 

 (71)  Allen BG, Bhatia SK, Buatti JM, Brandt KE, Lindholm KE, Button AM, et al. Ketogenic Diets 

Enhance Oxidative Stress and Radio-Chemo-Therapy Responses in Lung Cancer Xenografts. 

Clin Cancer Res 2013. 

 (72)  Raffaghello L, Lee C, Safdie FM, Wei M, Madia F, Bianchi G, et al. Starvation-dependent 

differential stress resistance protects normal but not cancer cells against high-dose 

chemotherapy. Proc Natl Acad Sci U S A 2008;105:8215-20. 

 (73)  Lee C, Safdie FM, Raffaghello L, Wei M, Madia F, Parrella E, et al. Reduced levels of IGF-I 

mediate differential protection of normal and cancer cells in response to fasting and improve 

chemotherapeutic index. Cancer Res 2010;70:1564-72. 

 (74)  Seyfried TN, Marsh J, Shelton LM, Huysentruyt LC, Mukherjee P. Is the restricted ketogenic 

diet a viable alternative to the standard of care for managing malignant brain cancer? Epilepsy 

Res 2012;100:310-26. 

 (75)  Safdie F, Brandhorst S, Wei M, Wang W, Lee C, Hwang S, et al. Fasting enhances the response 

of glioma to chemo- and radiotherapy. PLoS ONE 2012;7:e44603. 

 (76)  Marsh J, Mukherjee P, Seyfried TN. Drug/diet synergy for managing malignant astrocytoma in 

mice: 2-deoxy-D-glucose and the restricted ketogenic diet. Nutrition and Metabolism 

2008;5:33. 

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


19 
 

 (77)  Aldea M, Tomuleasa C, Petrushev B, Susman S, Kacso GI, Irimie A, et al. Antidiabetic 

pharmacology: a link between metabolic syndrome and neuro-oncology? J BUON 

2011;16:409-13. 

 (78)  Kohshi K, Beppu T, Tanaka K, Ogawa K, Inoue O, Kukita I, et al. Potential roles of hyperbaric 

oxygenation in the treatments of brain tumors. Undersea Hyperb Med 2013;40:351-62. 

 (79)  Poff AM, Ari C, Seyfried TN, D'Agostino DP. The ketogenic diet and hyperbaric oxygen therapy 

prolong survival in mice with systemic metastatic cancer. PLoS ONE 2013;8:e65522. 

 (80)  Nebeling LC, Miraldi F, Shurin SB, Lerner E. Effects of a ketogenic diet on tumor metabolism 

and nutritional status in pediatric oncology patients: two case reports. J Am Coll Nutr 

1995;14:202-8. 

 (81)  Zuccoli G, Marcello N, Pisanello A, Servadei F, Vaccaro S, Mukherjee P, et al. Metabolic 

management of glioblastoma multiforme using standard therapy together with a restricted 

ketogenic diet: Case Report. Nutrition and Metabolism 2010;7:33-53. 

 (82)  Schmidt M, Pfetzer N, Schwab M, Strauss I, Kammerer U. Effects of a ketogenic diet on the 

quality of life in 16 patients with advanced cancer: A pilot trial. Nutr Metab (Lond) 2011;8:54. 

 (83)  Bielohuby M, Sisley S, Sandoval D, Herbach N, Zengin A, Fischereder M, et al. Impaired glucose 

tolerance in rats fed low-carbohydrate, high-fat diets. Am J Physiol Endocrinol Metab 

2013;305:E1059-E1070. 

 (84)  Ellenbroek JH, van DL, Tons HA, Rabelink TJ, Carlotti F, Ballieux BE, et al. Long-term ketogenic 

diet causes glucose intolerance and reduced beta and alpha cell mass but no weight loss in 

mice. Am J Physiol Endocrinol Metab 2014. 

 (85)  Coppola G, Natale F, Torino A, Capasso R, D'Aniello A, Pironti E, et al. The impact of the 

ketogenic diet on arterial morphology and endothelial function in children and young adults 

with epilepsy: A case-control study. Seizure 2013. 

 (86)  Tisdale MJ, Brennan RA, Fearon KC. Reduction of weight loss and tumour size in a cachexia 

model by a high fat diet. Br J Cancer 1987;56:39-43. 

  

 by guest, on N
ovem

ber 12, 2014
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

