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Abstract

Gliomas are a highly heterogeneous tumor, refractory to treatment and the most frequently 

diagnosed primary brain tumor. Although the current WHO grading system (2016) demonstrates 

promise towards identifying novel treatment modalities and better prediction of prognosis over 

time, to date, existing targeted and mono therapy approaches have failed to elicit a robust impact 

on disease progression and patient survival. It is possible that tumor heterogeneity as well as 

specifically targeted agents fail because redundant molecular pathways in the tumor make it 

refractory to such approaches. Additionally, the underlying metabolic pathology, which is 

significantly altered during neoplastic transformation and tumor progression, is unaccounted for. 

With several molecular and metabolic pathways implicated in the carcinogenesis of CNS tumors, 

including glioma, we postulate that a systemic, broad spectrum approach to produce robust 

targeting of relevant and multiple molecular and metabolic regulation of growth and survival 

pathways, critical to the modulation of hallmarks of carcinogenesis, without clinically limiting 

toxicity, may provide a more sustained impact on clinical outcomes compared to the modalities of 

treatment evaluated to date. The objective of this review is to examine the emerging hallmark of 

reprogramming energy metabolism of the tumor cells and the tumor microenvironment during 
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carcinogenesis, and to provide a rationale for exploiting this hallmark and its biological 

capabilities as a target for secondary chemoprevention and treatment of glioma. This review will 

primarily focus on interventions to induce ketosis to target the glycolytic phenotype of many 

cancers, with specific application to secondary chemoprevention of low grade glioma-to halt the 

progression of lower grade tumors to more aggressive subtypes, as evidenced by reduction in 

validated intermediate endpoints of disease progression including clinical symptoms.
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1. Introduction

Cancers are one of the leading causes of morbidity and mortality worldwide, accounting for 

8.8 million deaths in 2015 [1,2]. In the US, it is estimated that 1,688,780 new cancers will be 

diagnosed in 2017 [3] and 600,920 people will die from this disease in 2017. Gliomas are a 

highly heterogeneous tumor, refractory to treatment and the most frequently diagnosed 

primary brain tumor. In 2017, an estimated 23,800 new cases of brain tumors will be 

diagnosed, and 16,700 will die from a brain tumor, most attributed to glioma [3]. Gliomas 

are neuroepithelial tumors that originate from the supporting glial cells of the central 

nervous system (CNS). Glial tumors mostly consist of astrocytomas and 

oligodendrogliomas. The 2016 WHO classification of CNS tumors uses molecular genetic 

parameters in addition to histology to define many tumor entities [4]. The routine assessment 

of isocitrate dehydrogenase (IDH) mutation status, which are frequent in grade II and III 

infiltrating gliomas and a small subset of glioblastomas (GBM), improves histological 

diagnostic accuracy and has been observed to have a favorable prognostic implication for all 

glial tumors [5–7] and to be predictive for chemotherapeutic responses in anaplastic 

oligodendrogliomas with codeletion of 1p/19q chromosomes. Glial tumors that contain 

chromosomal codeletion of 1p/19q, also defined as tumors of oligodendroglial lineage, have 

favorable prognosis. GBM typically lack IDH mutations and are instead characterized by 

EGFR, PTEN, TP53, PDGFRA, NF1, and CDKN2A/B alternations and TERT promoter 

mutations [5]. The revised classification thus provides a model that reflects malignant 

characteristics based on histopathlogical and molecular features of the tumors, offering 

additional opportunities for improved diagnosis, treatment, and estimating prognosis in the 

molecular era. Lower grade diffuse gliomas (LGGI and II) (WHO Grade I–II) have fewer 

malignant characteristics than high-grade gliomas (WHO Grade III-IV), and a relatively 

better clinical prognosis. However, the majority of LGGs eventually progress to high grade 

gliomas (HGG, WHO Grade III or IV), with death an inevitable outcome [8]. The life 

expectancy following diagnosis with Grade IV GBM is 2–4 months without treatment. 

Survival at 5 years for patients with GBM who receive treatment with concurrent 

chemoradiotherapy followed by maintenance temozolomide is around 8–14% [9]. 

Progression free survival for low grade glioma with standard treatment (LGG, WHO Grade I 

or II) is 8–35 months depending on patient age, tumor size, functional scores, and symptoms 

[8]. Treatment for LGG includes surgical resection followed by either radiation and 
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chemotherapy or chemotherapy alone, but average survival is still approximately seven (7) 

years from diagnosis [8]. Although LGG have a less aggressive course than do HGG, both 

tumor, its treatment, and the ultimate poor prognosis contribute to increased patient burden 

with disabling morbidity including decline in neurocognitive functions, seizures and 

compromised quality of life [8]. Significant gaps exist in how best to manage LGG during 

active surveillance, a period when patients report significant anxiety, eagerness to reduce 

disease progression, treatment-related symptoms, and demonstrate significant interest in 

interventions that can extend their years and quality of survival. Patients with LGG may thus 

represent an ideal cohort for the evaluation of interventions for secondary chemoprevention 

and symptom management.

Although the current WHO grading system (2016) [4] demonstrates promise towards 

identifying novel treatment modalities and better prediction of prognosis over time, to date, 

existing targeted and mono therapy approaches have failed to elicit a robust impact on 

disease progression and patient survival. It is possible that tumor heterogeneity as well as 

specifically targeted agents fail because redundant molecular pathways in the tumor make it 

refractory to such approaches. Additionally, the underlying metabolic pathology, which is 

significantly altered during neoplastic transformation and tumor progression, is unaccounted 

for. Although LGG have a less aggressive course than do high-grade gliomas, both tumor 

and its treatment contribute to increased patient burden with disabling morbidity including 

decline in neurocognitive functions, seizures and ultimately to progression to HGG. There is 

thus an urgent need and opportunity for the development of novel, adjunct, secondary 

chemopreventative strategies targeting patients with LGG to slow or halt progression of 

LGG to HGG.

The recognition and broad applicability of the concepts described by Hanahan and Weinberg 

[10] – identifying the hallmarks of cancer – has transformed the landscape of cancer 

prevention and treatment. The hallmarks of cancer constitute an organizing principle for 

rationalizing the complexities and multi-step development of neoplastic disease. They 

include sustaining proliferative signaling, evading growth suppressors, resisting cell death, 

enabling replicative immortality, inducing angiogenesis, and activating invasion and 

metastasis. Additional hallmarks include genome instability, which underlies these 

hallmarks and generates the genetic diversity that is permissive for their acquisition, and 

inflammation, which fosters multiple hallmark functions. Based on the conceptual progress 

made in the last decade, two emerging hallmarks of potential generality were added to this 

list: reprogramming energy metabolism and evading immune destruction [11]. Abnormal 

energy metabolism is a consistent feature of most tumor cells across all tissue types [12]. 

The characteristic metabolic phenotype of tumor cells as compared to non-transformed cells 

has been well documented. In the 1930s, Otto Warburg observed that tumors exhibit a 

unique metabolic phenotype characterized by high rates of aerobic glycolysis, or 

fermentation in the presence of oxygen [13]. Following glycolysis, pyruvate is primarily 

fermented to lactate despite availability of oxygen. This feature, known as the Warburg 

effect, is characterized by tumorhypoxia, genetic mutations, and mitochondrial abnormalities 

within proliferating cancer cells [14]. The rapid and unbridled proliferation characteristic of 

tumor growth is an energy and resource-consuming process, and thus predictably, 

metabolism is significantly altered during neoplastic transformation and tumor progression 
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[15]. The Warburg effect confers multiple growth promoting effects onto the tumor, 

including provision of ATP in the face of hypoxia, acidification of the tumor 

microenvironment, regeneration of endogenous antioxidants, and provision of carbon 

sources for biomass production, among others [15]. These alterations cause most cancers to 

induce unregulated glucose fermentation pathways for energy and to fuel growth, a factor 

that underlies the use of FDG-PET scans as an important diagnostic tool for oncologists.

In the years since the discovery of the Warburg effect, researchers have elucidated other 

common metabolic alterations co-opted by tumors to support optimal growth conditions, 

including major changes in the regulation and activity of lipid and amino acid metabolism 

[16]. Glutamine, the most abundant amino acid in the blood, serves as a critical fermentable 

energy substrate for tumors, as well as an anaplerotic source for the TCA cycle which feeds 

de novo lipid and protein synthesis pathways [16–19]. Serine and one-carbon metabolism is 

heightened to support purine synthesis for nucleotide production, and is also important for 

methylation and subsequent epigenetic control of gene expression [20–22]. Acetyl co-A 

precursors such as glucose, glutamine, and acetate supply a readily available pool of 

metabolites for fatty acid synthesis, a critical pathway for many cancer types [23–25]. 

Acetyl co-A is also an important acetyl group donor for epigenetic acetylation which 

regulates oncogene and tumor suppressor gene expression. These are but a few of the known 

common metabolic alterations of tumors, which have been expertly reviewed in recent years 

[16,26,27]. Importantly [28,29], many classic oncogene mutations confer a metabolic 

phenotype which supports survival and proliferation [15], and thus it is impossible to always 

separate genetic expression and metabolic signaling in tumors; indeed, these pathways are 

most often one in the same. In fact, each of Hanahan and Weinberg’s hallmarks of cancer 

can be linked to specific metabolic alterations (Fig. 1). Acknowledging the importance of 

metabolic regulation of growth and survival pathways has led to multiple new lines of 

inquiry for the discovery of novel anti-neoplastic agents [27,30–33]. For these reasons, 

cancer metabolism is a rapidly growing area of research.

With several molecular and metabolic pathways implicated in the carcinogenesis of CNS 

tumors, including glioma [34–36], we postulate that a systemic, broad spectrum approach 

[37] to produce robust targeting of relevant and multiple molecular and metabolic regulation 

of growth and survival pathways, critical to the modulation of hallmarks of carcinogenesis, 

without clinically limiting toxicity, may provide a more sustained impact on clinical 

outcomes compared to the modalities of treatment evaluated to date.

The objective of this review is to examine the emerging hallmark of reprogramming energy 

metabolism of the tumor cells and the tumor microenvironment during carcinogenesis, and 

to provide a rationale for exploiting this hallmark and its biological capabilities as a target 

for secondary chemoprevention and treatment of glioma. This review will primarily focus on 

interventions to induce ketosis to target the glycolytic phenotype of many cancers, with 

specific application to secondary chemoprevention of LGG - to halt the progression of lower 

grade tumors to more aggressive subtypes, as evidenced by reduction in validated 

intermediate endpoints of disease progression including clinical symptoms.
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2. Ketogenic diets and/or exogenous supplementation to induce ketosis

Ketones are energy metabolites that are naturally produced in the body under certain 

physiological conditions, including starvation, fasting, prolonged exercise, or during the 

consumption of a ketogenic diet (KD). The KD is a high fat, moderate protein, very low 

carbohydrate diet, classically consisting of a 4:1 macronutrient ratio of fats: protein and 

carbohydrate by weight. It is most well-characterized clinically for its use in treating 

pediatric refractory epilepsy [38], but may also have therapeutic efficacy for disorders such 

as obesity, diabetes, hypertension, Amyotrophic Lateral Sclerosis (ALS), Alzheimer’s, and 

Parkinson’s disease [39–50]. Like cancer, many of these diseases exhibit underlying 

metabolic pathology [51,52] and chronic inflammation which has been linked to a state of 

hyperglycemia [53–55]. The KD mimics a metabolic state of starvation, inducing a 

physiologic shift towards fat metabolism. The carbohydrate restriction of the KD keeps 

glucose and insulin levels low and stable, activating gluconeogenesis and forcing acetyl CoA 

generated by fatty acid β-oxidation to shunt towards ketogenesis in the liver. Acetoacetate 

(AcAc) and β-hydroxybutyrate (βHB) are the two primary ketones found in blood. The third 

ketone, acetone (ACE), is produced by the spontaneous decarboxylation of AcAc and is 

rapidly exhaled. As a result of these conditions, ketones replace glucose as a primary energy 

substrate for extra-hepatic tissues, including the brain. The term ketones used in the context 

of physiology and metabolism refers to these three molecules. This is despite the fact that 

the structure of βHB is not classified as a ketone in the chemistry nomenclature sense of the 

word, as it does not contain a carbonyl group attached to two carbon atoms. They are also 

referred to as ketone bodies, although this phrase is not as commonly used as it was in the 

past.

It is possible to elevate blood ketones artificially with exogenous ketones or ketogenic agents 

(KA). KAs are either enzymatically cleaved or metabolized to produce ketones. They can 

therefore raise blood ketone levels without the need for severe dietary restrictions or 

modifications which may not be feasible in certain patient populations. For example, R, S-1, 

3-butanediol acetoacetate diester (BD-AcAc2) is a non-ionized, water-soluble precursor to 

ketones. Gastric esterase rapidly catalyzes the release of AcAc, liberating R, S-1, 3-

butanediol which is metabolized by the liver to produce βHB. Thus, this KA causes a rapid 

elevation in blood AcAc followed by a more sustained production of βHB [56,57]. In rats, 

single dose administration of BD-AcAc2 via intragastric gavage raised ketone levels to 

therapeutic levels (> 3 mM βHB and > 3mM AcAc), and mimicked the anti-convulsant 

effects of the KD by increasing latency to oxygen toxicity-induced seizures [57]. It is 

possible that an exogenous ketone-supplemented KD would be easier to maintain and offer a 

more efficacious therapy than a standard KD or ketone supplementation alone. Indeed, 

exogenous BD-AcAc2 supplementation delivered in addition to standard high carbohydrate 

rodent chow was shown to be as effective as the KD in a glioma-derived model of metastatic 

cancer [58]. These effects were enhanced by using the BD-AcAc2 in addition to the KD 

[59].
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3. Role of ketosis in carcinogenesis and tumor progression

Due to its propensity to suppress glucose and insulin signaling, ketosis is being explored as a 

potential anti-cancer therapy [60–62]. However, it is becoming increasingly clear that 

ketosis, unlike most cancer therapies that target a single vulnerability in the cancer cell, 

induces widespread metabolic, genetic, and immune changes [62–64]. Although glucose 

deprivation was the original intent of KD as a potential cancer treatment [65], further 

investigation has suggested multiple other mechanisms by which ketosis may elicit anti-

cancer effects [58,66–70]. Many of these are now thought to be mechanistically attributable 

to the ketone bodies themselves, which in addition to serving as energy substrate, also have 

important signaling properties [71]. Indeed, ketones appear to demonstrate intrinsic anti-

cancer properties in some cancer subtypes as they have been shown to inhibit cancer in vitro 
and in vivo [58,67,72,73]. Perhaps the earliest report of direct anti-cancer effects of ketones, 

by Magee et al. in 1979, demonstrated that βHB exerted a dose-dependent inhibition of 

proliferation in lymphoma, cervical cancer, and melanoma cells and a significant reduction 

of metastatic spread in a murine melanoma model [67]. Similarly, AcAc was shown to 

produce a dose-dependent inhibition in ATP production and proliferation in four colon and 

three breast cancer cell lines, while eliciting no similar effect on three control fibroblast cell 

lines [66]. Another report demonstrated that both AcAc and βHB inhibited viability and 

induced apoptosis in neuroblastoma cells, but had no effect on control fibroblasts [73]. Most 

recently, we demonstrated that physiologic concentrations of βHB reduced viability and 

proliferation in glioma cells despite the presence of high glucose media [58]. The extent to 

which these effects in vitro contribute to postulated anti-cancer effects of ketosis in vivo is 

unknown, although a beneficial effect is suggested in most pre-clinical models tested [74]. It 

is becoming increasingly clear that benefits and possible risks may be cancer type-specific, 

as recently a small number of studies have reported that ketones supplied without 

suppression of dietary carbohydrate, may serve as a substrate to fuel tumor growth, or in the 

presence of the BRAFV600E mutation, may enhance signaling cascades that promote tumor 

progression [75,76]. Thus, it will be critical to evaluate this potential therapy in multiple 

cancer types.

We discuss below evidence for a role of ketosis in preventing carcinogenesis or slowing 

tumor progression in sensitive tumors through the following mechanisms: 1) reduction of 

glucose and insulin; 2) modulation of oxidative stress; 3) reduction of inflammation; 4) 

enhancement of anti-tumor immunity; 5) alteration of gene expression; and 6) sensitization 

of tumors to standard of care and adjuvant therapies.

3.1. Reduction of glucose and insulin

Due to the Warburg effect, glucose from dietary carbohydrates acts as a primary metabolic 

fuel for many tumors. This observation prompted initial research into the KD as a cancer 

therapy, with carbohydrate restriction-induced glucose deprivation thought to be the major 

mechanism by which the KD might slow tumor progression. It is well established that 

hyperglycemia increases tumor growth rate in animals and in humans [77–79]. Indeed, 

Seyfried and colleagues showed that blood glucose is directly correlated to glioma growth in 
vivo [78]. Furthermore, hyperglycemic episodes following resection of malignant 
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astrocytoma is independently associated with decreased survival [80–82]. Diabetes has been 

linked to decreased risk of glioma onset [83] whereas type 2 diabetes mellitus [84] and 

obesity [84,85] are independent risk factors for poor outcome in patients with HGG. Glucose 

uptake is a rate-limiting step of glucose metabolism and is mediated by the glucose 

transporter (GLUT) proteins. GLUT expression is consistently elevated in cancer cells of 

varying tissue origins [6]. Multiple major oncogenes are known to directly upregulate GLUT 

transporters and glycolytic proteins, including c-Myc, K-Ras, and BRAF [87]. Of the 14 

known GLUT isoforms, GLUT 1 and GLUT 3 overexpression is most often associated with 

malignant transformation and progression, including in glioma, and both have been 

correlated to poor prognosis clinically [86,88]. The low Km of these proteins allow tumors 

to import glucose from the blood even at relatively low plasma concentrations [89]. Excess 

glucose availability provides the glycolytic substrates to fuel the Warburg effect and 

biosynthetic processes [15]. It also provides an energy substrate to support cellular functions 

despite tumor hypoxia or reduced mitochondrial function which is often associated with 

cancers [35,90,91]. Enhanced glycolytic flux also increases activity of the pentose phosphate 

pathway (PPP), a divergent metabolic pathway from glycolysis which provides precursors to 

support the potent antioxidant defense system that allows tumors to survive and thrive in a 

state of heightened oxidative stress [92]. Therefore, the KD is thought to work in large part 

by decreasing glucose availability to the tumor. As described, the KD has been shown to 

decrease glucose uptake by tumors in humans [65].

Hyperglycemia stimulates insulin secretion from the pancreas. High levels of circulating 

insulin, or hyperinsulinemia, is also associated with an increased risk of colorectal, 

pancreatic, and breast cancer, among others [93]. High serum concentrations of IGF-I have 

been associated with onset of LGG [94]. Insulin binds to the insulin receptor (IR) to mediate 

the cellular effects of glucose metabolism, but it also exerts a potent growth factor response. 

IR expression and signaling is commonly over-activated in cancers and is considered to play 

an important role in promoting tumor growth and progression [95]. IR activation stimulates 

Ras and the MAPK cascade which mediate the mitogenic effects of insulin, promoting cell 

proliferation. IR also works through the PI3 K pathway to promote cell survival through Akt 

and mTOR. Furthermore, Akt promotes expression of NFκB which activates pro-

inflammatory and anti-apoptotic programs. Growth promotion by insulin signaling 

crosstalks with the β-catenin/Wnt pathway, and therefore may play a role in 

dedifferentiation and malignant progression [96]. Insulin also induces vascular endothelial 

growth factor (VEGF) expression, a potent activator of angiogenesis [97,98]. Angiogenesis 

is required for tumor growth and plays a critical role in cancer progression and metastasis. 

Emerging evidence suggests that attempts to target a single pathway within the insulin 

signaling network, such as with the use of PI3K inhibitors, are ineffective due to reactive 

hyperglycemia. It has been proposed that simultaneous lowering of systemic glucose levels, 

such as with the KD and pharmacologic inhibition of insulin signaling may offer a better 

therapeutic response.

The KD decreases pancreatic insulin production by restricting carbohydrate intake. It has 

also been shown to enhance insulin sensitivity in healthy tissues, which leads to decreased 

circulating insulin in the blood [99]. In fact, in clinical studies, a switch from a standard diet 

to a low carbohydrate diet reduced total insulin levels by 50% in healthy subjects [100] and 
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41% in type-1 diabetics [101], while improving insulin sensitivity up to 75% in type-2 

diabetics [102]. The KD has been reported to reduce vascularization in a xenograft model of 

gastric cancer, possibly through its inhibition of insulin signaling [103]. In a mouse model of 

prostate cancer, a reduction in tumor growth rate and prolonged survival was associated with 

a decrease in serum insulin in mice fed the KD [104]. In a small human trial, patients with 

end-stage cancer receiving a KD for 28 days exhibited a significant drop in blood insulin 

[105]. This decrease in insulin was inversely correlated to the degree of relative ketosis, 

which was positively correlated to therapeutic response [105]. Therefore, the KD may work 

in part by inhibiting insulin signaling in tumors.

Interestingly, exogenous ketone supplements may also suppress glucose and insulin 

systemically, via mechanisms currently unknown. Rats fed a standard diet supplemented 

with a ketone monoester for 14 days exhibited a reduction in both glucose and insulin 

compared to control animals [106]. In this study, glucose was reduced from 5 mM to 2.8 

mM, and insulin was reduced from 0.54 ng/mL to 0.26 ng/mL. In a separate study, the same 

research group also reported that a ketone ester-supplemented standard diet increased the 

Quantitative Insulin Sensitivity Check Index (QUICKI), a marker of insulin sensitivity, by 

73% – even when calories were controlled [106]. In this study, fasting insulin levels were 

reduced by 85% in ketone ester-treated animals. Our group has also observed a similar 

reduction in blood glucose following oral administration of various exogenous ketogenic 

agents [107]. In a mouse model of metastatic cancer, animals fed standard rodent chow 

supplemented with 20% BD-AcAc2 by weight exhibited a 30% reduction in blood glucose 

[58]. In healthy rats, we also observed a reduction in blood glucose following an oral bolus 

of exogenous ketone supplementation. This hypoglycemic effect mirrored a rise in blood 

ketones and lasted between 30 min to 12 h, depending on the KA and dose used [107]. Thus, 

it appears that exogenous administration of ketones can suppress glucose and insulin, 

perhaps working through an enhancement of systemic insulin sensitivity.

3.2. Modulation of oxidative stress

It is well established that basal elevation of reactive oxygen species (ROS) production and 

oxidative stress is a consistent phenotype in cancers across tissue types [108]. This is likely 

attributable in part to mitochondrial damage which incites increased free radical production 

[109]. Furthermore, chronic inflammation from sustained hyperglycemia, infection, or 

exposure to chemicals like tobacco, is also a major source of ROS production in tumors 

[108]. Elevated ROS confer a growth advantage to the tumor while playing a significant role 

in tumorigenesis and progression [110]. However, this elevation in oxidative stress is kept at 

sub-lethal levels by an up-regulation of endogenous antioxidant systems [111,112], allowing 

cancers to survive and thrive in a redox state which would be toxic to healthy cells. There 

still exists, however, a threshold point above which ROS will irreversibly damage and induce 

apoptosis in cancer cells [113]. Cancer-promoting effects of ROS have led to the proposal 

and testing of anti-oxidant therapies for cancer. At the same time, recognition that oxidative 

stress fuels cancer susceptibility has simultaneously spurred development of pro-oxidant 

therapies with the intention of pushing cells past their oxidative breaking point to induce cell 

death [114]. All current non-surgical standard therapies, including radiation and 

chemotherapy, work in part by enhancing ROS production [114]. This paradoxical 
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phenomenon has led to the common understanding that ROS is truly a double-edged sword 

for cancer, which can be exploited to either promote or inhibit tumor progression [115].

Ketosis elicits an intriguing effect on redox balance in tumors. Evidence suggests the KD 

lowers basal oxidative stress levels within tumors, but enhances oxidative stress-induced 

damaged in response to chemotherapy and radiation [116,117]. It has been clearly 

established that in healthy tissues, ketosis protects against oxidative stress by simultaneously 

decreasing ROS production and enhancing endogenous antioxidant capacity [118,119]. 

Veech and colleagues studied the effects of ketone metabolism by investigating energy 

efficiency and mitochondrial respiration after administering a glucose-containing perfusate 

supplemented with 5 mM βHB in a working rat heart [120]. Their studies showed that 

ketone metabolism increases the oxidation of co-enzyme Q in the electron transport chain, 

thus reducing production of the superoxide anion (O2-%), an important precursor for the 

generation of many ROS [120]. Ketone metabolism also caused a reduction of the 

mitochondrial NAD and cytoplasmic NADP couples which are necessary for regenerating 

reduced glutathione (GSH). Verdin et al. also reported that βHB functions as an endogenous 

histone deacetylase inhibitor (HDACI) to increase transcriptional activation of oxidative 

stress resistance factors which upregulate expression of antioxidants such as mitochondrial 

superoxide dismutase (MnSOD) and catalase (CAT) [68]. In this report, pre-treatment with 

exogenous βHB prior to an oxidative challenge reduced protein carbonylation by 54% and 

completely suppressed lipid peroxidation, supporting a potent anti-oxidant potential of 

ketosis. Similarly, the KD has been shown to reduce ROS production and enhance 

endogenous antioxidant expression in glioma in vivo [117]. Thus, it is possible that the KD 

works in part by reducing basal levels of oxidative stress in tumors.

A striking differential effect occurs when pro-oxidant therapies are applied to tumors in the 

presence of ketosis. Fath et al. examined the effects of the KD, radiation, and carboplatin 

chemotherapy on oxidative stress in two lung cancer xenograft models [116]. They showed 

that the animals fed a KD in combination with radiation therapy exhibited increased lipid 

peroxidation and oxidative damage. The explanation for these results is unclear, although 

they may reflect reduced metabolic substrates necessary for a significant antioxidant 

response. As mentioned, a major consequence of the glycolytic phenotype of cancer is 

increased flux through the PPP, which generates NADPH that is used for regeneration of 

reduced glutathione. This is a major source of antioxidant protection for tumors in response 

to ROS-inducing radiation and chemotherapy. With reduced flux through glycolysis and 

subsequently PPP, it is possible the tumor is more vulnerable to rapid onset of oxidative 

stress. Indeed, preliminary studies have demonstrated that the KD enhances OxS-mediated 

radiation-induced DNA damage in glioma, but reduces it in surrounding healthy tissue [58]. 

However, Scheck and colleagues recently presented findings that βHB itself potentiates 

radiation therapy and increases radiosensitivity of glioma cells in vitro, regardless of glucose 

concentration [121]. A reduction in c-Myc expression, an oncogene known to play a vital 

role in DNA repair, was also observed thus suggesting ketone-enhancement of radiotherapy 

may be mediated via a signaling mechanism [116].
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Clearly the role of OxS in cancer in response to ketosis is complex and not well-understood, 

but preliminary work suggests this novel therapy induces modulation in these pathways that 

confer anti-cancer effects.

3.3. Reduction of inflammation

Systemic inflammation is a negative prognostic factor for cancer patients independent of 

tumor type and stage [122–124]. It can be initiated through the acute-phase response by the 

liver in response to tumor, while the tumor can also secrete inflammatory cytokines such as 

TNF-α, IL-6, and IL-1β, among others. Increased inflammation reduces patient appetite, 

initiates catabolism and inhibits synthesis signaling in the skeletal muscle, and contributes to 

cancer-induced wasting (cachexia) directly and indirectly, contributing to reduced quality of 

life [122–124]. Ketosis may inhibit progression and induce cell death in cancers in part by 

inhibiting inflammation. Studies have shown that the KD reduces circulating inflammatory 

markers in humans [125], and preliminary studies with the ketone ester suggest similar 

findings [126].

The glioma microenvironment contains a large number of infiltrating immune cells that 

secrete pro-inflammatory cytokines, creating an inflamed state which promotes tumor 

progression and invasive capacity [127]. A major player in the inflammatory process of 

brain tumors is the NLRP3 inflammasome – a component of the innate immune system 

responsible for the activation of inflammatory processes in response to pathogens or injury. 

NLRP3 inflammasome activation contributes to tumor growth and radiotherapy resistance in 

mouse models of glioma, while NLRP3 inhibition slows tumor growth and prolongs survival 

in these models [128]. We have demonstrated that chronic feeding of BD-AcAc2 reduces 

circulating inflammatory markers in healthy rats [126]. In collaboration with Youm and 

colleagues, we reported that the ketone β-hydroxybutyrate directly inhibits assembly of the 

NLRP3 inflammasome, reducing NLRP3-mediated inflammatory cytokine production and 

blocking NLRP3-mediated inflammatory disease [70]. Furthermore, it has been 

demonstrated that radiation induces NLRP3 inflammasome activation which contributes to 

radio-resistance in glioma, and that inhibition of NLRP3 slows tumor growth and restores 

radio-sensitivity [128]. It is likely that ketone inhibition of NLRP3-mediated inflammation 

in glioma contributes to its efficacy and the reported synergy between KD and radiation [60]. 

Inflammation also contributes to glioma pathology by inducing peritumoral edema which is 

a significant contributor to morbidity and mortality in patients. The KD was demonstrated to 

reduce peritumoral edema in the GL-261 mouse glioma model by approximately 50%, even 

when comparing tumors of similar size [62]. This effect was accompanied by an alteration in 

expression of multiple genes associated with inflammation and vascular permeability. 

Specifically, activation of NFκB, a transcription factor activated in response to inflammation 

which upregulates tumor-promoting cytokines and survival genes, was reduced by KD 

therapy. Similarly, COX-2, a potent promotor of inflammation, was reduced. Aquaporins and 

MMPs related to leaky vasculature and brain tumor edema were also decreased, suggesting a 

preservation of the blood brain barrier with KD treatment.
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3.4. Enhancement of anti-tumor immunity

It has recently been demonstrated that ketosis induced by the KD enhances anti-tumor 

immunity [63]. The KD increased tumor-reactive innate and adaptive immune responses in 

the GL-261 model of glioma. Both an enhancement in cytotoxic T cell anti-tumor activity 

and a reduction in immune suppression were observed. The KD also increased the ability of 

CD8+ T cells to produce cytokines upon tumor stimulation, as well as the cytotoxic activity 

of those immune cells. Tumor infiltrating lymphocytes (TILs) from KD-fed mice had 

significantly reduced levels of the inhibitory receptors PD-1 and CTLA-4, and tumors from 

these mice expressed lower levels of inhibitory ligands CD86 and PD-L1. Furthermore, 

tumors from KD-fed mice had increased tumor-reactive CD4+ T cell infiltration while 

immunosuppressive T regulatory (Treg) presence did not change. Depletion of CD8+ T cells 

attenuated much of the therapeutic effects of the KD. Collectively, these findings strongly 

suggest that ketosis exerts its effects, at least in part, by enhancing anti-tumor immunity.

3.5. Alteration of gene expression

Studies have demonstrated that the gene expression profile of tumors grown in animals 

treated with the KD differs markedly from tumors grown in animals fed a standard diet 

[62,64]. In a study in the GL-261 glioma model [129], the KD was shown to reduce the 

expression of genes involved in the hypoxic response, including carbonic ahdydrase IX and 

HIF-1α. Phosphorylated NF-kB was also decreased, suggesting a reduction of NF-kB 

activation. Genes involved in angiogenesis and vascular remodeling were also reduced, 

including VEGFR2, VEGFB, PLAU, TIMP-1, TEK, and ITGB1. Several genes related to 

invasive potential were also altered, including reductions in MMP-2 and vimention. Since 

peritumoral endema was reduced by the KD, expression of genes related to this phenomenon 

were also measured. Indeed, the tight-junction protein ZO-1 was increased, and the water 

channel AQPN-4 was reduced. Studies have further suggested that the KD normalizes gene 

expression such that it more closely resembles that of healthy tissue [4,130]. Gene 

expression profiling was performed on tumor and contralateral healthy brain from mice with 

GL-261 glioma treated with and without the KD [64]. Approximately half of the > 1000 

gene changes were diet-induced. A two-way ANOVA for interaction revealed that the KD 

induced tumor gene expression to be more normal, or closer to that of the healthy brain 

tissue. Gene changes of interest included those involved in oxidative stress and signal 

transduction pathways.

Cancers exhibit widespread differences in epigenetic patterns compared to their normal 

tissue counterparts, allowing them to increase expression of oncogenes and inhibit the 

expression of tumor suppressor genes [131]. Histone deacetylases (HDACs) catalyze the 

removal of acetyl groups from DNA histones and are known to play critical roles in 

mediating gene expression changes in tumors. As such, histone deacetylase inhibitors 

(HDACI) are being investigated for their use as antineoplastic agents. Preclinical evidence 

suggests that HDACIs may be efficacious in a number of different malignancies, and there 

are currently four FDA-approved HDACIs for cancer [132–135]. HDACIs elicit a plethora of 

anti-cancer effects in vitro including inhibition of anti-apoptotic proteins, activation of pro-

apoptotic proteins, induction of ROS generation and DNA damage, and inhibition of DNA 

repair [136]. As mentioned, Verdin and colleagues demonstrated that the βHB acts as an 
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endogenous HDACI both in vitro and in vivo at milimolar levels easily achievable with the 

KD or KA [68]. Thus, it is possible that the effects of ketosis on gene expression in tumors, 

and its potential anti-cancer efficacy, is mediated at least in part by the HDACI actions of 

βHB [68].

3.6. Sensitization of tumors to standard of care and adjuvant therapies

Importantly, ketosis appears to be particularly effective when used as an adjuvant to standard 

of care (SOC) or other metabolically-targeted treatments, increasing tumor sensitivity to 

such therapies. Scheck and colleagues showed a significant synergistic response to the 

combination of KD and radiation therapy in the GL-261 mouse model of malignant glioma 

(Fig. 3) [60]. The KD and radiotherapy both independently increased survival time; however, 

when administered concomitantly, 82% of mice exhibited complete and permanent tumor 

remission, even after returning to a standard diet. These investigators have also presented 

data showing a synergistic effect of combining KD with temozolomide chemotherapy in this 

model [137]. Also, as previously described, Fath et al. reported a synergistic effect between 

the KD and radiochemotherapy in a lung cancer model [116]. Similarly, fasting, a condition 

which induces physiologic ketosis, increases therapeutic response to chemotherapy in 

melanoma, glioma, and breast cancer cells, as well as in a mouse model of neuroblastoma 

[138]. Furthermore, fasting and the KD have been demonstrated to reduce SOC toxicity and 

improve quality of life indices during treatment [138,139]. This potential synergy with SOC 

is critically important as ketogenic therapies would only be investigated clinically as an 

adjuvant to SOC. Other adjuvant therapies under investigation may also synergize with 

ketosis, including hyperbaric oxygen therapy (Fig. 4) [12,59] and metabolically-targeted 

drugs [140,141].

In summary, in addition to multiple genetic, epigenetic, and growth signaling alterations, 

cancer cells exhibit reprogramming of several metabolic pathways. Importantly, many 

classic oncogene mutations confer a metabolic phenotype which supports survival and 

proliferation. Indeed, each of Hanahan and Weinberg’s hallmarks of cancer can be linked to 

specific metabolic alterations. Thus, it may be logical to utilize a systemic, broad spectrum 

approach [37] to robusty target miltiple relevant molecular and metabolically regulation of 

growth and survival pathways that modulate the hallmarks of carcinogenesis, without 

clinically limiting toxicity. However, to date, there continues to be a paucity of research that 

exploits these mechanisms comprehensively to improve prognosis and outcomes relevant to 

tumor progression and reduction of related symptom burden.

4. Rationale of ketogenic diets targeting metabolic dysregulation 

observed in glioma

Tumors including CNS tumors often express a strong glycolytic or Warburg phenotype, both 

prior to and in response to chemoradiation intervention [105]. Prolonged exposure of ketone 

bodies (KBs) to the blood-brain barrier (BBB) endothelial cells upregulates expression of 

monocarboxylate transporters that enhance uptake of ketones by the brain. However, brain 

tumor cells appear to have a high obligatory need for glucose but may be metabolically 

inflexible, and thus have limited capacity to oxidize KBs as an energy source. Thus ketosis, 
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a metabolic state characterized by decreased blood glucose and elevated blood ketones, may 

potentially deprive the tumor of key metabolic substrates and have the potential to control 

further growth and associated symptoms [142,143]. Indeed, several cancers have been found 

to lack expression of one or more ketone utilization enzymes [27,28,106,107], a feature also 

observed in malignant glioma [106]. Interestingly, it has been demonstrated that some 

glioma cells that do express ketolytic enzymes are unable to metabolize βHB to compensate 

for glucose restriction like healthy neurons [142,143]. In the section below, we review the 

evidence from in vitro, preclinical and early phase trials by our team and others have shown 

that ketogenic diets KD target metabolic dysregulation to elicit a number of distinct yet 

simultaneous anti-cancer effects (Fig. 2) targeting the Warburg effect, significantly reducing 

glucose and insulin, increasing ketone bodies, reducing oxidative stress, reducing 

inflammation, attenuating the acidic tumor microenvironment, and downregulating proteins 

associated with angiogenesis, ultimately resulting in reduced tumor progression and 

potentially symptom burden.

4.1. In vitro studies in gliomas

In a study evaluating ketolytic and glycolytic enzyme expression in 22 malignant glioma 

biopsies, the rate limiting mitochondrial ketolytic enzymes were low or very low in 14 of 17 

GBMs and in 1 of 5 anaplastic gliomas, while at least one glycolytic enzyme was 

overexpressed in 13 of 17 GBMs and all 5 anaplastic gliomas [144]. Another study involving 

5 different glioma cell lines concluded that glioma cells are unable to metabolize βHB to 

compensate for glucose restriction like healthy brain cells, even when ketolytic enzymes 

were expressed [142,143]. Normal ketone metabolism has been reported in some glioma cell 

lines in vitro [66,145,146], but interestingly, the effects of the KD in vivo revealed no effect 

on tumor growth [147]. Furthermore and of importance, mitochondrial dysfunction is a 

hallmark of gliomas [35,148–154]. Ketones bypass glycolysis and are oxidized completely 

within the mitochondria, an observation further supporting the hypothesis that ketones may 

beless efficient energy substrates within glioma compared to the healthy brain. Thus, even in 

tumors where ketolytic enzymes are expressed or ketone oxidation may be occurring, if 

there is dysfunction at the level of the mitochondria such that oxidative phosphorylation is 

inefficient, fuels that are metabolized solely through this pathway will likely provide an 

inefficient energy source. This may explain why the growth of some tumors that demonstrate 

carbon-labeled utilization of ketones are still not promoted by the KD [66]. It is also quite 

plausible that in tumors where ketones are oxidized efficiently for energy, the multiple 

signaling effects we have outlined in this report are still able to produce an overall neutral or 

anti-tumor effect. Still, we posit that tumors which consistently express abnormalities in 

mitochondrial structure and function would not be as efficient utilizers of ketones compared 

to tissues with normal mitochondria. This may also explain studies such as the previously 

described Maurer et al., wherein ketolytic enzyme expression was normal, but the tumor 

cells were still unable to utilize ketones to compensate during glucose deprivation [143]. The 

in vitro evidence has thus demonstrated that KD creates a metabolic state that limits glucose 

and insulin, and provides KBs as an alternative energy source, which is a less useful fuel for 

the tumor, including glioma, that may lead to suppression of cancer progression.
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4.2. Preclinical evidence demonstrating the effectiveness of KD in treating gliomas

A number of preclinical studies have demonstrated therapeutic effects of the KD for glioma, 

many of which have been previously described in this review. Seyfried and colleagues have 

published several reports on the calorie-restricted ketogenic diet (R-KD) as potential therapy 

for glioma. The R-KD decreased tumor weight when administered as a stand-alone therapy 

in the CT-2A malignant mouse astrocytoma model; however, it elicited potent synergistic 

anti-cancer effects when administered in conjunction with the glycolytic inhibitor 2-deoxy-

D-glucose (2-DG) [140]. In the same model, Seyfried et al. showed that blood glucose levels 

had a direct and positive correlation with tumor growth and that the R-KD significantly 

decreased plasma glucose [78]. The R-KD also decreased plasma insulin-like growth 

factor-1 (IGF-1) levels, a known biomarker for cancer progression and angiogenesis.

Scheck and colleagues reported in a series of studies that the KD fed ad libitum increases 

median survival time by approximately 20–30% in the GL-261 malignant glioma model 

[63,117,121]. Poff et al. reported that two KDs tested prolonged survival time by 

approximately 45% and 55% in a glioma-derived mouse model of metastatic cancer 

[12,126]. Similarly, Reynolds and colleagues demonstrated that the KD reduced tumor 

growth and prolonged progression free survival in patient-derived GBM in both sub-

cutaneous and orthotropic implantation models [155]. As previously mentioned, the KD 

prolonged survival time in the GL-261 mouse model of malignant glioma, but synergized 

with radiation therapy to promote complete and permanent remission in most animals when 

used concomitantly [60]. These investigators also reported a synergistic effect between KD 

and temozolomide therapy in the GL-261 model [137]. In summary, KD diets alone and as 

an adjuvant therapy have shown promise in reducing tumor progression in preclinical 

models of glioma via targeting several metabolic and molecular intermediate endpoints of 

carcinogenesis.

4.3. Clinical/Case studies evaluating effectiveness of KD in brain tumors

The earliest report of the KD as a cancer therapy in humans was published by Nebeling et al. 

in 1995 [65]. This study was designed to determine if the KD could decrease glucose uptake 

by tumors in two pediatric patients with late stage malignant astrocytomas. FDG-PET 

imaging showed decreased glucose uptake by an average of 21.8% in the two patients’ 

tumors. One patient responded remarkably well to dietary therapy, exhibiting clinical 

improvement in quality of life and motor function. At the time of the report, she had 

continued the KD therapy for an additional year with no disease progression. The other 

patient responded well initially, but was lost to follow-up. In 2011, Zuccoli et al. published a 

case report on a 65 year old woman with multicentric glioblastoma multiforme (GBM) 

treated with R-KD given concomitantly with standard care [118]. The patient responded 

well to dietary therapy, and after two months of treatment, her tumors were no longer visible 

by FDG-PET or MRI imaging. Ten weeks after discontinuing the dietary therapy, however, 

her tumors returned and she eventually succumbed to the disease. Currently, there are a 

small number of clinical trials evaluating the effects of the KD on GBM. A small pilot trial 

in recurrent GBM patients demonstrated that KD was safe and feasible, but may not elicit 

significant benefit as a monotherapy in these patients [156]. The trial was also complicated 

by difficulties with compliance and poor tolerability to the diet. Patients who were able to 
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achieve stable ketosis exhibited a trend of improved progression free survival, but the effect 

was not statistically significant in this small group. It is possible that ketogenic therapy 

imparts a more significant impact in patients with earlier stage disease; however, to the 

authors’ knowledge, no trials have yet assessed this therapy in patients with LGG.

Thus, evidence from early observational, pilot and case reports provide a strong mechanistic 

rationale for KD in reducing tumor progression of CNS tumors. Based on laboratory studies, 

it appears that ketosis is a promising therapy that substantially alters metabolic physiology to 

elicit a number of distinct yet simultaneous anti-cancer efects, including a reduction of 

glucose and insulin, modulation of oxidative stress, reduction of inflammation, enhancement 

of anti-tumor immunity, and alteration of gene expression, among others. However, much of 

this early evidence in clinical trials comes from non-randomized trials and short-term 

interventions in advanced cancer patients and thus only provide data on feasibility and short-

term safety. Given the absence of long-term safety and clear evidence of efficacy, it is clear 

that randomized clinical studies are warranted to further evaluate the potential therapeutic 

role, the effectiveness, safety and the feasibility of KDs targeting cancer.

4.4 Other related effects of ketosis

Aside from these direct anti-cancer effects of ketosis, preclinical studies suggest that KD 

also sensitizes tumors to chemoradiation therapy, eliciting a potent synergistic effect in 

various animal models, including glioma [60]. Furthermore, ketosis is unique amongst most 

proposed or known cancer therapies in its ability to protect healthy tissue from damage. The 

neuroprotective effects of ketosis are well-documented [118,157], and have been reported in 

varied etiologies of neurological damage, including acute insults such as stroke and 

traumatic brain injury (TBI), conditions of neurodegeneration such as Alzheimer’s disease 

and Parkinson’s, and pre-clinical models of chemical-induced injury, among others 

[118,157]. Indeed, in multiple published reports, ketosis has been shown to prevent neuronal 

death and enhance cognitive function following insult. While not fully-understood, it is 

thought that ketosis elicits neuroprotective effects in part by enhancing brain energy reserves 

and reducing oxidative stress and neuroinflammation [157,158]. In glioma, where standard 

of care therapies produce substantial and enduring cognitive and quality of life deficits, the 

potential implications of this are significant. Thus, ketosis induced by the KD and/or KA 

may provide a powerful, broad spectrum approach to simultaneously target multiple aspects 

of cancer, while enhancing the effects of current standard of care chemoradiation, and 

protecting healthy tissue from the adverse side effects of treatment.

4.5 Potential contraindications of ketogenic diets in cancer

Much of the evidence of potential contraindications of KD related to cancer comes from 

laboratory studies and a few early phase clinical trials. In a preclinical model of the rare 

genetic disorder Tuberous Sclerosis Complex (TSC), Eker rats (Tsc2+/−) subjected to ad 

libitum prolonged feeding of a KD (4, 6 and 8 months) demonstrated promotion of growth 

of renal tumors by recruiting ERK1/2 and mTOR which are associated with the 

accumulation of oleic acid and the overproduction of growth hormone. Simultaneously, 

Nrf2, p53 and 8-oxoguanine glycosylase α-dependent antitumor mechanisms were launched 

by the KD, suggesting that this therapy may be contraindicated for TSC patients [159]. As 
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previously noted, tumors containing the BRAFV600E mutation may also be contraindicated 

for ketogenic diet therapy [66]. The ketogenic diet promoted the growth of human 

melanoma cells expressing this mutation in a xenograft mouse model by selectively 

enhancing BRAF V600E mutant-dependent MEK1 activation. Finally, the Lisanti group has 

published a set of papers proposing that ketones can promote tumor growth via a reverse 

Warburg effect and two-compartment metabolism between stromal and tumor cells in pre-

clinical breast cancer models [75,160–163]. The research team generated hTERT-

immortalized fibroblasts overexpressing rate-limiting ketogenesis enzymes, and co-cultured 

them with MDA-MB-231 breast cancer cells which were genetically altered to over-express 

rate-limiting ketolytic enzymes [162]. In this model system, ketone administration promoted 

tumor growth and metastasis. This proof of concept experiment is interesting but deserves 

further investigation, especially as Fine et al. demonstrated that ketone administration 

suppressed ATP production and growth in MDA-MB-231 cells that were not genetically 

engineered for enhanced ketone metabolism [66]. The Lisanti group has also reported that 

ketones can induce a gene signature associated with increased “stemness” in MCF7 breast 

cancer cells [163]. Although a small number of studies suggest the KD may have beneficial 

effects in breast carcinogenesis [66], the data in this cancer type is sparse and deserves 

critical attention in light of the Lisanti lab’s reports. To date, there have been no studies 

demonstrating a tumor-promoting effect of the ketogenic diet on glioma.

Evidence from early clinical trials on potential short-term side effects of KDs include 

gastrointestinal distress, acidosis, hypoglycemia, dehydration, lethargy, [164] 

hypomagnesemia, and elevated circulating cholesterol and free fatty acid concentrations 

[165,166]. Potential long-term side effects include hyperlipidemia, hypercholesterolemia, 

nephrolithiasis, cardiomyopathy, and bone mineral loss. There are also known 

contraindications to the KD, which include genetic disorders of fatty acid oxidation, 

carnitine deficiency disorders, and porphyria. KDs can also be deficient in certain vitamins 

and minerals, such as calcium, selenium, copper, zinc, and vitamin D. Although these 

adverse effects have been reported to be minor in short-term interventions and have been 

reported in patients who are on KD for more than 1 year, it has also been shown that several 

of these adverse effects can be prevented or corrected with appropriate patient selection, 

supplementations, well-fomulated KD and adjustments in food choices. For example, studies 

have demonstrated that a well-formulated KD taking into consideration composition of 

saturated versus monosaturated fats and protein elicits multiple positive effects on blood 

lipids and cardiovascular biomarkers, including a reduction in triglycerides, an elevation in 

HDL:LDL cholesterol, a reduction in body fat mass, and a suppression of circulating 

inflammatory markers [2,142,143,167–169]. Still, it is important that adverse events and 

related biomarkers be closely monitored in early phase randomized clinical trials, to inform 

future evaluation of the efficacy of KD in specific cancers including patient selection, KD 

formulation and the biomarkers to monitor for safety.

While several studies are evaluating therapeutic use of the KD for varied disease states, a 

consistent obstacle is dietary compliance. Additionally, it is likely that cancer patients may 

face unique obstacles to dietary therapy due to treatment modalities, including anorexia, 

mucositis, cachexia, etc. Patients can have difficulty restricting carbohydrate and increasing 

fat intake to the degree necessary to induce therapeutic levels of ketosis. In such cases, 
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pharmacological modulators or KA supplementation to KD provides a useful tool for 

initiating and supplementation to sustain ketosis. Utilizing KAs as an adjuvant to KD 

reduces the severity of carbohydrate restriction necessary and will almost certainly enhance 

patient compliance. Furthermore, KAs such as the BD-AcAc2 ketone ester [5[58] are unique 

amongst known KA in their ability to elevate both βHB and AcAc [57]. Although not 

evaluated for safety in randomized clinical trials, other ketones have been shown to possess 

anti-cancer properties in different model systems [58,66,67].

In summary, although several laboratory studies have provided evidence of safety and 

potential contrainidcations data from randomized clinical trials of safety and efficacy of KD 

targeting cancer patient populations continue to remain relatively sparse. Well-powered, 

rigorously designed clinical trials to evaluate safety and effectiveness of KD in interfering in 

carcinogenesis, while maintaining safety, in carefully selected cancer patient populations are 

urgently needed.

5. Conclusions

A promising approach to cancer control is to develop interventions to slow or halt 

progression of early stages of carcinogenesis to invasive disease as indicated by biomarkers 

of disease progression as well as related symptom burden. Our goal is to utilize a broad-

spectrum approach targeting multiple signaling pathways that result in modulation of 

apoptosis, proliferation, inflammation and related pathologies, relevant to progression in 

early stage disease to advanced cancers. The metabolic pathways which support rapid 

growth of tumors represent a promising therapeutic target for cancer. Ketogenic therapies in 

the form of a KD and/or pharmacological modulators using exogenous KAs represent one 

potential tool to exploit the metabolic vulnerabilities of tumors. A number of distinct yet 

interrelated effects of ketosis may be implicated in the potential anti-tumor effects of ketosis 

(Fig. 2). Ketogenic therapy for CNS tumors, including glioma, extends far beyond the 

originally proposed mechanism of reducing glucose availability, and may work through 

multiple and yet distinct mechanisms such as reducing inflammation, altering in oxidative 

stress, enhancing anti-tumor immunity, altering gene expression, sensitizing tumors to 

standard of care and adjuvant therapies, among others (Fig. 5). Some of these mechanisms 

may depend directly on ketone signaling, supporting the notion that an elevation in blood 

ketones is a significant component of ketogenic therapy for CNS tumors. To date, case 

reports and pilot projects have reported moderate success evaluating KD in patients with 

advanced stage disease (HGG). However, it is important to acknowledge that advanced stage 

disease, including GBM, display significant increases in genomic complexity and a variety 

of cell-signaling redundancies. Thus, clinicians face multiple patient-related (due to illness, 

compliance and other co-morbidities) and metastatic disease-related challenges. It is 

possible that the KD would be more effective in earlier stage disease (LGG) and provide an 

opportunity to potentially increase the likelihood of pinpointing targets for transformational 

therapies. However, to date, there continues to be a paucity of research that exploits these 

mechanisms and systematically examines interventions such as the KD, relevant to tumor 

progression in glioma. If successful, these novel treatments could provide a non-toxic, cost-

effective adjuvant therapy to standard of care in a disease currently with a grim prognosis.
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Abbreviations:

2-DG glycolytic inhibitor 2-deoxy-D-glucose

ACAC acetoacetate

ACE acetone

Akt strain AK, thymoma

ALS amyotrophic lateral sclerosis

ATP adenosine triphosphate

βHB β-hydroxybutyrate

β-catenin/Wnt β-catenin/wingless-related integration site

CD4+ cluster of differentiation 4

CD8+ cluster of differentiation 8

CDKN2A/B cyclin-dependent kinase Inhibitor 2A

CoA coenzyme A

CT-2A CT-2A glioma model

EGFR epidermal growth factor receptor

FDG-PET fluorodeoxyglucose positron emission tomography

GBM glioblastoma multiforme

GL-261 GL-261 glioma model

GLUT glucose transporter proteins

GLUT 1 glucose transporter 1

GLUT 3 glucose transporter 3

GSH glutathione

HGG high grade glioma

IGF-1 insulin-like growth factor-1

IDH isocitrate dehydrogenase

IR insulin receptor
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KA ketogenic agent

KB ketone bodies

KD ketogenic diet

KE 3-butanediol acetoacetate diester

Km Michaelis constant

LGG low grade glioma

MAPK mitogen-activated protein kinases

mTOR mammalian target of rapamycin

NAD nicotinamide adenine dinucleotide

NADP nicotinamide adenine dinucleotide phosphate (oxidized 

form)

NADPH nicotinamide adenine dinucleotide phosphate (reduced 

form)

NF1 neurofibromin

NFκB nuclear factor kappa-light-chain-enhancer of activated B 

cells

NLRP3 NLR family pyrin domain containing 3

OxS oxidative stress

PDGFRA platelet derived growth factor receptor alpha

PPP pentose phosphate pathway

PTEN phosphatase and tensin homolog

Ras protein family of GTP kinases discovered in rat sarcoma

R-KD calorie-restricted ketogenic diet

ROS reactive oxygen species

SOC standard of care

TERT telomerase reverse transcriptase

TILs tumor infiltrating lymphocytes

TP53 tumor promoter protein 53

TSC tuberous sclerosis complex

Treg T regulatory
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VEGF vascular endothelial growth factor

WHO World Health Organization
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Fig. 1. 
Metabolic regulation of the hallmarks of cancer. (http://journal.frontiersin.org/article/

10.3389/fnmol.2016.00122/full#B62) [69].
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Fig. 2. 
Summary of relevant effects of ketosis.
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Fig. 3. 
Ketogenic diet enhances efficacy of radiotherapy in mouse glioma model. Radiation therapy 

and ketogenic diet prolonged survival as monotherapies, but complete and permanent 

remission was observed in 82% of mice when the two therapies were delivered 

concomitantly. This study suggests that ketosis may provide an effective adjuvant to 

standard of care therapy in glioma. Reprinted with permission from Abdelwahab, et al. 

PLOS One, 2012 [60].
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Fig. 4. 
Ketosis is synergistic with hyperbaric oxygen therapy in a mouse model of metastatic 

cancer. In a 2015 report by Poff et al. the ketogenic diet (KE), BD-AcAC2 supplementation 

(KE), and hyperbaric oxygen (HBOT) elicited a potent synergistic effect on suppressing 

tumor growth and metastatic spread in a glioblastoma-derived model of metastatic cancer, 

supporting the idea that ketosis may serve as a useful adjuvant to other non-toxic, metabolic-

targeted adjuvant therapies under investigation. Fig. 1 from Poff et al., 2015; http://

journals.plos.org/plosone/article?id=10.1371/journal.pone.0127407. Reprinted with 

permission from Poff, et al. PLOS One, 2015 [59].
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Fig. 5. 
Hypothesized Mechanism by Which a Ketogenic Diet may Reduce Disease Progression and 

Symptom Burden in Low Grade Glioma.
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