Ketogenic Diets and Cancer:
Emerging Evidence

Jocelyn Tan-Shalaby, MD

Combining a ketogenic diet with standard chemotherapeutic and radiotherapeutic options may
help improve tumor response, although more research is needed.

s early as 500 BC, fasting was used as an effec-
A tive treatment for many medical ailments. Fast-

ing continued into modern times, and in 1910,
Guelpa and Marie proposed fasting as an antiepilepsy
treatment. In 1921, Woodyatt noted that starvation or
use of high-fat, low-carbohydrate diets in individu-
als with no significant medical comorbidities yielded
acetone and B-hydroxybutyrate, 2 energy sources
produced by the liver in the absence of glucose. A
low-carbohydrate, high-fat diet was thought to be an
alternative to fasting or starvation, having many of
the same desired effects while continuing to nourish
healthy cells. The term ketogenic diet (KD) was later
coined by Wilder and Peterman, who formulated the
fat-to-carbohydrate ratio that is still used today: 1 g
protein per kg of body weight in children and 10 to
15 g carbohydrates daily, and fat for the remainder of
calories. Both investigators reported that this diet im-
proved their patients’ mentation and cognition.!

Use of the KD as an adjuvant to cancer therapy also
began to emerge. In 1922, Braunstein noted that glucose
disappeared from the urine of patients with diabetes after
they were diagnosed with cancer, suggesting that glucose
is recruited to cancerous areas where it is consumed at
higher than normal rates. During that same time, Nobel
laureate Otto Warburg found that cancer cells thrive on
glycolysis, producing high lactate levels, even in the pres-
ence of abundant oxygen. Warburg conducted many in
vitro and animal experiments demonstrating this out-
come, known as the Warburg effect.
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By the mid-20th century, KD use in epilepsy treat-
ment and cancer research had waned. However, in the
mid-to-late 1990s, with the establishment of the Char-
lie Foundation, the diet slowly started regaining recog-
nition.! Results of many in vitro and animal studies were
reported, and human data also began to accumulate.

MECHANISMS OF ACTION

Glucose normally stimulates pancreatic 8 cells to re-
lease insulin, which allows glucose to enter cells and
provide energy. With high carbohydrate and glucose in-
take, the pancreas increasingly secretes more insulin,
which promotes the interaction of growth hormone re-
ceptors and growth hormones to produce insulin-like
growth factor 1 (IGF-1) in the liver—promoting cell
growth and proliferation, which can be detrimental to
patients with cancer. Overexpression of glucose trans-
porters 1 and 3 (Glut-1, Glut-3) also occurs in many
cancers and corresponds to the degree of glucose up-
take in aggressive tumors, as seen on positron emission
tomography (PET).? Overexpression of hexokinase,
the rate-limiting enzyme of glycolysis, further drives
production of pyruvate and lactate, which cause reac-
tive oxygen species damage. Translocation of the hexo-
kinase rate-limiting enzyme from the cytosol into the
outer mitochondrial membrane, where it interacts with
voltage-dependent anion channels, can disrupt caspase-
dependent cytochrome release, which suppresses the
apoptotic pathways of cancer cells and makes cancer
more resistant to chemotherapy.?

When glucose is scarce, the body senses the need
to make an alternative form of energy for cells. The
liver then produces ketones and fatty acids, which pro-
vide for normal cells but do not benefit cancer cells.
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Table. Low-Carbohydrate Pilot Safety and Tolerability Trials

Diet Patients Patients Patients That Quit Early or Unable

Trial Duration Enrolled, n Tolerated Diet, n | to Diet Due to Poor Health, n Early Deaths, n
RECHARGE: 4 wk 10 5] 5) 0
Fine and Breast
colleagues'” Ovarian/

fallopian

Colorectal

Lung

Esophageal
ERGO: Until 20 17 3 Poor intake 0
Rieger and progression | Relapsed
colleagues’ glioblastoma
Wuerzburg 5-12 wk 16 5 (12 wk) 8 2
study: Utero-ovarian | 2 (6 wk)
Schmidt and Breast 2 (7 wk)
colleagues’® Parotid 2 (8 wk)

Sarcoma 1 (5 wk)

Pancreas 1 (4 wk)

Thyroid 3 (2 wk)

Colon

Lung
VA Pittsburgh | 4-116 wk 17 12 (> 2 wk) 6 Screen failures 0
safety trial: 11 (= 4 wk)
Tan and 6 (> 8 wk)
colleagues?' 4 (> 16 wk)

Abbreviations: ERGO, ketogenic diet for recurrent glioblastoma; RECHARGE, Reduced Carbohydrates Against Resistant Growth Tumor.

Cancer cells have dysfunctional mitochondria and pos-
sibly electron transport chain defects, which disrupt
normal adenosine triphosphate (ATP) production from
the mitochondria. The result is that the cancer cells be-
come heavily dependent on ATP coming from the less
efficient process of glycolysis (Figure 1).

Ketogenic diets mimic the fasting state, wherein the
body responds to the lack of glucose by producing ke-
tones for energy. Excess lactate production, which is
part of the Warburg effect, compensates for ATP pro-
duction defects caused by dysfunctional mitochondrial
oxidative phosphorylation.?* The resulting tumor de-
pendence on glucose can be exploited with KD use.
Ketogenic diets selectively starve tumors by providing

the fat and protein that otherwise could not be used by
glucose-dependent tumor cells.

In KDs, the 4:1 ratio of high fat to low carbohydrates
mimics the metabolic effects of starvation (Figure 2).
These diets slow cancer by inhibiting insulin/IGF and
downstream intracellular signaling pathways, such as
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)
/mammalian target of rapamycin (mTOR). Ketogenic
diets also amplify adenosine monophosphate—activated
protein kinase (AMPK), which inhibits aerobic glycol-
ysis and suppresses tumor proliferation, invasion, and
migration. Mouse models of metastatic cancer show
that exogenous ketones themselves have direct cyto-
toxic effects on tumor viability.”> B-hydroxybutyrate can
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Stable Progressive
Disease, n | Disease, n | Partial Response, n | Adverse Effects Comments
5 (4 wk) 4 1 Mean weight loss: | Modified Atkins diet: 20 carbohydrate g/d
4.1% (P = .45) Unlimited protein
No adverse effects | 2 cups of vegetables per day
Ketosis correlated with standardized uptake value
on positron emission tomography—
computed tomography
Stable disease correlated to 3-fold ketosis (P = .018)
0 17 Seen only after Mean weight loss: | 60 carbohydrate g/d
1 minor salvage 2.2% (statistically | Low-carbohydrate diet and plant oils
response chemotherapy significant) Unlimited calories
2 patients with or without 2 patients had Primary endpoint: % discontinuation of diet
with radiation 8 patients | grade 3 leucopenia | Secondary endpoints: safety, % achieving ketosis,
stable total received No other grade quality of life 8 of the 17 patients with
disease salvage 3 adverse effects progressive disease underwent salvage
(6 wk) 1 complete response chemotherapy and dietary changes, which resulted
5 partial responses in 5 partial responses and 1 complete response
Median overall survival with diet: 32 wk
Median progression-free survival: 5 wk
© 6 0 Mean weight loss: | Stable lipid and cholesterol profile
2.9% (P < .05) 70 carbohydrate g/d
No adverse effects | Low-carbohydrate diet
Oil-protein shakes as snacks
6 (4 wk) 5 (4 wk) 2 mixed responses | Mean weight loss: | Modified Atkins diet: 20-40 carbohydrate g/d
6 (8 wk) 1 voluntary | (16 wk) 8% (P < .0001) Primary endpoints: safety and feasibility
4 (16 wk) withdrawal | 1 no evidence of 8 patients had Quality of life unchanged
(8 wk) disease status grade 3 weight loss | Ketosis did not correlate with glucose or weight loss
postmetastectomy

modify chromatin by binding to and thereby inhibiting
histone deacetylase, ultimately repressing transcription
and curbing cancer cell proliferation (Figure 1).

KETOGENIC DIET BENEFITS

There are concerns about providing protein to pa-
tients who are at risk for renal problems. However,
mouse models of diabetic nephropathy showed im-
proved renal function with KD use. The hypothesis
was that KD use, which produces prolonged elevated
3-B-hydroxybutyric acid levels, also reduces molecular
responses to glucose and consequently reduces renal
damage.® Use of the diet also reduced pain and inflam-
mation in both juvenile and adult rats. Mechanisms of

action were thought to be reduced reactive oxygen spe-
cies and increased central adenosine levels.”®

ADVERSE EFFECTS

Dieting is of concern to cancer patients worried about
additional weight loss. The standard diet is made up
predominantly of carbohydrates and is high in caloric
value (Figure 3). Beck and Tisdale investigated the ef-
fect of KD use on delaying cachexia in mouse models of
colon carcinoma. They found that dieting was more ef-
fective than insulin in reversing weight loss and had the
added effect of reducing tumor size.” Moreover, Tisdale
and colleagues found that KD use in cachectic cancer pa-
tients could promote weight gain.®
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Figure 1. Ketogenic Diet Metabolic Pathways
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A possible explanation is that healthy tissue nutri-
tion selectively delays tumor growth, while cancer cells
are deprived of nutrition (carbohydrates). A therapeutic
weight plateau should follow initial weight loss with KD,
in contrast to pathologic rapid weight loss in non-KD pa-
tients.” Kidney stones, gout, and symptomatic hypogly-
cemia were also potential expected adverse effects (AEs).

Case Reports

In 1962, the New York Department of Mental Hygiene
published an article about 2 women whose metastatic
cancers disappeared after a series of daily hypoglycemia-
induced insulin comas (brief and reversible). These pa-
tients could not undergo conventional electric shock
therapy, hence, the medically induced psychotherapy.
Not only did their psychotic and depressive symptoms
resolve, but their cancers (grossly visible cervical cancer
and metastatic melanoma) became undetectable as early
as 2 months into treatment.'® Zuccoli and colleagues re-
ported on a glioblastoma that was effectively treated
with temozolomide oral chemotherapy after the patient
was weaned off steroids. The patient had a radiographic
response and good tumor control for about a year, before
discontinuing the diet. She transitioned to chemother-
apy, which included bevacizumab (antivascular endothe-
lial growth factor), but the disease progressed and she
died.!" In addition, during 8 weeks of ketogenic diet-
ing, 2 pediatric female astrocytoma patients experi-
enced improved mood and showed decreased glucose
uptake on PET-computed tomography (PET-CT) of their
tumor sites. One of these patients continued the diet and
remained disease-free another 12 months.'? These early

case reports provide compelling evidence for further
research into the role of glucose metabolism in cancer
treatment.

CURRENT RESEARCH

Compared with normal mice, tumor-bearing mice placed
on a low-carbohydrate diet had lower glucose, insulin,
and lactic acid levels.* An in vivo microdialysis study of
patients with head and neck cancers found decreased
lactic acid levels in the tumor tissues after a 4-day KD."
Most early studies and case reports involving KD in can-
cer focused on brain tumors.''*'® Human clinical stud-
ies on this diet in cancer care were limited to small,
nonrandomized, brief trials (4-12 weeks) or single case
studies (Table).!-17-20

Fine and colleagues conducted a 4-week feasibil-
ity study of the low-carbohydrate modified Atkins KD
(< 20 g of carbohydrates daily) in PET-positive advanced
cancer patients with solid tumors. There was a corre-
lation between insulin levels and ketosis but not IGE
Stable disease or partial remission (measured standard-
ized uptake value) on PET-CT correlated with 3-fold
higher ketosis (but not weight loss or reduced caloric in-
take) relative to patients with progressive disease.!” In
the ERGO trial, Rieger and colleagues studied 20 re-
lapsed glioblastoma patients who were on KD supple-
mented with plant oils.'® Calories were unlimited. The
primary endpoint was percentage of patients who discon-
tinued the diet. Mean weight loss was significant, but
quality of life (QOL) was maintained. The investiga-
tors also studied the effects of KD alone or combined
with bevacizumab in a mouse glioblastoma model. In
this mouse study, KD alone had no effect; however, it
increased median survival from 52 to 58 days (P < .05)
with bevacizumab.

In a pilot study, Schmidt and colleagues provided KD
plus oil-protein shakes as snacks to 7 of 16 patients with
a variety of advanced metastatic cancers. Mean weight
loss was statistically significant, blood lipid or choles-
terol levels remained stable, some QOL measures im-
proved, and there were no severe AEs.!” Schwartz and
colleagues reviewed the cases of 32 glioma patients
treated with energy restricted KDs —35 from case reports,
19 from a clinical trial by Rieger and colleagues, and
8 from Champ.'®2%2! They also reported on 2 of their
own glioma cases treated with the energy-restricted KD
and studied tissues for expression of key ketolytic en-
zymes. Prolonged remission was noted from 4 months to
more than 5 years in these case reports.*’
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Figure 2. Macronutrient
Composition of Ketogenic
Diets

Figure 3. Macronutrient
Composition of Modified
Ketogenic (Atkins) Diets

Figure 4. Macronutrient
Composition of Standard
Diets

B Carbohydrates

The VA Pittsburgh Healthcare System safety that trial
enrolled 17 patients, 11 of whom were evaluated. Mean
weight loss was significant, and weight loss of = 10% was
noted in responders (stable or improved disease) com-
pared with nonresponders. Three patients dieted longer
than 16 weeks (survival, 80-116 weeks). One of these pa-
tients was alive at 121 weeks.”

The safety and feasibility data suggest that cancer pa-
tients can tolerate KD use. Investigators should consider
combining the KD approach with standard treatment mo-
dalities, including chemotherapy and radiation.

Already investigators have conducted in vitro studies
of the effect of gene expression of ketolytic and glycolytic
enzymes within tumor tissue on KD response. Tumors
expressing mutations in key mitochondrial oxidative
phosphorylation enzymes were more likely to respond to
KD use than were tumors without mutations.'*

Ongoing Clinical Trials

Duke University has initiated a randomized study
(NCT00932672) of the Atkins diet and androgen
deprivation therapy for patients with prostate can-
cer. Tel Aviv Sourasky Medical Center in Israel is re-
cruiting previously treated chemoradiation patients
with high-grade glial tumors for an open-label study
(NCT01092247) of the efficacy of KD in preventing
tumor growth and recurrence. St. Joseph’s Hospital
and Medical Center (Phoenix, AZ) is recruiting newly
diagnosed glioblastoma patients for a phase 1/2 pro-
spective trial (NCT02046187) involving upfront resec-

Fats M Protein

tion followed by KD with radiotherapy and concurrent
temozolomide, followed by adjuvant temozolomide
chemotherapy. The primary endpoint is number of
patients with AEs and the secondary endpoints are
overall survival, time to progression, and QOL. The
University of lowa is recruiting patients with pros-
tate cancer and non-small cell lung cancer for 2 phase
1 studies (NCT01419483 and NCT01419587, re-
spectively) involving KD using Nutritia KetoCal 4:1
(Gaithersburg, MD).

CONCLUSION

Data from case reports and trials suggest KD use is
safe and tolerable for patients with cancer. Although
it would be ideal to conduct a larger trial using a ran-
domized therapeutic approach, the current emphasis on
drug-based trials is a formidable obstacle. Other major
obstacles are patient initiative and adherence. For now,
investigators must work with anecdotal data. Exam-
ination of gene expression patterns in mitochondria
and mutations in ketolytic and glycolytic enzymes may
prove useful in selecting potentially responsive patients.
Combining this dietary approach with standard che-
motherapeutic and radiotherapeutic options may help
improve tumor response, and further research is desper-
ately needed. @
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Disclaimer

The opinions expressed herein are those of the author and do
not necessarily reflect those of Federal Practitioner, Front-
line Medical Communications Inc., the U.S. Government,
or any of its agencies. This article may discuss unlabeled
or investigational use of certain drugs. Please review the
complete prescribing information for specific drugs or drug
combinations—including indications, contraindications,

w

arnings, and adverse effects—before administering phar-

macologic therapy to patients.
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