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• The Hallmarks of Cancer
Hanahan and Weinberg, Cell, 2011

What is Cancer?



Hanahan and Weinberg, Cell, 2011

• In 2011, updated review proposed two enabling 
characteristics and two emerging hallmarks



Therapeutic Target: The Warburg Effect

(Vander Heiden, Cantley et al. 2009)

• Fermentation is a much less efficient mechanism of producing 
energy…. So why? 



Beneficial Consequences of the Warburg Effect
Thus, the Warburg effect is a great 

therapeutic target

Cell Signaling Technologies Image

• Glucose and insulin supply substrates to feed the Warburg effect and 
promoting tumor progression

Pathways stimulate 
proliferation

Protection from OxS

Biomass synthesis

Invasion & metastasis
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survival

Biomass synthesis



• The Warburg Effect is a 
common feature of cancers 
and serves as the basis for 
one of the most important 
diagnostic tools in cancer 
treatment

• Radioactively-labeled glucose 
quickly taken up by cancer 
cells

Metastatic Melanoma

18F-FDG PET Scan

http://www.nepetimaging.com/casemonth_february_05.html

Cancer sucks up glucose!



Gnagnarella, et al; 2008

Dietary carbohydrate intake is correlated 

cancer risk



High blood glucose → poor clinical 

prognosis



Blood glucose is 

directly correlated 

to tumor growth

Seyfried et al. British Journal of Cancer (2003) 89, 1375 – 1382



Insulin, IGF-1 and Cancer



How can we lower glucose and 

insulin to the tumor? 



Ketogenic Diet

• 4:1 Fat:Protein+Carb
– 75-90% Fat

• Coconut Oil Butter, Olive Oil, 
Nuts, Fatty Fish, Medium 
Chain Triglycerides

– 5-15% Protein
• Fatty Animal Meats and Fish, 

Cheese 

– 5-10% Carbohydrates
• Green Leafy Plants (high fiber)

• Induces physiological state 
of ketosis

Glucose
Insulin



Ketosis

Extra-hepatic 
tissues

• β-hydroxybutyrate 
and acetoacetate

• Water-soluble fat 
molecules

• Alternate energy 
source for tissues, 
including brain

• Replace glucose as 
primary fuel for brain 
during fasting or 
starvation

Liver

When glucose and insulin are 

low, acetyl-CoA generated from 

fatty-acid β-oxidation fuels 

hepatic ketogenesis 

Fa
t

Protein

Carb



The Diet which Mimics Fasting

▶ First 17 pts, 59% seizure free, 23% marked improvement, 

remainders lost to follow up or discontinued

▶ Fasting has long been known 

to cure epileptic seizures

▶ Earliest reports 400 BC

← 1922 report

▶ 1920s, Mayo Clinic – proposed 

a high fat, very low 

carbohydrate diet to mimic 

fasting, The Ketogenic Diet

▶ 1g/kg protein

▶ Carbs 10-15g/d

▶ Remainder fat

▶ Caloric requirement: BMR + 

50%

http://upload.wikimedia.org/wikipedia/commons/4/45/Conklin_Fasting_-_NewYorkTimes.png


History of the Ketogenic Diet

▶ Robust effectiveness continued to be reported through 

the decades that followed

▶ Discovery of anti-epileptics caused diet to fall out of 

favor, but still used in some circles 

▶ Renaissance of the KD since 1990s with increased awareness of 

effectiveness and relative safety to AEDs (adverse side effects)

▶ Under active investigation for large variety of disorders



Ketones are an efficient energy source for 

healthy cells, but maybe not for some cancers

• Ketones saved healthy brain cells 
from glucose withdrawal-induced 
death, but did not protect 5 
different types of brain cancer cells. 

• These brain cancer cells expressed 
the enzymes necessary for ketone 
utilization; however, they were 
insufficient to provide energy

• Ketones are 
metabolized 
exclusively in the 
mitochondria

Seyfried
, et. A
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(Maurer, Brucker et al. 2011)

• Pt biopsies: Ketolytic enzymes 
significantly ↓ in 14 of 17 GBMs; 
Glycolytic enzymes ↑ in 13 of 17 
GBMs.



Poff et al, Int. J. Cancer 2014

Magee et al, 1979

High
[βHB]

Control
Cancer cell growth

Ketones appear to have direct anti-cancer 

effects in some models

In presence of 25mM glucose

• Ketones inhibit cancer cell 
proliferation independently of 
glucose restriction

▫ Shown in lymphoma, melanoma,          
& brain, kidney, cervical, colon,             
and breast cancer cell lines 

• Ketones reduce GBM cell 
viability

GBM

GBM



• Since the 80s, numerous pre-clinical studies have reported 

therapeutic effects of the KD in a variety of model systems

• Brain – most well-studied 

• Prostate 

• Breast

• Lung

• Melanoma

• Pancreatic

• Colon

• Metastatic cancer

• How widespread is applicability? More studies in varied model 

tumor types needed.



Pre-clinical studies

Beyond efficacy: Important questions

• Mechanisms

• Importance of calories

• Level of carbohydrate restriction

• Understanding ketone metabolism in tumors

• Anti-cancer effects of ketones?

• Coupling with standard of care or other adjuvant 

therapies

• Importance of fat composition

• Developing tools for implementation

• Contraindications

• Prevention



2010s-presentHow does it work? Narrowing in on Mechanisms



Potential mechanisms

• Signaling molecules (Newman and Verdin 2014)

• Lower blood glucose, insulin (Veech 2004)

• Inhibit glycolytic enzymes (Wu and Thompson 1988)

• Reduce basal oxidative stress, increase OxS in 
response to SOC (Shimazu, Hirschey et al. 2013)

• Endogenous histone deacetylase inhibitor (Shimazu, 

Hirschey et al. 2013)

• Alter gene expression (Stafford, Abdelwahab et al. 2010)

• Inhibit inflammation (potential decrease in 
peritumoral edema) (Youm, Nguyen et al. 2015)

• Enhance anti-tumor immunity (Scheck al. 2016)

• Muscle sparing (Shukla, Gebregiworgis et al. 2014)



• GL-261 glioma model 

• SD, KD, Rad, KD+Rad

• KD, Rad, and KD+Rad 

prolong survival

• Potent synergy KD+Rad–

81% of mice exhibit total and 

permanent remission 

• 100 days tx, 200 days SD, 

sac’d no tumor evident

Synergy with Standard of Care?

KD may enhance efficacy of SOC – must investigate in this context for 
clinical translatability



• NCI-H292 and A549 lung xenograft models

• KD, Rad+Carboplatin, KD+RCT

• KD+RCT slower tumor growth than RCT alone

• KD+RCT increased lipid and protein oxidation in tumors, 

decreased proliferation marker PCNA

KD may enhance efficacy of SOC – must investigate in this context for 
clinical translatability

Synergy with Standard of Care?



• KD-UR slows tumor growth and prolongs survival in VM-M3 metastatic 

model

• Exogenous ketone supplementation shows similar therapeutic effect

• Ketones reduce viability and proliferation of VM-M3 cells in culture in 

presence of high glucose

• Potent synergy with hyperbaric oxygen therapy in vitro and in vivo

Synergy with Other Metabolic Therapies?

Non-toxic adjuvants could offer safe tx
What’s optimal admin of these? Pre/during/post SOC? 



But what about in humans? 



Trials are limited

• Slow mainstream acceptance

• Funding

• Compliance 

• Feasibility (provision of diet to pts more 
complicated than pill)

• Currently, the human literature largely consists 
of case reports and small safety and feasibility 
trials



• Cachexic pts with metastatic disease

• KD via NG tube for 7 days

• Goal: to determine if KD would decrease nitrogen loss in pts

• Blood ketones elevated, blood glu, lactate, and pyruvate decreased

• No affect on N-balance, whole-body protein synthesis, degradation, 
or turnover

1988Early studies in humans – late stage disease and cachexia 



• Pts: 2 female children with non-resectable advanced stage brain tumors 

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

prior chemo & radiation 

• Goal: determine if ketosis could decrease availability of glucose to tumor. 

• Result: ~22% reduction in glucose uptake via PET imaging and long-term 

tumor management

1995
Lessons from Humans
Case reports in brain cancer

KD reduces glucose availability to tumor

But glucose levels still 
relatively normal on 
KD… So does it really 
reduce glucose 
availability to tumor?



• GBM pt – Incomplete surgical debulking 

→ KD-R + Rad + TMZ

• Results: After 2 months tx, no 

discernable brain tumor tissue was 

detected using either FDG-PET or MRI 

imaging. 

• MRI evidence of tumor recurrence was 

found 10 weeks after suspension of strict 

diet therapy.

How long will pts need to be on diet therapy?

2010Lessons from Humans
Case reports in brain cancer



• Advanced metastatic cancer pts, post-tx
▫ Various types (ovarian, breast, granulosa cell, parotis carcinoma, 

osteosarcoma, oesophageal, pancreatic, thyroid, colon, 
endometrial, lung, stomach), post-treatment 

• <70g/d carb KD, 3 months 

• 5/16 pts completed the 3 month treatment period; others 
dropped out for personal reasons, or disease progression

2011Lessons from Humans: Safety & Feasibility Trials



• Concluded KD was safe and feasible

▫ Of the 5 pts that completed the whole 3 month treatment period, none 
experienced further tumor progression while on the diet (all stable disease) 

▫ Side Effects: Temporary constipation, fatigue; No adverse effects of blood 
parameters or lipids

• QOL assessments revealed improved emotional functioning, less 
insomnia 

2011Lessons from Humans: Safety & Feasibility Trials

KD may improve some Quality of Life measures for pts – importance of 
this should not be understated. Personal contribution to outcome.



• 10 patients with advanced, incurable (post-treatment), 
progressive metastatic disease

▫ Breast, fallopian tube, colorectal, lung, esophageal, 
ovarian

• <5% carb diet (high fat, high protein) → 28 days

• 6/10 had stable disease or partial remission (FDG-PET)

BG unchanged. Outcome strongly correlated to 
relative ketosis

2012Lessons from Humans: Safety & Feasibility Trials



• Tumor lactate production observed during western diet vs. 

up to 4 days of ketogenic diet

• After 3 days, mean lactate declined in both normal and 

tumor tissue, but to a greater extent in the tumor

• Supports idea that KD can reduce glycolytic metabolism of 

tumors in humans 

2013Lessons from Humans: Safety & Feasibility Trials



• Case report and literature review

• Both pts showed tumor progression on KD-R monotherapy 
▫ Tumors did express at least 1 of 2 ketolytic enzymes SCOT or 

BHBDH

• Most of reports in literature KD was not monotherapy, with 

varying responses. 

• KD safe and feasible

• May be effective in controlling progression of some 

2015Lessons from Humans: Safety & Feasibility Trials



• 20 pts with recurrent glioblastoma

• LCKD with plant oils 

• Urine ketosis achieved in 92% of pts 

• No serious adverse events

• 3 pts discontinued due to compliance issues

• 1 pt minor response (partial remission)

• 2 pts stable disease 

• KD safe and feasible but probably minimally effective in this pt group 

as a monotherapy

2014Safety & Feasibility Trials



• MAD (20-40g carb/d) in advanced cancer patients of 

diverse cancer types

• QOL scores improved

• Dietary compliance difficulty – 3/17 pts continued diet past 

16 weeks

• Response not correlated to serum glucose, ketones, or 

lipids

• Responders lost more weight than non-responders. Pts 

who lost >10% of body weight responded best.

2016Safety & Feasibility Trials



• Improvements in insulin requirements and renal fx in a few 

pts 

• Concluded MAD safe and feasible in advanced cancer

• Potential survival benefit in melanoma and lung cancer pts

• Of the 4 pts who did well until 16 weeks, 3 had melanoma 

and exceeded their projected lifespan of 3 months (1 was 

BRAF V600E positive)

2016Safety & Feasibility Trials



2016

• 6 pts, self administered KD + RT

• No adverse diet-related side effects

• Tumor regression in 5 pts with early disease

• 1 pt with metastatic lung cancer exhibited slight progression during 

KD+RCT, which progressed rapidly after ending KD

Safety & Feasibility Trials



Authors conclude:
• The studies are limited by their sample sizes, lack in 

homogeneity of type, location, and cancer stage
• Do not use standardized diet protocols
• Most studies not powered to look at efficacy, rather test 

safety & tolerability
• Low adherence 
• Concern over weight loss

2017



Authors conclude:
• Erickson paper failed to portray balanced review
• Evaluate KD as if it’s an established therapy, not in early stages of 

clinical investigation
• Lack of mention of multiple proposed mechanisms in literature
• Attributes side effects from trials to KD, when known effects of SOC
• List effects observed in pediatric epilepsy pts which are known to be 

much less risk in adults
• Weight loss in overweight or obese pts – maybe not negative

2017



Clinical Trials • Several recruiting or ongoing
• Brain, Head & Neck, Pancreatic, Lung, Metastatic, 

Breast, Lymphoma, Pancreaticobiliary



Questioning recommended dietary guidelines for pts

• Review article examining link between metabolic syndrome, breast 

cancer recurrence, and poor prognosis

• Current guidelines include LFD with supplemental calories from fruit, 

grains, and vegetable carbohydrates

• Since LCHF diets are effective at mitigating multiple components of 

metabolic syndrome, such diets should be investigated in this pt 

population 



• Handful of pre-clinical 

studies showing that 

ketosis and/or KD 

promote tumor growth

• Need close attention

Investigating scenarios where KD may be ineffective or 
detrimental



Absolute Contraindications

▶ Carnitine deficiency (primary)

▶ Carnitine palmitoyltransferase (CPT) I or II deficiency

▶ Carnitine translocase deficiency

▶ β-oxidation defects

▶ Medium-chain acyl dehydrogenase deficiency (MCAD)

▶ Long-chain acyl dehydrogenase deficiency (LCAD)

▶ Short-chain acyl dehydrogenase deficiency (SCAD)

▶ Long-chain 3-hydroxyacyl-CoA deficiency

▶ Medium-chain 3-hydroxyacyl-CoA deficiency 

▶ Pyruvate carboxylase deficiency

▶ Porphyria

Relative Contraindications

▶ Inability to maintain adequate nutrition

▶ Parent or caregiver noncompliance

▶ Liver disorders, including liver cancer

▶ Pancreatitis 

▶ Gall bladder disease

▶ Kidney disorders 

List adapted from: Kossoff, E. et al “The 
Ketogenic And Modified Atkins Diets –

Treatments for Epilepsy and Other 
Disorders”, 6th Edition



Complications and Side 

Effects of cKD

▶ Constipation

▶Due to reduced bulk and fiber consumption 

▶ Addition of fibrous vegetables or MCT oil help

▶ Laxatives 

▶ Gastroesophageal Reflux

▶OTC acid blockers used 

▶ Changes in Weight

▶Gain or loss – specific diet assistance necessary 

▶ Hunger

▶ Physical bulk of food is smaller which can lead to hunger, 

especially in first 1-2 weeks. With increased ketosis, this 

typically goes away



Complications and Side 

Effects of cKD

▶ Vitamin and Mineral Deficiency

▶ Calcium, selenium, zinc, copper, vitamin D, others, may be deficient in 

cKD

▶ Requires monitoring and possibly supplementation

▶ Kidney Stones

▶ Potassium citrate reduces risk

▶ High Cholesterol and Other Lipid Abnormalities 

▶ Typically transient

▶ Require monitoring

▶ Carnitine Deficiency

▶ May require supplementation 

▶ Bone Metabolism (esp. in children)

▶ May require vitamin D supplements

▶ Growth Retardation in children

▶ Proper monitoring and supplementation critical 



Cancer-specific side effects or 

concerns?

• Known side effects from healthy or epilepsy 
population

• Drug interactions

• Unacceptable weight loss – cancer cachexia 

• Compliance issues, esp. in late stage patients 



Turning sights towards prevention

Epidemiological suggestions:

• Cancer is considered by some to be a disease of civilization, and is rare 
among hunter-gatherer societies

▫ Two key differences from Western diet: 1) strong reliance on animal 
foods (45-65% of energy) and 2) consumption of low GI plant foods

▫ → Lower carbohydrate intake 

↓Hyperglycemia
↓Insulin
↓Obesity
↓Inflammation
↓Oxidative Stress
↑Anti-tumor Immunity

?Cancer

Largely theoretical –
need more studies!



Ketosis 
targets nearly 
all Hallmarks 

of Cancer

• Extremely encouraging 
preliminary results as a 
potential new cancer 
therapy.

• More animal work and 
human clinical trials are 
crucial to determine its 
place in the treatment of 
cancer.



Multifaceted Approach:

Targeted gene therapies

Cytotoxic 
chemotherapies

Radiation

Immunotherapies

Metabolic therapies
• Ketosis
• HBOT
• Metabolic Drugs

Supportive health
- Nutrition
- Exercise
- Mental health 

Neutraceuticals

A promising piece to the 
puzzle



Practical Guidelines for 

Implementing 

Nutritional Ketosis
* Patients should be monitored by their own physician, 

while working closely with the Registered Dietitian



Jong Rho, MD
Chair Neurology 

Univ. Calgary 

Eric Kossoff, MD
Neurology

Johns Hopkins 

Suggested Resources: 
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Laboratory of Metabolic Medicine
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• Dr. Angela Poff
• Dr. Csilla Ari
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