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Glioblastoma Multiforme (GBM)

The KD was introduced as an alternative to fasting for the long-term

Glioblastoma multiforme (GBM) is considered the most malignant of

management of seizures in humans.35,37 The efficacy of the classic KD is

primary brain cancers with only about 12% of patients living beyond 36

optimal when the ratio of dietary fats to combined carbohydrate/protein

months (long-term survivors).

1,2

is 4:1.38 This requires careful attention to diet calculations. Although the

GBM is heterogeneous in cellular

composition consisting of tumor stem cells, mesenchymal cells, and host

safety profile of the KD is favorable when compared to many anti-seizure

stromal cells.

drugs, adverse effects have been reported in a few patients and a

3-6

In addition to the neoplastic cell populations, tumor-

physician’s supervision is often necessary while implementing the KD.25,39

associated macrophages/monocytes (TAM) also comprise a significant
cell population in GBM sometimes equaling the number of tumor cells.

Importantly, the KD is also gaining recognition as a potential therapy for a

TAM indirectly contribute to tumor progression through release of

host of other neurological and neurodegenerative diseases including

pro-inflammatory and pro-angiogenic factors.

Alzheimer’s disease, Parkinson’s disease, traumatic brain injury, and

7-12

8,10,12,13

It is often difficult to

determine with certainty whether cells with macrophage characteristics

stroke.25,40-42 When administered in restricted amounts, which do not

are part of the stroma or are part of the neoplastic cell population.

exceed the individual’s total energy needs, the KD can also be therapeutic

Many of the neoplastic cells in GBM invade through the neural

against malignant brain tumors in mice and humans.18,19,24,43 Before

parenchyma well beyond the main tumor mass making complete surgical

discussing the role of the restricted ketogenic diet (RKD) as a new

resections exceedingly rare.

treatment strategy for GBM, it would be useful to briefly review

14

15,16

Our goal is to review information on the

current status of care for GBM and to provide information on how the

information on the current status of treatment for this disease.

restricted ketogenic diet (RKD) might serve as an effective alternative to
the current standard of care for controlling growth and enhancing

Standard of Care for Glioblastoma Multiforme

survival in patients with GBM. The therapeutic and health benefits of the

The current standard of care for GBM includes maximum surgical resection,

KD are realized when the diet is consumed in reduced or restricted

radiation therapy, and chemotherapy.1,44 Many GBM patients also receive

amounts. Much of the information in this review was compiled from our

perioperative corticosteroids (dexamethasone) as part of the conventional

previous papers and reviews on this subject.

treatment, which is often extended throughout the course of the

10,17-24

disease.10,45,46 Despite the best available treatment, prognosis is poor for

Ketogenic Diet and Calorie Restriction

most patients with GBM.2,47-49 Indeed, there have been no major advances

The high fat, low carbohydrate ketogenic diet (KD) has long been

in GBM management for over 50 years, though use of temozolomide

recognized as an effective non-toxic therapy for reducing epileptic

(Temodar) has produced marginal improvement in survival.1,47

seizures in children.25 The mechanisms by which the KD manages seizures
are linked to shifts in brain energy metabolism.26-28 Glucose is the sole

We recently described how the current standard of care for GBM and

metabolic fuel used for nearly all brain functions under normal

other high-grade brain tumors could actually accelerate tumor growth

physiological conditions, but the brain will metabolize ketone bodies for

thereby decreasing the probability of long-term patient survival.10,50 This

energy when access to glucose is limited, as would occur during

prediction was based on new information regarding tumor energy

water-only therapeutic fasting in humans or during calorie restriction in

metabolism. It is now recognized that glucose and glutamine are the

mice.

prime metabolic fuels for driving the growth of malignant tumors

29

30-34

It has long been known that water-only fasting or calorie

restriction is effective in managing epilepsy in humans and mice.

28,35,36

including brain tumors.18,22,51-54 Indeed, some glioma cells can become
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dependent on glutamine for survival.55 Ready access to glucose and

fuels tumor cell glycolysis as well as serving as a precursor for glutamate

glutamine will accelerate tumor growth thus enhancing the probability of

synthesis.19,21,29,64 Glycolysis is a major energy pathway in malignant

recurrence and reduced progression free survival.

gliomas.21,71,72 Using linear regression analysis, we showed that the growth
rate of the mouse CT-2A experimental astrocytoma was directly

GBM Energy Metabolism: Role of Glutamine

dependent on blood glucose levels.19 The higher the glucose levels, the

In contrast to extracranial tissues where glutamine is readily available,

faster the astrocytoma grew. As glucose levels fall, tumor size and growth

glutamine is regulated in the brain through its involvement in the

rate falls. Hyperglycemia not only contributes to rapid tumor cell growth,

glutamate-glutamine cycle of neurotransmission.

but also enhances white matter damage in patients receiving radiation

29,56

Glutamate is a

major excitatory neurotransmitter that must be cleared rapidly following

therapy.73 Hyperglycemia was also directly linked to accelerated

synaptic release in order to prevent excitotoxic damage to neurons.56,57

progression and poor prognosis in humans with GBM.74,75 In other words,

Glial cells possess transporters for the clearance of extracellular

the findings in mice showing that elevated blood glucose accelerates

glutamate, which is then metabolized to glutamine for delivery back to

brain tumor growth were also documented in humans with GBM.

neurons. Neurons metabolize glutamine to glutamate, which is then
repackaged into synaptic vesicles for release.56 The glutamate-glutamine

Moreover, we found that the expression of insulin-like growth factor 1

cycle maintains low extracellular levels of both glutamate and glutamine

(IGF-1) was also dependent on circulating glucose levels.19,76 IGF-1 is a cell

in normal neural parenchyma. Disruption of the glutamate-glutamine

surface receptor linked to rapid tumor growth through the PI3K/Akt

cycle can provide neoplastic GBM cells access to glutamine as we

signaling pathway.76,77 The association of plasma IGF-1 levels with tumor

recently described.18

growth rate is due primarily to circulating levels of glucose.19 These
findings in animal models and in brain cancer patients indicate that

In contrast to normal glia, neoplastic glioma cells secrete glutamate.

tumor growth rate and prognosis is dependent to a significant extent on

Glioma glutamate secretion is thought to contribute in part to neuronal

circulating glucose levels. Glucose is the prime fuel for glycolysis, which

excitotoxicity and tumor expansion. Neurotoxicity from mechanical

drives growth of most brain cancers.21,71,72 As long as circulating glucose

trauma (surgery), radiotherapy, and chemotherapy can also increase

levels remain elevated, GBM growth will be difficult to manage.

57

extracellular levels of glutamate contributing further to tumor
progression.57 How might information on GBM energy metabolism relate to

In addition to serving as fermentable fuels for neoplastic tumor cells,

disease progression and to the standard of care for this cerebral neoplasm?

glucose and glutamine are also important fuels for cells of myeloid linage,
i.e., macrophages, monocytes, and microglia.13,18,78 These fuels will act

Radiation and chemotherapies are known to induce necrosis and

synergistically to enhance the energy metabolism and the pro-

inflammation, both of which conditions will increase tissue glutamate

inflammatory activities of TAM. TAM respond to the local tumor

levels.

environment as if it were an unhealed wound and thus release pro-

15,58-60

Local astrocytes rapidly clear extracellular glutamate. The

cleared glutamate is metabolized to glutamine for release to neurons. In

angiogenic growth factors.12,79 Glutamine is an important fuel for

the presence of dead or dying neurons, however, surviving tumor cells

macrophages and other cells of the immune system.78 This is significant,

and TAM will use astrocyte-derived glutamine for their energy needs and

as some neoplastic cells in GBM might actually arise from cells of myeloid

growth. Besides serving as a precursor for glutamate synthesis in

origin or from fusion hybrids between macrophages and neoplastic stem

neurons, glutamine might also be used as a fermentable energy

cells.14 Access to glucose and glutamine within the tumor

metabolite for neoplastic GBM cells through substrate level

microenvironment provides neoplastic GBM cells and TAM with

phosphorylation in the mitochondria.61,62 Radiation damage to tumor cell

fermentable fuels necessary for growth and survival in the absence of a

mitochondria will hasten the fermentation of glucose and glutamine for

supporting vasculature. Moreover, access to these fuels will create

their growth and survival.22,63,64 Indeed, radiation therapy is known to

escalating biological chaos where the intrinsic properties of TAM to heal

up-regulate the PI3K/Akt signaling pathway, which drives glioma

wounds will enhance the capacity of neoplastic brain tumor cells to

glycolysis and chemotherapeutic drug resistance.22,65-67

proliferate, invade, and self-renew.10,12,80 In other words, normally

10

programmed cellular events become counter productive to host survival.

2

GBM Energy Metabolism: Role of Glucose

High glucose concentrations together with unrestricted glutamine

High-dose glucocorticoids (dexamethasone) are generally prescribed to

availability will provide the necessary energy metabolites for driving the

reduce radiation-associated brain swelling and tumor edema. It is well

escalating situation. Figure 1 shows how radiation therapy and

documented that dexamethasone increases gluconeogenesis and blood

dexamethasone treatment can increase availability of glucose and

glucose levels while enhancing apoptosis resistance.18,24,66,68-70 Glucose

glutamine in the tumor microenvironment.
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remains in use for treating GBM. As long as brain cancer is viewed as
something other than a metabolic disease, oncology will make little
progress in improving progression free survival. However, once GBM
becomes recognized as a metabolic disease, dependent on glucose and
glutamine for progression, we anticipate major advances in treatment
and with substantial improvement in outcomes.

Restricted Ketogenic Diet (RKD) as an Alternative
Treatment Strategy for GBM
Emerging evidence suggests that metabolic therapies using ketogenic
diets that lower blood glucose levels can help retard GBM growth in
Figure 1. How the standard of care can accelerate brain tumor growth and
recurrence. GBM and other high-grade brain tumors consist of multiple
neoplastic cell types as well as TAMs, which release pro-inflammatory and
pro-angiogenic factors. All these cells will use glucose and glutamine (Gln)
as major metabolic fuels for their growth and survival. Increased glutamate
(Glu) concentrations will arise after radiation/drug-induced necrosis.
Reactive astrocytes (RA) take up and metabolize glutamate to glutamine,
whereas hyperglycemia will arise after corticosteroid (dexamethasone)
therapy. Together, these standard treatments will provide an environment
that facilitates tumor cell growth, survival, and the likelihood of tumor
recurrence.10 With permission from Lancet Oncology.

younger and older patients.24,43 Restricted ketogenic diets are those that
limit carbohydrate intake while delivering fewer total calories than are
required to remain in energy balance. This hypocaloric state lowers
circulating glucose levels while simultaneously raising ketone levels.
Ketone bodies (β-hydroxybutyrate and acetoacetate), which are
synthesized in the liver, become an alternative fuel for brain energy
metabolism when glucose levels are reduced.31,86-88 B-hydroxybutyrate
(β−OHB) is the major circulating ketone body under fasting conditions89

Are Current Treatments the Best Option for all
GBM Patients?

and certain fed states, such as the RKD, that simulate fasting. Ketone

Although the existing standard of care for malignant brain cancer will

against a number of neurological and neurodegenerative diseases and

increase patient survival over the short-term (months) compared to the

can also be toxic to some human tumor cells.90-92 Ketone body

“no therapy” option, we suggest that this therapeutic strategy will

metabolism reduces oxygen free radicals while enhancing metabolic

eventually accelerate the energy metabolism of surviving tumor cells.

efficiency of normal cells.88,93 Hence, ketones are considered “good

Moreover, the malignant phenotype of brain tumor cells that survive

medicine” for several neurological and neurodegenerative diseases.25,31,87

bodies have known neuroprotective and anti-inflammatory action

radiotherapy is often greater than that of the cells from the original
tumor.66 Treatments that increase tumor energy metabolism will facilitate

What is the evidence supporting use of the RKD as a novel treatment

tumor cell growth and survival. Such treatments will ultimately impede

strategy for malignant brain cancer? We showed that calorie restriction

patient survival over the long-term.

and the RKD are the only therapeutic approaches that simultaneously
target energy metabolism, tumor cell invasion, angiogenesis, and

Some GBM patients who receive the standard of care are also

inflammation through the IGF-1-PI3K-Akt-Hif-1a signaling

administered the anti-angiogenic drug, bevacizumab. Although

pathway.18,76,94-97 The down regulation of this pathway is considered

bevacizumab targets the tumor vasculature and may prolong patient

essential for managing growth of most malignant cancers including

survival, these effects are likely related to its anti-edema effect rather than

GBM.98-103 Unlike normal brain cells, many tumor cells cannot metabolize

to its anti-neoplastic activity. Bevacizumab exacerbates radiation-

ketone bodies for energy due to their various mitochondrial and genetic

induced necrosis and enhances the invasive properties of the tumor

defects.18,21,23,104,105 Moreover, the RKD could potentially lower brain

cells.81-83 Recurrent GBM following bevacizumab therapy is almost 100%

glutamine levels, thus restricting this energy metabolite for tumor

fatal, as are most recurrent GBMs.84,85 Glucose and glutamine

growth.106,107 The RKD could be even more therapeutic if combined with

fermentation could allow some invasive GBM cells to survive in the

drugs that target glycolysis, e.g., 2-Deoxyglucose (2-DG) or

hypoxic microenvironment.18 These GBM cell capabilities would render

dichloroacetate.108,109 Although 2-DG is largely ineffective as a cancer

bevacizumab a less than adequate therapy for longer-term GBM

treatment when used alone, we showed that the therapeutic efficacy of

management. Due to a plethora of adverse effects and undemonstrated

2-DG against the malignant CT-2A astrocytoma is greatly enhanced when

efficacy, bevacizumab was discontinued as a therapy for brain cancer in

administered with the RKD.108 It is also possible that therapeutic synergy

Germany and was recently questioned by the FDA as an effective therapy

might occur if any anti-glycolytic drug is administered together with the

for breast cancer in the US. In light of the adverse effects and potential

RKD.110,111 None of these anti-glycolytic drugs would be an effective

for driving invasive cancer cells in patients, it is unclear why this drug

therapy if used alone, but some could be highly effective when
Treatment Strategies - Oncology
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administered with the RKD. Although the ant-diabetic drug metformin

activity.112-117 It is unclear why brain cancer patients are given toxic

has been suggested as an anticancer therapy,110 metformin acts like

anticonvulsant medications when the RKD should be able to achieve the

insulin in facilitating glucose up-take into cells. Metformin could enhance

same clinical endpoint while also targeting tumor growth. Indeed, the

tumor cell glycolysis, as lactic acidosis is an adverse effect of metformin.

anticonvulsant action of the KD is better when administered in restricted

Drugs that might enhance glycolysis would have adverse effects in

or carefully measured amounts than when administered in unrestricted or

patients with brain tumors. By limiting the availability of glucose and

unmeasured amounts.28,115

glutamine to tumor cells, the RKD will improve progression free survival in
patients with malignant brain cancer or most cancers for that matter.

Despite the documented efficacy of the RKD as a non-toxic metabolic
therapy for brain cancer in case reports, no major clinical trials of this

Evidence from Case Reports

therapy have been initiated in the US to date. A clinical trial using the

In 1995, Nebeling and coworkers attempted the first nutritional

unrestricted KD for recurrent glioblastoma has been initiated in Germany

metabolic therapy for human malignant brain cancer using the

(ERGO Trial) under the direction of J. Rieger at the University of Tübingen.

ketogenic diet.43 The objective of the study was to shift the prime

Modest improvement was reported without adverse effects, but no

substrate for energy metabolism from glucose to ketone bodies in order

published information is yet available on blood glucose or blood ketone

to disrupt tumor metabolism while maintaining the nutritional status of

levels in the treated patients. This information will be needed to gauge

patients.

the degree of energy stress on surviving tumor cells, as blood glucose

43

The patients in this landmark clinical study included two

female children with nonresectable advanced stage brain tumors

levels are predictive of therapeutic efficacy. Careful documentation of

(anaplastic astrocytoma stage IV, and cerebellar astrocytoma stage III).

blood glucose and ketone levels will be essential for predicting

Measurable tumor remained in both subjects following extensive

therapeutic efficacy.

radiation and chemotherapy. Although severe life threatening adverse
effects occurred from the radiation and chemotherapy, both children

The reason for not initiating clinical trials on the RKD for brain cancer

responded remarkably well to the KD and experienced long-term tumor

management in the US remains unclear. Some have suggested that the

management without further chemo or radiation therapy. Indeed, one

North America Brain Tumor Collaborative (NABTC) prefers “hand-me-

of the patients remains alive at the time of this writing (Nebeling,

Fig.from
2
down” drug therapies
other cancer studies rather than exploring

personal communication). Positron Emission Tomography with

potentially more effective alternative approaches.18,21,49 It is unknown if

fluro-deoxy-glucose (FDG-PET) also showed a 21.8% reduction in

the reluctance to consider alternative approaches to GBM management

glucose uptake at the tumor site in both subjects on the KD.43 These
findings indicate that a ketogenic diet, which lowers glucose and
elevates ketone bodies, could reduce glycolytic energy metabolism in
these brain tumors.
More recently we published a case report showing that therapeutic
fasting and a modified ketogenic diet could help manage glioblastoma
growth in an older female patient.24 The GBM in this patient was managed
while she remained on the RKD, but the tumor became unmanageable
when the diet was no longer followed. Although the GBM was

Figure 2. MR contrast enhanced images of a large multi-centric mass
involving the right temporal pole. A) Frontal operculum, B) insular lobe and
basal ganglia, C) head of caudate nucleus. Note the presence of peripheral
edema (arrows). The image was taken prior to surgical resection and
implementation of diet therapy. Reprinted from Nutrition & Metabolism.24

multicentric and incompletely resected (Figure 2), the RKD had a marked
therapeutic benefit based on general patient health and MR imaging
(Figure 3). Considered together, these case reports in children and an
adult indicate that the KD, when consumed in restricted amounts, is well
tolerated and can be an effective non-toxic therapy for GBM and other
malignant brain cancers.
The RKD could also eliminate or reduce the need for adjuvant
anticonvulsant and steroidal medications (dexamethasone) for brain
tumor patients. The KD was designed initially as an antiepileptic therapy
and can therefore be used to manage tumor-associated seizure

4
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Figure 3. Brain MR imaging taken approximately 2.5 months after the first
MR imaging shown in Figure 2. The patient had completed the standard
radiotherapy plus concomitant temozolomide therapy together with RKD
protocol. No clear evidence of tumor tissue or associated edema was seen.
Arrow indicates porencephaly. Further details are described in.24 Reprinted
from Nutrition & Metabolism.24
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rests with the NABTC or with those who advise the Collaborative. Based
on pre-clinical studies in mice and case studies in patients,

17,20,23
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obvious that the RKD should be investigated for its therapeutic potential
for managing GBM and other malignant brain cancers. The failure to
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initiate clinical trials is unfortunate especially for those GBM patients who
might benefit from using the RKD for managing their disease.

Guidelines for Implementing the RKD for GBM
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We suggest a sequential series of therapeutic phases for treating GBM
patients with the RKD. The protocol for using the RKD could differ from
one patient to the next depending on the age and health status of the
patient. Consequently, the information presented in the use protocol
below can be modified for individual cases.

Phase 1: Initiation
Phase one of the treatment strategy would require GBM patients to
gradually lower their circulating glucose levels while concurrently
elevating circulating ketone (β−OHB) levels. The procedures used for
measuring blood glucose and ketone levels in GBM patients are

Figure 4. Relationship of circulating levels of glucose and ketones
(β-hydroxybutyrate, β-OHB) to brain tumor management. The glucose
and ketone values are within normal physiological ranges under fasting
conditions in humans and will produce anti-angiogenic, anti-inflammatory,
and pro-apoptotic effects. We refer to this state as the zone of metabolic
management. Metabolic stress will be greater in tumor cells than in normal
cells when humans with brain cancer are in the metabolic zone. The
values for blood glucose in mg/dl can be estimated by multiplying the
mM values by 18. The glucose and ketone levels predicted for brain tumor
management in human brain cancer patients are 3.1-3.8 mM (55-65 mg/dl)
and 2.5-7.0 mM, respectively.18,21 Reprinted with permission from Epilepsia.17

essentially the same as those that would be used by individuals with
diabetes. The Medisense Precision Xtra blood glucose and ketone

Blood ketone levels are higher when the KD is administered in restricted

monitor (Abbott Laboratories) is suggested for measuring blood ketones

amounts than when administered in unrestricted amounts,28 and when

and glucose, but any meter that can measure glucose and ketones in the

ketone synthesis is supported by the addition of medium-chain

blood will be adequate. Patients can measure their blood glucose three

triglycerides to the diet. It is important to recognize, however, that

times a day preferably before breakfast, and about two hours after lunch

circulating ketone levels will rarely exceed 7-9 mmol in most non-diabetic

and dinner. It is essential to keep accurate food records that specify the

patients since excess ketones will be excreted in the urine.34,87,88 Hence, it

type and quantity of all foods and beverages along with other potential

is unlikely that the RKD will elevate blood ketones to pathological levels

sources of carbohydrates (e.g. medications and supplements). Precise

(greater than 15 mmol) in most patients with normal physiology.

blood glucose and ketone measurements should also be documented.
This information is essential in identifying factors that have an impact on

Patients in good health should start the therapy with a water-only fast.

compliance and efficacy. Although blood ketone measures are a more

Therapeutic fasting will lower blood glucose and will elevate blood

precise measure than urine ketones

ketones to the therapeutic ranges within 48-72 hrs. While this degree of

24,118,119

it may aid compliance to track

urine ketones at frequent intervals during the early stages of

food abstinence might sound draconian, fasting for 2-3 days should not

implementation or until patients become familiar with the procedures for

be difficult for those individuals in good physical health. Fasting is often

using the blood ketone meter. Thereafter, urine testing may be used in

used to initiate the KD as a therapy for managing refractory seizures in

addition to blood testing as an additional measure of dietary compliance.

children with epilepsy.120 Diet initiation can be done in hospital or under

As finger blood withdrawal is more easily tolerated in adults than in

the guidance of a physician in the home environment. It would be

children, the protocol can be modified for children.

advisable for patients to read the book “Fasting for Renewal of Life,” by
Herbert Shelton.121 The information in this book will allay concerns

Blood glucose ranges between 3.0-3.5 mM (55-65 mg/dl) and β−OHB

regarding adverse effects of fasting and will highlight the multiple health

ranges between 4-7 mM should be effective for managing GBM growth in

benefits associated with reduced food intake. The book by John Freeman

most patients. These values are within normal physiological ranges of

and colleagues, “The Ketogenic Diet: A Treatment for Children and Others

glucose and ketones in humans and, based on our findings in mice,

with Epilepsy,” also provides excellent information on how the ketogenic

should have anti-angiogenic, ant-inflammatory, and pro-apoptotic

diet can be implemented and the role of fasting in jump-starting the

effects. This treatment will induce metabolic isolation and significant

necessary metabolic adjustments for initiating the diet.

growth arrest of tumor cells. We refer to these glucose and ketone levels
as the zone of metabolic management (Figure 4).17

A gradual introduction of the diet without fasting is recommended for
Treatment Strategies - Oncology
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those patients who are fragile or in poor health. For those patients not

reduced levels needed to target tumor progression and can have adverse

conducting a water-only fast, a restriction of carbohydrates to <12 g/day

effects for patients. Excessive or unrestricted KD consumption can cause

and a limitation of protein to about 0.8-1.2 g/kg of body weight/day is one

insulin resistance and hyperglycemia.23 All brain cancer patients and their

way to enter the therapeutic ranges for blood glucose and ketones.

physicians should know that “less is better” when it comes to using the KD

Consumption of fats and oils can be used to make up the balance of energy

for managing brain cancer growth.

needs. This approach will, however, require longer periods of time (perhaps
several weeks) to reach the therapeutic ranges. Attending physicians

It is helpful for patients to keep accurate food records during diet

should determine which course of action would be best suited for each

implementation, and to share this information with healthcare professionals

patient, i.e., a full therapeutic fast or a more gradual introduction of the RKD.

who are experienced in implementing very-low-carbohydrate therapies. In

However, it is imperative that implementation reduce blood glucose levels

order to maintain compliance, patients can use the “KetoCalculator” (see

to the therapeutic range as quickly as possible in order to limit tumor

Charlie Foundation web site for information on the KetoCalculator, http://

progression. Once patients get their blood glucose levels to 55-65 mg/dl

www.ketocalculator.com/ketocalc/diet.asp) to facilitate menu planning and

range and get their blood ketones to the 3-5 mmol range, they can maintain

to identify foods that are non-compliant with a therapeutic KD. After the

this metabolic state using various ketogenic diets and caloric adjustments.

initial acclimation period, heavier individuals can safely lose up to 2 lbs/

As the KD can have a diuretic effect, it is best to avoid diuretic drugs such as

week until they are in the lower end of the normal range. Slight or severely

Lasix (the prescribing physician should be consulted here). Indeed it is best

compromised individuals should be monitored carefully to avoid rapid

to monitor the effects of all medications and to keep dosages at minimum

weight loss. As ketogenic diets are deficient in select vitamins and

levels while on the RKD. Electrolyte levels should also be monitored or

minerals,115 daily vitamin/minerals supplementation will be needed during

replenished if needed while on the diet for extended periods.

a sustained RKD. Sugar-free multivitamins and calcium are the standard
supplements when on the KD.115

Many recipes for ketogenic meals are available on the Charlie Foundation
website (http://www.charliefoundation.org). The Charlie Foundation was

Variability in Caloric Adjustments

established to provide information on how the KD is used to manage

As calories can be metabolized differently among individuals, the dietary

refractory seizures in children. It is our opinion that any ketogenic diet,

adjustments needed to achieve the glucose/ketone metabolic state will

consumed in restricted amounts, will be effective in maintaining reduced

differ among patients. In mice we used body weight as the independent

glucose and elevated ketones. The composition of fats in the diet can be

variable for adjusting the degree of calorie restriction.23,28 This practice,

flexible as long as blood glucose and ketones are maintained in the

however, will not be effective in humans. Some patients might achieve

therapeutic ranges. Like the ketogenic diet, low glycemic diets have also

the therapeutic glucose/ketone range without significant weight

been used to manage seizures in children.

122

Low glycemic diets might

reduction, while other patients might require weight reduction to

also be effective in helping to maintain low blood glucose levels in some

achieve the metabolic state. Importantly, the weight loss associated with

GBM patients, as glucose is released slowly from low glycemic foods. It

the RKD is part of a metabolically appropriate response to calorie

remains to be determined if low glycemic diets are as effective as the RKD

restriction. In contrast, the weight loss sometimes seen following

for maintaining glucose levels low enough to retard tumor progression.

chemotherapy is due to toxicity and to the effects of the therapy on
appetite. We know from the results of the case studies with two children

6

Most GBM patients will require some degree of professional nutritional

and an adult GBM patient that malignant brain tumor growth can be

guidance, particularly in the first few weeks of diet implementation. The

reduced if blood glucose is lowered and ketones are elevated.24,43 We

key is to maintain a KD that is nutritious, but is consumed in limited

know from our work in mice that tumor growth is not slowed if blood

amounts. The definition of “ketogenic diet” allows for considerable leeway

glucose is not lowered despite elevations in ketones and the persistence

in food choices as long as the individual has reduced blood glucose and is

of normal body weight.19,23 Given the wide variations in age, body type,

producing ketones. Ghee, a clarified butter, can be combined with egg

weight, and metabolic status that we are likely to encounter in humans

yolk as a ketogenic option. Coconut oil, safflower oil, and sunflower oil

as compared to our mouse models, we anticipate the need to

can also be included as part of the KD. Medium-chain triglyceride (MCT)

individualize the degree of caloric restriction to lower glucose and

oil is another choice, as MCTs are transported directly from the small

elevate ketones to ranges that will retard GBM progression. Frequent

intestine to the liver, where they are metabolized to ketones.123 However,

blood glucose measurements, as described previously, will help refine

some gastrointestinal problems might arise from too rapid introduction of

that process. Considering that personalized therapy is the new mantra

MCT to the diet or from prolonged use. Consumption of the KD in

for cancer management124,125 we suggest that personalized caloric

unrestricted amounts will prevent blood glucose from reaching the

adjustment will result in maximum therapeutic benefit.
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Some patients might experience light-headedness, nausea, headache,

suggest surgical resection as an option after first implementing the RKD

etc. in the first few days of the RKD, especially if they initiate the therapy

therapy.18 This option will be possible only if there is an opportunity for a

with a multi-day fast. These symptoms are transient and associated more

“watchful waiting” period prior to scheduled surgery.48 This option will

with glucose withdrawal than with adverse effects of the diet. Evidence

not be possible for those patients in a critical condition at the time of

suggests that the human brain can become addicted to glucose from a

presentation. Calorie restriction and RKD will reduce tumor

life-long consumption of energy-dense foods of low nutritional value.

vascularization and inflammation and will more clearly delineate tumor

Consequently, the abrupt cessation of food intake may produce

tissue from surrounding normal brain tissue, as we showed in mice.94,95 It

temporary withdrawal symptoms similar to those experienced from

remains to be determined whether the RKD will produce the same effects

cessation of any addictive substance. Glucose withdrawal symptoms can

in the human brain, but we believe it will. This could be assessed through

be greater in those individuals who have never fasted than in individuals

histological and MR imaging analyses.

126

who have experience with fasting. As most people in modern industrial
societies do not practice therapeutic fasting as a life style, glucose

Neuro-oncology teams should recognize that smaller brain tumors with

withdrawal symptoms will likely be encountered in most patients who

reduced vascularity and clearly circumscribed boundaries should be

attempt the RKD as a brain cancer therapy. When compared to the

easier to resect than larger brain tumors with poorly circumscribed

debilitating effects of conventional chemotherapies and radiation, the

boundaries and extensive vascularization. Tumors in this state should

symptoms associated with the RKD are minor and will pass after two to

also ensure greater debulking thereby increasing the likelihood of

three days for most people.

longer-term survival. The urge to debulk malignant brain tumors as soon
as possible after diagnosis may not be in the best interests of all patients

The high fat content of the RKD can reduce the feeling of hunger while

and could actually exacerbate disease progression by inducing

maintaining low glucose and elevated ketone body levels. A recent study

inflammation in the microenvironment.18,57 The RKD could confer an

in rats suggests that diets supplemented with ketone esters might

additional advantage for some GBM patients, as surgical resection alone

produce physiological effects similar to those for the RKD, but without

can alter the microenvironment thus enhancing the invasive behavior of

significant food restriction.106 However, administration of ketone esters

tumor cells. This practice of surgical resection as soon as possible after

has not yet been tested in GBM patients. It is also important for

tumor diagnosis could also be counter productive for a sub-set of

physicians to recognize that some patients are unable or are unwilling to

patients, especially those with lower-grade gliomas. The metabolic diet

implement the RKD for various reasons. It is not good to force the RKD on

therapy will target angiogenesis and inflammation thus slowing tumor

any patient who does not want this therapy. The RKD should be used

progression naturally. This will provide more time before moving to the

only for those patients who are motivated, disciplined, and healthy

surgical option. It is therefore possible that progression free survival

enough to make the necessary changes to diet. Patient education and

could be extended in some GBM patients if an aggressive metabolic

engagement in the process is key to the success of the therapy.

therapy were implemented prior to surgery.

Dosages of any medications (i.e., anti-epileptic drugs) will need to be

Phase 3: Maintenance

monitored carefully under the RKD. We showed that therapeutic action

Finally, phase three of the treatment strategy is to maintain metabolic

as well as toxic effects for 2-DG was greater when administered with the

pressure on surviving tumor cells. The GBM patient should initiate a

RKD than when administered with an unrestricted KD.108 The RKD will not

fasting regime and/or the RKD within days following debulking

be effective in the presence of dexamethasone (Decadron) or other

surgery.24 Metabolic pressure could also involve carefully executed diet

steroid medications. Steroid medications prevent glucose levels from

cycling strategies.21,24,127 Diet cycling for GBM patients could involve

reaching the therapeutic zone and therefore antagonize the therapeutic

weekly transitions from calorically restricted ketogenic diets to nutritious

effects of RKD. While steroids can rapidly mitigate some aspects of the

low calorie, low glycemic diets. Patients should continue monitoring

brain tumor-related neurological symptoms traits over the short term

their blood glucose and ketones levels for as long as possible or until

(paralysis, edema, etc.), chronic steroidal use will ultimately accelerate

disease resolution is achieved. Periodic MR imaging analysis including

growth of surviving tumor cells and thus the demise of patients. Hence

MR spectroscopy (once every three to four months) can help in assessing

RKD therapy with its neuroprotective and neuro-therapeutic effects will

therapeutic progress.24,128

not harm patients as can high-dose dexamethasone.
While the RKD will target energy metabolism and improve progression free

Phase 2: Surgery

survival in GBM patients, we do not believe that the RKD, used as a singular

Phase two of the treatment strategy would involve surgical resection. We

therapy, will provide complete disease resolution. Instead, the goal of the
Treatment Strategies - Oncology
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maintenance strategy is to increase the probability of patient survival for at

before the standard therapeutic practices are revised.

least 36 months. Recent studies suggest that many patients with advanced
cancer should be given the details of their condition.121 GBM patients
should know that they can be considered long-term survivors if they can

Complicating Issues for Implementing the RKD as a
Treatment Strategy for GBM

live 36 months beyond diagnosis. Patients who understand that 36 months

Several issues can complicate attempts to implement RKD as a GBM

marks them as long-term survivors might be more motivated to comply

treatment strategy. One issue is the non-conventional and non-

with the dietary restrictions and adhere to the protocol.

pharmacological nature of the metabolic therapy. Modern medicine has
not looked favorably on metabolic diet therapies for managing complex

In order to significantly extend patient survival, we recommend

diseases especially when well-established procedures for acceptable

combining the RKD with drugs that also target energy metabolites. The

clinical practice are available, regardless of how ineffective these

RKD can be administered together with 2-deoxyglucose (30-40 mg/Kg)

procedures might be in managing the disease.18 Availability of a drug that

and with phenylbutyrate (3-5 g/day) as a diet drug cocktail for targeting

would mimic the global therapeutic effects of the RKD would certainly be

both glucose and glutamine in GBM patients. The 2-deoxyglucose will

the easiest way to implement the therapy. However, no drugs are known

target glucose metabolism and glycolysis, while phenylbutyrate will target

that can lower glucose levels, while simultaneously elevating ketones in

glutamine. Phenylbutyrate is metabolized to phenylacetate, which binds

the absence of some form of restricted food intake. The recently

to glutamine for elimination in the urine.52 The drug AN-113 appears to

described ketone ester diets, however, could be an exception and warrant

access the brain better than phenylbutyrate and could therefore be more

further investigation.106 Difficulty with implementation and a paucity of

effective than phenylbutyrate in reducing brain levels of glutamine.129 As

experienced practitioners remain as complicating issues in adapting the

we have not yet tested the therapeutic effects of AN-113 in our VM-M3

RKD as a standard therapy for GBM.

model of GBM, our recommendation for using this drug as a GBM therapy
is speculative at this time.

Radiation and temozolomide are the standard treatments for GBM.
Although radiation therapy was used with the RKD in the human case

In light of the non-toxic therapeutic efficacy of the RKD demonstrated in

studies,24,43 we believe radiation therapy impedes long-term patient

pre-clinical studies, we believe that this metabolic therapy could be used

survival. Radiation will damage mitochondria in normal cells while

together with a broad range of drugs that also target GBM energy

creating an inflamed microenvironment. Inflammation enhances glucose

metabolism such as dichloroacetate, 3-bromopyruvate, glufosfamide,

energy metabolism and further damages mitochondria. Mitochondrial

omega-3 fatty acids, and resveratrol.110,130-136 While many of these drugs

damage is the origin of most cancers.22 It makes little sense to treat

and strategies might have little therapeutic efficacy or express

delicate brain tissue with a therapy that is toxic to normal cells, provides a

unacceptable toxicity when used alone, their therapeutic benefit might be

growth advantage to the surviving tumor cells, and increases risk for new

significantly enhanced and their toxicity reduced when combined with

cancers. Although temolozomide has increased GBM patient survival, the

the RKD, especially since the RKD would allow for the use of lower dosage

benefit has been marginal at best.1 Like radiation therapy, temolozomide

levels. Similarly, we believe that ketone bodies can protect normal cells

also increases necrotic brain inflammation.128,138,139 Considering that

from the adverse effects of low glucose and reactive oxygen species (ROS)

healthy long-term survivors of the conventional GBM treatment strategies

while effectively targeting the energy metabolism of the tumor cells.

are more the exception than the rule, the RKD administered with energy
targeting drugs could represent a novel alternative treatment strategy to

Despite the adverse effects and tumor provocative properties of radiation

the conventional standard treatments.

and temolozomide, it is unlikely that the neuro-oncology field will

8

abandon these therapies anytime soon. It is more probable that

Compliance

oncologists will opt to use these therapies in combination with the RKD.

Strict compliance with the requirements of the RKD poses the most

Moreover, radiation and toxic drug therapy will remain as a mainstay for

significant challenge for implementation. The consequences of non-

those patients who are incapable or unwilling to use the RKD as a

compliance are not as obvious to patients with GBM as they are to

treatment strategy. Radiation therapy can be delayed for four to six weeks

patients with epilepsy. Non-compliance for the epilepsy patient is

following surgery without affecting tumor growth.137 This could give

associated with breakthrough seizures, which are immediate and

patients an opportunity to consider whether radiation therapy or the RKD

disturbing for both the patient and the family. In other words, the

might be best for their situation. In light of the vast data showing that

epilepsy patient experiences an immediate and unambiguous

cancer is primarily a metabolic disease and that current treatment

consequence following a failure to comply with the dietary requirements.

strategies result in consistently poor outcomes, it is only a matter of time

The consequence of non-compliance for GBM patients would be a subtle
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increase in tumor progression that would not be immediately obvious to

tumor cells into the circulation and contribute to the cachexia

either the patient or the family. In contrast to breakthrough seizures,

phenotype.149-151 The RKD will reduce inflammation and expression of

shortened survival would be the likely consequence of non-compliance

IL-6.152 By eliminating the fermenting tumor cells that produce pro-

for the GBM patient.

cachexia molecules, the RKD can potentially reduce tumor cachexia.19,22,151
Once the tumor becomes managed, patients can increase caloric

Cancer as a Genetic Disease

consumption, which will accelerate weight gain and improved health.

Another complicating issue for implementing the RKD as a brain cancer

Nebeling used the KD to improve the nutritional status of her brain

therapy is the persistent view that all cancer including GBM is a genetic

cancer patients.43 Hence, restricted consumption of ketogenic diets could

disease.

be effective, in principle, for managing tumor growth in brain cancer

125,140

Why should the neuro-oncology field switch to metabolic

therapies if the disease is primarily of genetic origin? The view of cancer

patients that express biomarkers of cachexia.43,149

as a genetic disease is the driving force for investment in targeted
molecular therapies and for the idea that cancer treatments should be

In contrast to most conventional brain tumor therapies, which expose

personalized in order to target defective signaling pathways within

both normal cells and tumor cells to toxic assaults, dietary restriction and

tumors. However, emerging evidence indicates that cancer is primarily a

particularly the RKD, are the only known therapies that can target brain

metabolic disease and that the vast numbers of mutations found in

tumor cells while enhancing the health and vitality of normal brain

tumor cells arise as downstream epiphenomenon of mitochondrial

cells.21,23,24,43 In this regard, restricted calorie intake is conceptually

damage.

superior to most current conventional brain cancer therapies. Support

18,22

Recent studies indicate that over one million mutations can

be found in the cells of most tumors.

141,142

How will it be possible to target

for our position on this issue can be established through clinical trials for

all these mutations to achieve a cure? We find it remarkable that many

brain cancer patients similar to those trials conducted previously for

brain cancer patients are recruited for molecular therapies that are toxic,

epilepsy patients.153

potentially lethal, and offer little hope for improved clinical outcome.

143-145

Once cancer becomes recognized as a metabolic disease, more effective

Patient Information

and less toxic therapeutic strategies will hopefully emerge.

How can effective non-toxic metabolic therapies be introduced as part of
the standard clinical practice in the field? It is incumbent upon neuro-

Mechanism of Action?

oncologists to notify patients that effective alternatives to the current

Another concern in implementing the RKD for brain cancer management

standards of care exist for managing brain tumors. As GBM can be

involves the mechanism of action. How can the process of targeting

considered an advanced cancer, patients should be aware of all

glucose and glutamine, while elevating ketone bodies through dietary

therapeutic options, not just the conventional treatment strategies.154

energy restriction, be so effective in managing malignant brain cancer?

Patients should also know that the RKD would retard tumor growth

The mechanism of action is rooted in the well-established scientific

without producing toxic adverse effects. It should be up to the patient

principle that tumor cells largely use fermentation energy for their growth

and their family to decide whether or not the RKD is a viable therapeutic

and survival.

option for their situation. Patients with malignant brain tumors,

22,23,43,64,76,146,147

Glucose and glutamine drive cancer cell

fermentation through substrate level phosphorylation.18,21,61,62 Because

especially those with GBM, should have the opportunity to compare and

tumor cells are less flexible than normal cells in using alternative energy

contrast the results from recent drug studies,144,155 with those of metabolic

substrates (ketones), tumor cells will experience more energy stress when

therapy using restricted diets.24,43 While standard practices within the field

access to glucose and glutamine become restricted. While the concept

and a paucity of education regarding dietary therapies might make it

might appear simple, the underlying mechanisms are the subject of

difficult for some physicians to suggest the RKD as a therapeutic option

considerable investigation and debate. This should not, however, delay

for brain cancer management, it is hoped that all neuro-oncologists will

the use of the RKD as a systemic metabolic therapy for GBM management.

come to recognize the potential value of the RKD as an effective
treatment strategy for GBM.

Cachexia
Another concern is how a metabolic therapy that reduces food intake and

Conclusions

body weight can be recommended to patients who might be loosing

We provide information on a new, alternative treatment strategy for GBM

body weight because of cancer cachexia. Although cachexia is not

management that targets tumor energy metabolism. The objective of

common in GBM, prognosis is worse in GBM patients that express higher

this new therapeutic strategy is to change the metabolic environment of

than normal levels of IL-6, a biomarker of cachexia.

the tumor and the host. Access to glucose and glutamine within the

22

148

Other pro-cachexia

molecules such as proteolysis-inducing factor are released from the

tumor microenvironment provides neoplastic GBM cells and associated
Treatment Strategies - Oncology
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host stromal cells (macrophages) with fermentable fuels necessary for

also target or reduce access to glucose and glutamine. A use protocol is

maintaining the growth and survival of malignant brain tumor cells in the

presented for assisting physicians and GBM patients in implementing the

hypoxic microenvironment. The low-carbohydrate, high-fat ketogenic

RKD as a treatment strategy. Although the RKD is less toxic and

diet, will reduce circulating glucose levels and will elevate circulating

potentially more effective in managing GBM than the conventional

levels of ketone bodies especially when consumed in restricted amounts

standard of care, considerable patient education, motivation, and

(RKD). A transition from glucose to ketone bodies will restrict glucose

discipline will be necessary for implementing this therapy. Considering

availability to the malignant tumor cells while protecting and enhancing

the unfavorable outcome of most GBM patients treated with the current

the health and vitality of normal brain cells. The therapeutic efficacy of

standard of care, the RKD treatment strategy could be an attractive

the RKD against GBM can be enhanced when combined with drugs that

treatment option for some GBM patients.

Acknowledgements
This work was supported in part from NIH grants (HD-39722, NS- 1080 55195, and CA-102135), and the Boston College Expense Fund. We thank Linh Ta
for technical assistance.

References
1. Stupp R, Hegi ME, Mason WP, van den Bent MJ, Taphoorn
MJ, Janzer RC, et al. Effects of radiotherapy with concomitant
and adjuvant temozolomide versus radiotherapy alone on
survival in glioblastoma in a randomised phase III study:
5-year analysis of the EORTC-NCIC trial. Lancet Oncol.
2009;10:459-66.
2. Krex D, Klink B, Hartmann C, von Deimling A, Pietsch
T, Simon M, et al. Long-term survival with glioblastoma
multiforme. Brain. 2007;130:2596-606.
3. Chen R, Nishimura MC, Bumbaca SM, Kharbanda S,
Forrest WF, Kasman IM, et al. A hierarchy of self-renewing
tumor-initiating cell types in glioblastoma. Cancer cell.
2010;17:362-75.
4. Ohgaki H, Kleihues P. Genetic alterations and signaling
pathways in the evolution of gliomas. Cancer Sci.
2009;100:2235-41.
5. Prestegarden L, Svendsen A, Wang J, Sleire L, Skaftnesmo
KO, Bjerkvig R, et al. Glioma Cell Populations Grouped by
Different Cell Type Markers Drive Brain Tumor Growth.
Cancer research. 2010.
6. Tso CL, Shintaku P, Chen J, Liu Q, Liu J, Chen Z, et al.
Primary glioblastomas express mesenchymal stem-like
properties. Mol Cancer Res. 2006;4:607-19.
7. Shinonaga M, Chang CC, Suzuki N, Sato M, Kuwabara T.
Immunohistological evaluation of macrophage infiltrates
in brain tumors. Correlation with peritumoral edema. J
Neurosurg. 1988;68:259-65.
8. Nishie A, Ono M, Shono T, Fukushi J, Otsubo M, Onoue
H, et al. Macrophage infiltration and heme oxygenase-1
expression correlate with angiogenesis in human gliomas.
Clin Cancer Res. 1999;5:1107-13.
9. Phillips JP, Eremin O, Anderson JR. Lymphoreticular cells
in human brain tumours and in normal brain. Br J Cancer.
1982;45:61-9.
10. Seyfried TN, Shelton LM, Mukherjee P. Does the existing
standard of care increase glioblastoma energy metabolism?
Lancet Oncol. 2010;11:811-3.
11. Morantz RA, Wood GW, Foster M, Clark M, Gollahon K.
Macrophages in experimental and human brain tumors.
Part 2: studies of the macrophage content of human brain
tumors. J Neurosurg. 1979;50:305-11.
12. Seyfried TN. Perspectives on brain tumor formation
involving macrophages, glia, and neural stem cells. Perspect
Biol Med. 2001;44:263-82.
13. Lewis C, Murdoch C. Macrophage responses to hypoxia:
implications for tumor progression and anti-cancer therapies.
The American journal of pathology. 2005;167:627-35.

10

Treatment Strategies - Oncology

14. Huysentruyt LC, Seyfried TN. Perspectives on the
mesenchymal origin of metastatic cancer. Cancer Metastasis
Rev. 2010;29:695-707.
15. Kallenberg K, Bock HC, Helms G, Jung K, Wrede A, Buhk
JH, et al. Untreated glioblastoma multiforme: increased
myo-inositol and glutamine levels in the contralateral
cerebral hemisphere at proton MR spectroscopy. Radiology.
2009;253:805-12.
16. Talacchi A, Turazzi S, Locatelli F, Sala F, Beltramello A,
Alessandrini F, et al. Surgical treatment of high-grade
gliomas in motor areas. The impact of different supportive
technologies: a 171-patient series. Journal of neurooncology. 2010.
17. Seyfried TN, Kiebish M, Mukherjee P, Marsh J. Targeting
energy metabolism in brain cancer with calorically restricted
ketogenic diets. Epilepsia. 2008;49 Suppl 8:114-6.
18. Seyfried TN, Kiebish MA, Marsh J, Shelton LM, Huysentruyt
LC, Mukherjee P. Metabolic management of brain cancer.
Biochimica et biophysica acta. 2010;1807:577-94.
19. Seyfried TN, Sanderson TM, El-Abbadi MM, McGowan
R, Mukherjee P. Role of glucose and ketone bodies in the
metabolic control of experimental brain cancer. British
journal of cancer. 2003;89:1375-82.
20. Seyfried TN, Mukherjee P. Anti-Angiogenic and ProApoptotic Effects of Dietary Restriction in Experimental Brain
Cancer: Role of Glucose and Ketone Bodies. In: Meadows GG,
editor. Integration/Interaction of Oncologic Growth. 2nd ed.
New York: Kluwer Academic; 2005. p. 259-70.
21. Seyfried TN, Mukherjee P. Targeting energy metabolism
in brain cancer: review and hypothesis. Nutrition &
metabolism. 2005;2:30.
22. Seyfried TN, Shelton LM. Cancer as a metabolic disease.
Nutrition & metabolism. 2010;7:7.
23. 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.
Nutrition & metabolism. 2007;4:5.
24. 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 &
metabolism. 2010;7:33.
25. Freeman JM, Kossoff EH. Ketosis and the ketogenic diet,
2010: advances in treating epilepsy and other disorders. Adv
Pediatr. 2010;57:315-29.
26. DeVivo DC, Leckie MP, Ferrendelli JS, McDougal DB,
Jr. Chronic ketosis and cerebral metabolism. Annals of

neurology. 1978;3:331-37.
27. DeVivo DC, Pagliara AS, Prensky AL. Ketotic
hypoglycemia and the ketogenic diet. Neurology.
1973;23:640-9.
28. Mantis JG, Centeno NA, Todorova MT, McGowan R,
Seyfried TN. Management of multifactorial idiopathic
epilepsy in EL mice with caloric restriction and the
ketogenic diet: role of glucose and ketone bodies. Nutrition
& metabolism. 2004;1:11.
29. McKenna MC, Gruetter R, Sonnewald U, Waagepetersen
HS, Schousboe A. Energy Metabolism of the Brain. In:
Siegel GJ, Albers RW, Bradey ST, Price DP, editors. Basic
Neurochemistry: Molecular, Cellular, and Medical Aspects.
New York: Elsevier Academic Press; 2006. p. 531-57.
30. Cabioglu N, Sahin A, Doucet M, Yavuz E, Igci A, E OY, et al.
Chemokine receptor CXCR4 expression in breast cancer as
a potential predictive marker of isolated tumor cells in bone
marrow. Clinical & experimental metastasis. 2005;22:39-46.
31. VanItallie TB, Nufert TH. Ketones: metabolism’s ugly
duckling. Nutr Rev. 2003;61:327-41.
32. Mahoney LB, Denny CA, Seyfried TN. Caloric restriction in
C57BL/6J mice mimics therapeutic fasting in humans. Lipids
Health Dis. 2006;5:13.
33. Owen OE, Morgan AP, Kemp HG, Sullivan JM, Herrera
MG, Cahill GF, Jr. Brain metabolism during fasting. The
Journal of clinical investigation. 1967;46:1589-95.
34. Cahill GF, Jr. Fuel metabolism in starvation. Annu Rev
Nutr. 2006;26:1-22.
35. Lennox WG. Epilepsy and Related Disorders. Boston:
Little, Brown and Company; 1960.
36. Lennox WG, Cobb S. Studies in epilepsy VIII. The clinical
effect of fasting. Arch Neurol Psychiat. 1928;20:771-9.
37. Seyfried TN, Greene AE, Todorova MM. Caloric restriction
and epilepsy: Historical perspectives, relationship to
the ketogenic diet, and analysis in epileptic EL mice. In:
Stafstrom CE, Rho JM, editors. Epilepsy and the Ketogenic
Diet. Totowa, NJ: Humana Press Inc.; 2004. p. 247-64.
38. Kossoff EH, Zupec-Kania BA, Amark PE, Ballaban-Gil KR,
Christina Bergqvist AG, Blackford R, et al. Optimal clinical
management of children receiving the ketogenic diet:
recommendations of the International Ketogenic Diet Study
Group. Epilepsia. 2009;50:304-17.
39. Duchowny MS. Food for thought: the ketogenic diet and
adverse effects in children. Epilepsy currents / American
Epilepsy Society. 2005;5:152-4.
40. Gasior M, Rogawski MA, Hartman AL. Neuroprotective
and disease-modifying effects of the ketogenic diet. Behav

Treatment Strategies - Brain and Spinal Cord Cancer

Pharmacol. 2006;17:431-9.
41. Masuda R, Monahan JW, Kashiwaya Y. D-betahydroxybutyrate is neuroprotective against hypoxia in
serum-free hippocampal primary cultures. J Neurosci Res.
2005;80:501-9.
42. Kashiwaya Y, Takeshima T, Mori N, Nakashima K, Clarke
K, Veech RL. D-beta-hydroxybutyrate protects neurons in
models of Alzheimer’s and Parkinson’s disease. Proceedings
of the National Academy of Sciences of the United States of
America. 2000;97:5440-4.
43. 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.
44. Mason WP, Maestro RD, Eisenstat D, Forsyth P, Fulton
D, Laperriere N, et al. Canadian recommendations for
the treatment of glioblastoma multiforme. Curr Oncol.
2007;14:110-7.
45. Koehler PJ. Use of corticosteroids in neuro-oncology.
Anticancer Drugs. 1995;6:19-33.
46. Chang SM, Parney IF, Huang W, Anderson FA, Jr., Asher
AL, Bernstein M, et al. Patterns of care for adults with newly
diagnosed malignant glioma. Jama. 2005;293:557-64.
47. Souhami L, Seiferheld W, Brachman D, Podgorsak EB,
Werner-Wasik M, Lustig R, et al. Randomized comparison
of stereotactic radiosurgery followed by conventional
radiotherapy with carmustine to conventional radiotherapy
with carmustine for patients with glioblastoma multiforme:
report of Radiation Therapy Oncology Group 93-05
protocol. International journal of radiation oncology,
biology, physics. 2004;60:853-60.
48. Davis FG, Freels S, Grutsch J, Barlas S, Brem S. Survival
rates in patients with primary malignant brain tumors
stratified by patient age and tumor histological type: an
analysis based on Surveillance, Epidemiology, and End
Results (SEER) data, 1973-1991. J Neurosurg. 1998;88:1-10.
49. Fisher PG, Buffler PA. Malignant gliomas in 2005: where
to GO from here? Jama. 2005;293:615-7.
50. Huang FJ, You WK, Bonaldo P, Seyfried TN, Pasquale
EB, Stallcup WB. Pericyte deficiencies lead to aberrant
tumor vascularizaton in the brain of the NG2 null mouse.
Developmental biology. 2010;344:1035-46.
51. 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 research. 2009.
52. Shelton LM, Huysentruyt LC, Seyfried TN. Glutamine
targeting inhibits systemic metastasis in the VM-M3 murine
tumor model. International journal of cancer. 2010.
53. Spence AM, Muzi M, Graham MM, O’Sullivan F, Krohn
KA, Link JM, et al. Glucose metabolism in human malignant
gliomas measured quantitatively with PET, 1-[C-11]glucose
and FDG: analysis of the FDG lumped constant. J Nucl Med.
1998;39:440-8.
54. DeBerardinis RJ, Cheng T. Q’s next: the diverse functions
of glutamine in metabolism, cell biology and cancer.
Oncogene. 2010;29:313-24.
55. Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang
XY, Pfeiffer HK, et al. Myc regulates a transcriptional
program that stimulates mitochondrial glutaminolysis and
leads to glutamine addiction. Proceedings of the National
Academy of Sciences of the United States of America.
2008;105:18782-7.
56. Hawkins RA. The blood-brain barrier and glutamate. Am
J Clin Nutr. 2009;90:867S-74S.
57. Takano T, Lin JH, Arcuino G, Gao Q, Yang J, Nedergaard
M. Glutamate release promotes growth of malignant
gliomas. Nature medicine. 2001;7:1010-5.
58. Monje ML, Vogel H, Masek M, Ligon KL, Fisher PG,
Palmer TD. Impaired human hippocampal neurogenesis
after treatment for central nervous system malignancies.
Annals of neurology. 2007;62:515-20.

59. Lee WH, Sonntag WE, Mitschelen M, Yan H, Lee YW.
Irradiation induces regionally specific alterations in proinflammatory environments in rat brain. Int J Radiat Biol.
2010;86:132-44.
60. Di Chiro G, Oldfield E, Wright DC, De Michele D, Katz
DA, Patronas NJ, et al. Cerebral necrosis after radiotherapy
and/or intraarterial chemotherapy for brain tumors: PET
and neuropathologic studies. AJR Am J Roentgenol.
1988;150:189-97.
61. Seyfried TN. Mitochondrial glutamine fermentation
enhances ATP synthesisin murine glioblastoma cells.
Proceedings of the 102 nd Annual Meeting of the Amer
Assoc Cancer Res; 2011; Orlando, FL; 2011.
62. Shelton LM, Strelko CL, Roberts MF, Seyfried NT. Krebs
cycle substrate-level phosphorylation drives metastatic
cancer cells. Proceedings of the 101st Annual Meeting
of the American Association for Cancer Research; 2010;
Washington, D.C.; 2010.
63. Smith AE, Kenyon DH. A unifying concept of
carcinogenesis and its therapeutic implications. Oncology.
1973;27:459-79.
64. Warburg O. On the origin of cancer cells. Science (New
York, NY. 1956;123:309-14.
65. Elstrom RL, Bauer DE, Buzzai M, Karnauskas R, Harris MH,
Plas DR, et al. Akt stimulates aerobic glycolysis in cancer
cells. Cancer research. 2004;64:3892-9.
66. Kargiotis O, Geka A, Rao JS, Kyritsis AP. Effects
of irradiation on tumor cell survival, invasion and
angiogenesis. Journal of neuro-oncology. 2010;100:323-38.
67. Zhuang W, Qin Z, Liang Z. The role of autophagy in
sensitizing malignant glioma cells to radiation therapy. Acta
Biochim Biophys Sin (Shanghai). 2009;41:341-51.
68. Noch E, Khalili K. Molecular mechanisms of necrosis in
glioblastoma: the role of glutamate excitotoxicity. Cancer
biology & therapy. 2009;8:1791-7.
69. Lukins MB, Manninen PH. Hyperglycemia in patients
administered dexamethasone for craniotomy. Anesth
Analg. 2005;100:1129-33.
70. Hans P, Vanthuyne A, Dewandre PY, Brichant JF,
Bonhomme V. Blood glucose concentration profile after 10
mg dexamethasone in non-diabetic and type 2 diabetic
patients undergoing abdominal surgery. Br J Anaesth.
2006;97:164-70.
71. Oudard S, Arvelo F, Miccoli L, Apiou F, Dutrillaux AM, Poisson
M, et al. High glycolysis in gliomas despite low hexokinase
transcription and activity correlated to chromosome 10 loss.
British journal of cancer. 1996;74:839-45.
72. Oudard S, Boitier E, Miccoli L, Rousset S, Dutrillaux B,
Poupon MF. Gliomas are driven by glycolysis: putative roles
of hexokinase, oxidative phosphorylation and mitochondrial
ultrastructure. Anticancer Res. 1997;17:1903-11.
73. Szerlip N, Rutter C, Ram N, Yovino S, Kwok Y, Maggio W,
et al. Factors impacting volumetric white matter changes
following whole brain radiation therapy. Journal of neurooncology. 2011;103:111-9.
74. Derr RL, Ye X, Islas MU, Desideri S, Saudek CD, Grossman
SA. Association between hyperglycemia and survival in
patients with newly diagnosed glioblastoma. J Clin Oncol.
2009;27:1082-6.
75. McGirt MJ, Chaichana KL, Gathinji M, Attenello F, Than
K, Ruiz AJ, et al. Persistent outpatient hyperglycemia is
independently associated with decreased survival after
primary resection of malignant brain astrocytomas.
Neurosurgery. 2008;63:286-91; discussion 91.
76. Marsh J, Mukherjee P, Seyfried TN. Akt-dependent
proapoptotic effects of dietary restriction on late-stage
management of a phosphatase and tensin homologue/
tuberous sclerosis complex 2-deficient mouse astrocytoma.
Clin Cancer Res. 2008;14:7751-62.
77. Trojan LA, Kopinski P, Wei MX, Ly A, Glogowska A, Czarny
J, et al. IGF-I: from diagnostic to triple-helix gene therapy of
solid tumors. Acta Biochim Pol. 2002;49:979-90.

78. Newsholme P. Why is L-glutamine metabolism
important to cells of the immune system in health,
postinjury, surgery or infection? The Journal of nutrition.
2001;131:2515S-22S; discussion 23S-4S.
79. Dvorak HF. Tumors: wounds that do not heal. Similarities
between tumor stroma generation and wound healing. N
Engl J Med. 1986;315:1650-9.
80. Staw BM, Ross J. Understanding Behavior in Escalation
Situations. Science (New York, NY. 1989;246:216-20.
81. Jeyaretna DS, Curry WT, Jr., Batchelor TT, StemmerRachamimov A, Plotkin SR. Exacerbation of cerebral
radiation necrosis by bevacizumab. J Clin Oncol.
2011;29:e159-62.
82. Verhoeff JJ, van Tellingen O, Claes A, Stalpers LJ, van
Linde ME, Richel DJ, et al. Concerns about anti-angiogenic
treatment in patients with glioblastoma multiforme. BMC
Cancer. 2009;9:444.
83. de Groot JF, Fuller G, Kumar AJ, Piao Y, Eterovic K, Ji Y,
et al. Tumor invasion after treatment of glioblastoma with
bevacizumab: radiographic and pathologic correlation in
humans and mice. Neuro-oncology. 2010;12:233-42.
84. Zhang W, Lin Y, Chen B, Song SW, Jiang T. Recurrent
glioblastoma of childhood treated with bevacizumab:
case report and molecular features. Childs Nerv Syst.
2010;26:137-43.
85. Iwamoto FM, Abrey LE, Beal K, Gutin PH, Rosenblum
MK, Reuter VE, et al. Patterns of relapse and prognosis after
bevacizumab failure in recurrent glioblastoma. Neurology.
2009;73:1200-6.
86. Morris AA. Cerebral ketone body metabolism. J Inherit
Metab Dis. 2005;28:109-21.
87. Cahill GF, Jr., Veech RL. Ketoacids? Good medicine? Trans
Am Clin Climatol Assoc. 2003;114:149-61; discussion 62-3.
88. Veech RL, Chance B, Kashiwaya Y, Lardy HA, Cahill GF,
Jr. Ketone bodies, potential therapeutic uses. IUBMB Life.
2001;51:241-7.
89. Williamson DH, Mellanby J, Krebs HA. Enzymic
determination of D(-)-beta-hydroxybutyric acid and
acetoacetic acid in blood. Biochem J. 1962;82:90-6.
90. 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.
91. Skinner R, Trujillo A, Ma X, Beierle EA. Ketone bodies
inhibit the viability of human neuroblastoma cells. J Pediatr
Surg. 2009;44:212-6; discussion 6.
92. 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.
93. Stafford P, Abdelwahab MG, Kim do Y, 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. Nutrition &
metabolism. 2010;7:74.
94. 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.
95. 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.
96. 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.
97. Mukherjee P, El-Abbadi MM, Kasperzyk JL, Ranes MK,
Seyfried TN. Dietary restriction reduces angiogenesis and
growth in an orthotopic mouse brain tumour model. British
journal of cancer. 2002;86:1615-21.
98. Castellino RC, Durden DL. Mechanisms of Disease: the
PI3K-Akt-PTEN signaling node--an intercept point for the
control of angiogenesis in brain tumors. Nat Clin Pract

Treatment Strategies - Oncology

11

Treatment Strategies - Brain and Spinal Cord Cancer

Neurol. 2007;3:682-93.
99. Liang Z, Brooks J, Willard M, Liang K, Yoon Y, Kang S, et
al. CXCR4/CXCL12 axis promotes VEGF-mediated tumor
angiogenesis through Akt signaling pathway. Biochem
Biophys Res Commun. 2007;359:716-22.
100. Beckner ME, Gobbel GT, Abounader R, Burovic
F, Agostino NR, Laterra J, et al. Glycolytic glioma cells
with active glycogen synthase are sensitive to PTEN
and inhibitors of PI3K and gluconeogenesis. Lab Invest.
2005;85:1457-70.
101. Choe G, Horvath S, Cloughesy TF, Crosby K, Seligson D,
Palotie A, et al. Analysis of the phosphatidylinositol 3’-kinase
signaling pathway in glioblastoma patients in vivo. Cancer
research. 2003;63:2742-6.
102. Larue L, Bellacosa A. Epithelial-mesenchymal transition
in development and cancer: role of phosphatidylinositol 3’
kinase/AKT pathways. Oncogene. 2005;24:7443-54.
103. Newton HB. Molecular neuro-oncology and
development of targeted therapeutic strategies for brain
tumors. Part 2: PI3K/Akt/PTEN, mTOR, SHH/PTCH and
angiogenesis. Expert Rev Anticancer Ther. 2004;4:105-28.
104. Tisdale MJ, Brennan RA. Loss of acetoacetate coenzyme
A transferase activity in tumours of peripheral tissues. British
journal of cancer. 1983;47:293-7.
105. 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.
106. Kashiwaya Y, Pawlosky R, Markis W, King MT, Bergman
C, Srivastava S, et al. A ketone ester diet increased brain
malonyl CoA and uncoupling protein 4 and 5 while
decreasing food intake in the normal Wistar rat. The Journal
of biological chemistry. 2010.
107. Yudkoff M, Daikhin Y, Melo TM, Nissim I, Sonnewald U,
Nissim I. The ketogenic diet and brain metabolism of amino
acids: relationship to the anticonvulsant effect. Annu Rev
Nutr. 2007;27:415-30.
108. Marsh J, Mukherjee P, Seyfried TN. Drug/diet synergy
for managing malignant astrocytoma in mice: 2-deoxyD-glucose and the restricted ketogenic diet. Nutrition &
metabolism. 2008;5:33.
109. Michelakis ED, Sutendra G, Dromparis P, Webster
L, Haromy A, Niven E, et al. Metabolic modulation of
glioblastoma with dichloroacetate. Sci Transl Med.
2010;2:31ra4.
110. Omar HA, Berman-Booty L, Kulp SK, Chen CS. Energy
restriction as an antitumor target. Future oncology (London,
England). 2010;6:1675-9.
111. Oleksyszyn J. The complete control of glucose
level utilizing the composition of ketogenic diet with
the gluconeogenesis inhibitor, the anti-diabetic drug
metformin, as a potential anti-cancer therapy. Medical
hypotheses. 2011.
112. Patel NV, Finch CE. The glucocorticoid paradox of
caloric restriction in slowing brain aging. Neurobiol Aging.
2002;23:707-17.
113. Zhu Z, Jiang W, Thompson HJ. Mechanisms by which
energy restriction inhibits rat mammary carcinogenesis:
in vivo effects of corticosterone on cell cycle machinery in
mammary carcinomas. Carcinogenesis. 2003;24:1225-31.
114. Stewart JW, Koehler K, Jackson W, Hawley J, Wang W,
Au A, et al. Prevention of mouse skin tumor promotion by
dietary energy restriction requires an intact adrenal gland
and glucocorticoid supplementation restores inhibition.
Carcinogenesis. 2005;26:1077-84.
115. Freeman JM, Kossoff EH, Freeman JB, Kelly MT. The
Ketogenic Diet: A Treatment for Children and Others with
Epilepsy. Fourth ed. New York: Demos; 2007.
116. Freeman JM, Kossoff EH, Hartman AL. The ketogenic

12

Treatment Strategies - Oncology

diet: one decade later. Pediatrics. 2007;119:535-43.
117. Hartman AL, Vining EP. Clinical aspects of the ketogenic
diet. Epilepsia. 2007;48:31-42.
118. Taboulet P, Deconinck N, Thurel A, Haas L, Manamani
J, Porcher R, et al. Correlation between urine ketones
(acetoacetate) and capillary blood ketones (3-betahydroxybutyrate) in hyperglycaemic patients. Diabetes
Metab. 2007;33:135-9.
119. Turan S, Omar A, Bereket A. Comparison of capillary
blood ketone measurement by electrochemical method
and urinary ketone in treatment of diabetic ketosis and
ketoacidosis in children. Acta Diabetol. 2008;45:83-5.
120. Freeman JM, Freeman JB, Kelly MT. The Ketogenic Diet:
A Treatment for Epilepsy. third ed. New York: Demos; 2000.
121. Shelton HM. Fasting for Renewal of Life. Tampa, FL:
Amer. Nat. Hygene Soc., Inc.; 1974.
122. Kossoff EH, Zupec-Kania BA, Rho JM. Ketogenic
diets: an update for child neurologists. J Child Neurol.
2009;24:979-88.
123. Nebeling LC, Lerner E. Implementing a ketogenic diet
based on medium-chain triglyceride oil in pediatric patients
with cancer. J Am Diet Assoc. 1995;95:693-7.
124. Hayden EC. Personalized cancer therapy gets closer.
Nature. 2009;458:131-2.
125. Purow B, Schiff D. Advances in the genetics of
glioblastoma: are we reaching critical mass? Nat Rev Neurol.
2009;5:419-26.
126. Morgan D, Sizemore GM. Animal models of addiction: fat
and sugar. Current pharmaceutical design. 2011;17:1168-72.
127. Cleary MP, Jacobson MK, Phillips FC, Getzin SC, Grande
JP, Maihle NJ. Weight-cycling decreases incidence and
increases latency of mammary tumors to a greater extent
than does chronic caloric restriction in mouse mammary
tumor virus-transforming growth factor-alpha female mice.
Cancer Epidemiol Biomarkers Prev. 2002;11:836-43.
128. Yang I, Aghi MK. New advances that enable
identification of glioblastoma recurrence. Nat Rev Clin
Oncol. 2009;6:648-57.
129. Entin-Meer M, Rephaeli A, Yang X, Nudelman A,
Nudelman A, Haas-Kogan DA. AN-113, a novel prodrug of
4-phenylbutyrate with increased anti-neoplastic activity in
glioma cell lines. Cancer letters. 2007;253:205-14.
130. Ko YH, Smith BL, Wang Y, Pomper MG, Rini DA,
Torbenson MS, et al. Advanced cancers: eradication in
all cases using 3-bromopyruvate therapy to deplete ATP.
Biochem Biophys Res Commun. 2004;324:269-75.
131. Pedersen PL. The cancer cell’s “power plants” as
promising therapeutic targets: an overview. J Bioenerg
Biomembr. 2007;39:1-12.
132. Kang HT, Hwang ES. 2-Deoxyglucose: an anticancer
and antiviral therapeutic, but not any more a low glucose
mimetic. Life Sci. 2006;78:1392-9.
133. Pelicano H, Martin DS, Xu RH, Huang P. Glycolysis
inhibition for anticancer treatment. Oncogene.
2006;25:4633-46.
134. Xu RH, Pelicano H, Zhou Y, Carew JS, Feng L, Bhalla KN,
et al. Inhibition of glycolysis in cancer cells: a novel strategy
to overcome drug resistance associated with mitochondrial
respiratory defect and hypoxia. Cancer research.
2005;65:613-21.
135. Otto C, Kaemmerer U, Illert B, Muehling B, Pfetzer N,
Wittig R, et al. Growth of human gastric cancer cells in nude
mice is delayed by a ketogenic diet supplemented with
omega-3 fatty acids and medium-chain triglycerides. BMC
Cancer. 2008;8:122.
136. Ingram DK, Zhu M, Mamczarz J, Zou S, Lane MA, Roth
GS, et al. Calorie restriction mimetics: an emerging research
field. Aging cell. 2006;5:97-108.

137. Lawrence YR, Blumenthal DT, Matceyevsky D, Kanner
AA, Bokstein F, Corn BW. Delayed initiation of radiotherapy
for glioblastoma: how important is it to push to the front (or
the back) of the line? Journal of neuro-oncology. 2011.
138. Yaman E, Buyukberber S, Oner Y, Coskun U, Akmansu
M, Ozturk B, et al. Temozolomide induced early necrosis
in patients receiving Temozolomide concomitant to
radiotherapy. Intl J Rad Onc Bio Phys. 2008;72:S239.
139. Peca C, Pacelli R, Elefante A, Del Basso De Caro
ML, Vergara P, Mariniello G, et al. Early clinical and
neuroradiological worsening after radiotherapy and
concomitant temozolomide in patients with glioblastoma:
tumour progression or radionecrosis? Clin Neurol
Neurosurg. 2009;111:331-4.
140. Parsons DW, Jones S, Zhang X, Lin JC, Leary RJ,
Angenendt P, et al. An integrated genomic analysis of
human glioblastoma multiforme. Science (New York, NY.
2008;321:1807-12.
141. Stratton MR. Exploring the genomes of cancer
cells: progress and promise. Science (New York, NY.
2011;331:1553-8.
142. Stratton MR, Campbell PJ, Futreal PA. The cancer
genome. Nature. 2009;458:719-24.
143. Ahluwalia MS, Patton C, Stevens G, Tekautz T, Angelov
L, Vogelbaum MA, et al. Phase II trial of ritonavir/lopinavir in
patients with progressive or recurrent high-grade gliomas.
Journal of neuro-oncology. 2010.
144. Uhm JH, Ballman KV, Wu W, Giannini C, Krauss JC,
Buckner JC, et al. Phase II Evaluation of Gefitinib in Patients
with Newly Diagnosed Grade 4 Astrocytoma: Mayo/North
Central Cancer Treatment Group Study N0074. International
journal of radiation oncology, biology, physics. 2010.
145. Seyfried NT, Kiebish M, Mukherjee P. Targeting
energy metabolism in brain cancer with restricted diets.
In: Ray S, editor. Glioblastoma: Molecular Mechanisms of
Pathogenesis and Current Therapeutic Strategies. New York:
Springer; 2010. p. 341-63.
146. Wittig R, Coy JF. The role of glucose metabolism
and glucose-associated signaling in cancer. Persp Med
Chemistry. 2007;1:64-82.
147. Buzzai M, Bauer DE, Jones RG, Deberardinis
RJ, Hatzivassiliou G, Elstrom RL, et al. The glucose
dependence of Akt-transformed cells can be reversed by
pharmacologic activation of fatty acid beta-oxidation.
Oncogene. 2005.
148. Chaffer CL, Weinberg RA. A perspective on cancer cell
metastasis. Science (New York, NY. 2011;331:1559-64.
149. Pouliquen DL. Hepatic mitochondrial function and brain
tumours. Curr Opin Clin Nutr Metab Care. 2007;10:475-9.
150. Todorov PT, Wyke SM, Tisdale MJ. Identification and
characterization of a membrane receptor for proteolysisinducing factor on skeletal muscle. Cancer research.
2007;67:11419-27.
151. Tisdale MJ. Biology of cachexia. J Natl Cancer Inst.
1997;89:1763-73.
152. Spaulding CC, Walford RL, Effros RB. Calorie restriction
inhibits the age-related dysregulation of the cytokines
TNF-alpha and IL-6 in C3B10RF1 mice. Mech Ageing Dev.
1997;93:87-94.
153. Freeman JM. The ketogenic diet: additional information
from a crossover study. J Child Neurol. 2009;24:509-12.
154. Russell BJ, Ward AM. Deciding what information is
necessary: do patients with advanced cancer want to know
all the details? Cancer Management Res. 2011;3:191-9.
155.Vredenburgh JJ, Desjardins A, Herndon JE, 2nd,
Dowell JM, Reardon DA, Quinn JA, et al. Phase II trial of
bevacizumab and irinotecan in recurrent malignant glioma.
Clin Cancer Res. 2007;13:1253-9.

