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ABSTRACT

The predominant use of glucose anaerobically by cancer cells (Warburg effect) may be
the most important characteristic the majority of these cells have in common and,
therefore, a potential metabolic pathway to be targeted during cancer treatment.
Because this effect relates to fuel oxidation, dietary manipulation has been hypothesized
as an important strategy during cancer treatment. As such, the concept of a ketogenic
diet (KD) in cancer emerged as a metabolic therapy (ie, targeting cancer cell meta-
bolism) rather than a dietary approach. The therapeutic mechanisms of action of this
high-fat, moderate-to-low protein, and very-low-carbohydrate diet may potentially
influence cancer treatment and prognosis. Considering the lack of a dietetics-focused
narrative review on this topic, we compiled the evidence related to the use of this
diet in humans with diverse cancer types and stages, also focusing on the nutrition
and health perspective. The use of KD in cancer shows potentially promising, but
inconsistent, results. The limited number of studies and differences in study design
and characteristics contribute to overall poor quality evidence, limiting the ability to
draw evidence-based conclusions. However, the potential positive influences a KD may
have on cancer treatment justify the need for well-designed clinical trials to better
elucidate the mechanisms by which this dietary approach affects nutritional status,
cancer prognosis, and overall health. The role of registered dietitian nutritionists is
demonstrated to be crucial in planning and implementing KD protocols in oncology
research settings, while also ensuring patients’ adherence and optimal nutritional

status.
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URING THE 1920S, OTTO WARBURG OBSERVED

that most cancer cells, regardless of oxygen avail-

ability and functional mitochondria, capture and
metabolize large amounts of glucose and convert it

to lactate rather than fully oxidizing it (as in the case of
healthy respiring cells) to carbon dioxide. This phenomenon,
now termed the Warburg effect,' represents an inefficient use
of glucose because the theoretical yield of adenosine
triphosphate (ATP) generated by aerobic glycolysis (2 ATP/
mol glucose) is lower than that theoretically obtained
through mitochondrial respiration (36 ATP/mol glucose). This
inefficient use of glucose may be countered by an increased
rate of glucose uptake, which alters levels of the in-
termediates and substrates associated with glycolysis, and
consequently promotes growth, survival, proliferation, and
maintenance of tumor cells.>> This distinctive metabolic
feature of cancer cells is the basis for the imaging of tumor
tissue by positron emission tomography using the radio-
labeled glucose analogue '8F-fluorodeoxyglucose (*®F-FDG).*
Considering that cancer is a highly heterogeneous disease
because of its distinct genotypes, the Warburg effect is an
important characteristic that the majority of cancer cells have
in common, representing a susceptible metabolic pathway
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that could be targeted during cancer treatment. Despite being
known for several decades for its broad applicability to
diverse cancers, there have been few systematic clinical in-
vestigations of the phenomenon,” and the development of
treatment strategies based on an understanding of the im-
plications of the Warburg effect have likewise been limited.

The Warburg effect relates to fuel oxidation, so dietary
manipulations have been hypothesized as important strate-
gies to prevent and treat cancer. As such, the ketogenic diet
(KD) has emerged as a potential metabolic therapy (as
opposed to simply a dietary approach) with the aim of
exploiting the aforementioned metabolic vulnerability of
cancer cells; that is, overreliance on glycolysis.® Although the
evidence of its influence on cancer is limited, a KD approach
has been extensively studied for the treatment of epileptic
seizures.” The initial application of KD to epilepsy stemmed
from the observation that seizures were reduced or absent
when affected individuals were fasting.® A KD dietary pattern
can simulate a fasted state because reliance on fat meta-
bolism is a key characteristic under both dietary condi-
tions.>' Although the mechanisms of action are not fully
understood, metabolic consequences of a KD as they relate to
cancer include its influence on cancer cell epigenetics and on
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growth-factor signaling pathways, including insulin, reactive
oxygen species production, and angiogenic factors, and the
inflammatory state,®!! as described by Klement and Kam-
merer.° Its use has been extensively studied in cell and ani-
mal models,'? and a few clinical trials in human beings have
aimed to establish feasibility and safety and to assess
efficacy.”>!*

In general, the KD is characterized by high-fat, moderate-
to-low protein, and very-low carbohydrate content. The
conventional fat to carbohydrate and protein ratio of this diet
is 4:1 and 3:1, respectively, which gives a macronutrient
distribution of approximately 90% fat, 2% carbohydrate, and
8% protein.!! However, alternative macronutrient distribu-
tions have been recently developed to increase flexibility and
palatability (eg, lower fat to carbohydrate and protein ratio,
medium-chain triglyceride KD, and low glycemic index
treatment).!"!”> The increased fat metabolism and limited
carbohydrate metabolism of a KD induce a state of physio-
logic ketosis with increased production of ketone bodies in
the blood (18 to 90 mg/dL [1 to 5 mmol/L]),"® decreased
glucose (65 to 80 mg/dL [3.6 to 4.4 mmol/L])'"'® and insulin
(6.6 t0 9.4 uU/L [45.8 to 65.2 pmol/L]),'"'® and maintenance of
blood pH levels (pH=7.4).!"1°

The macronutrient distribution range of KD is not ideal for
maintenance and promotion of health and prevention of
chronic diseases according to the Acceptable Macronutrient
Distribution Range recently published in the Dietary Guide-
lines for Americans (10% to 35% of protein, 45% to 65% of
carbohydrate, and 20% to 35% fat)."” However, its therapeutic
mechanisms of action may transcend this concern in clinical
settings. In fact, beneficial effects of KD have been observed
in the context of conditions such as epilepsy'® and other
neurologic diseases,' obesity,?°2’ diabetes,>®>>' polycystic
ovary syndrome,*’ cancer,'' respiratory conditions,> and
cardiovascular disease.”®>%>% In these and other contexts,
decreased morbidity and mortality may exceed potential
acute or chronic side effects observed with a KD dietary
pattern.'’ In view of the potential influence of a KD on cancer
treatment or prognosis and the lack of a dietetics-focused
narrative review on this topic, this review describes the evi-
dence related to the use of this diet in cancer therapy
research, either as a standalone treatment or in conjunction
with other therapies, focusing on the nutrition and health
perspective.

METHODS

The focus of this review is to describe original human studies
conducted in individuals diagnosed with cancer who are
consuming a KD. A literature search was performed in
PubMed/MEDLINE from its inception until May 2016. The
search strategy consisted of two separate components, each
involving key words related to “cancer” and “ketogenic diet”
individually. The key words in each component were linked
using “OR” as a Boolean function, and the results of the two
sections were combined by utilizing the “AND” Boolean in
final search. Nonoriginal articles, in vitro studies, studies with
animal models, studies with children, studies in which cancer
originated because of a previously diagnosed disease, and
studies in languages other than English were excluded. All
studies meeting the inclusion criteria were reviewed—from
case studies to randomized controlled trials—despite
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statistical approach. Titles and abstracts of retrieved studies
were screened to select potentially relevant articles. Full text
of the remaining studies was then analyzed independently to
determine whether they met the established criteria. Refer-
ences of eligible articles were then searched manually for
additional articles that could have been missed by the elec-
tronic search. A flow chart of the literature selection process
is shown in the Figure.

Studies Investigating KD in Cancer
A total of 14 studies published between 1988 and 2016 that
included 206 individuals (94 women, 106 men, and 6 not
defined) assessed effects of the KD in cancer patients (see the
Table). The age and sex of participants were not mentioned in
one study.>® The mean sample size was 15 participants
(range=1 to 78 participants). Study designs included 2 clin-
ical trials,*>*! 1 controlled clinical trial,*> 1 randomized
controlled trial,*> 5 case reports,***® 1 retrospective study,*®
1 prospective single-arm pilot study,'* 1 pilot clinical study,"
1 systematic prospective cohort study,”® and 1 prospective
observational pilot study.’®

Cancer types varied substantially among studies. The use of
concurrent standard cancer treatments were not mentioned
in four studies.®®#"#449 Concurrent treatment included
chemotherapy (one study)** and radiation+chemotherapy
(four studies).'**°4%%” Five studies used KD as the sole
therapy.'>#24°48:50 The duration of the dietary interventions
ranged from 5 days to 12 months, and consisted of oral
KD,!33943:4748 ora] KD plus supplements (vitamins, minerals,
carnitine, arginine, highly fermented yogurt drinks, vitamin
D-3, and/or n-3 fatty acid),'#4%44-4659 3nd parenteral KD
feeding.*>** No details of diet administration were provided
in two studies.*"*°

Nine studies assessed the effects of KD on tumor meta-
bolism and/or disease progression,!'>!44142:4446:48-50 Among
them, 2 reported negative results,*®*® 2 showed diverse re-
sults among participants,’>“° 4 did not report any difference
between treatments,'4*>44°% and 1 demonstrated an alter-
ation in cancer cell metabolism (not related to '®F-FDG)
associated with the KD intervention.”! The remaining five
studies assessed effects of the KD on metabolic and health
outcomes as well as its safety and feasibility.3%40434>47

KD and Disease Progression

The two studies reporting negative results were case studies
conducted in patients with glioblastoma (World Health
Organization grade IV).*5*® In the first study, an older woman
followed a KD for 14 days,”® compared with a 12-week
intervention in two adult men.*® Despite discrepancies in
the length of the dietary intervention, cohort, and diet
characteristics, both studies failed to demonstrate efficacy,
which could be explained by the aggressiveness of the tumor
type being studied (1.5-year median survival).’>? In addi-
tion, Schwartz and colleagues®® reported a positive expres-
sion of ketolytic enzymes in participants’ tumor cells,
suggesting an ability to metabolize ketone bodies to produce
energy. These findings are supported by a recent study in
human beings reporting that malignant glioma cells are
genetically heterogeneous, and have different ketolytic and
glycolytic enzyme expression.>® Therefore, as concluded by
the authors, expression of ketolytic enzymes may also
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