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Abstract
Introduction: To date, the ketogenic diet (KD) has been shown to improve certain health conditions such as seizure. These
positive effects have been partly mediated through the gut microbiome. However, research on KD’s impact on colorectal
cancer (CRC) and the gut microbiome of cancer patients that use KD has been scant. This study aims to investigate the role
of KD in the co-evolution of gut microbial composition and CRC progression. We hypothesize that KD alters overall species
diversity through either elimination of harmful bacterial genera or perpetuation of beneficial gut microbiota which could
ultimately be the mechanism underlying positive CRC outcomes.
Methods: In order to test this hypothesis, we propose a murine study using ApcMin/+ (multiple intestinal neoplasia) CRC
mouse models in C57BL/6J background. The mice will either be given normal chow (control group) or KD (87% fat) for
8 weeks. Mice will be euthanized at the end of the experiment and analyzed in terms of polyp size and polyp number in the
small intestine and colon. Frozen colon tissue will also be used to extract mRNA for quantitative polymerase chain reaction
(qPCR) analysis of TH17 cytokine production. Gut microbiome composition will be analyzed by sequencing of 16S rRNA
genes. To compare microbiome structure between diet groups, alpha diversity will be used to measure the differences in gut
microbial structure in the control and experimental groups.
Results: We would expect that mice fed a KD would have altered microbiota diversity, a decreased level of cytokine
production, as well as fewer and smaller polyps (as measured in the small intestine and colon).
Discussion: Analysis of the gut microbiota post-treatment, in conjunction with assessment of cytokine levels will help to set
correlations between microbial gut activity and CRC progression.
Conclusion: The results of this experiment could give insight into the impact of KD on development and progression of
CRC; which could be used to develop therapeutic or dietary interventions.
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Introduction
The low carbohydrate, high fat ketogenic diet (KD) has
recently become popular mainly for its effect in weight
loss. Further roles of this diet in treatment of pathologies
such as refractory epilepsy have also been explored. In a
KD, carbohydrate consumption is dramatically reduced and
is replaced with more fat consumption without changing the
total calorie intake. This causes the body to digest fats as
the primary energy source and thus produce ketone bodies
as a by-product [1]. Ketone bodies have been shown to
selectively inhibit Bifidobacterium growth and also reduce
the number of TH17 proinflammatory T cells [2]. KD has
also been shown to have promising therapeutic benefits for

colorectal cancer (CRC) patients [3]. More precisely,
combining a KD with standard chemotherapeutic and
radiotherapeutic options may help to improve tumor
response. Cancer has recently been regarded as a metabolic
disease, and studies have started to examine metabolic
therapy using KD as a complementary or alternative
therapy for cancer [4]. Since KD switches the cellular
energy source from glucose to fatty acids and ketone
bodies, it is suitable for the dietary management of specific
metabolic disorders [4]. KD has been prescribed since the
1920s to treat refractory epileptic seizures in children. The
majority of previous studies on the anti-tumor effects of KD
have focused on specific types of cancer including brain,
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prostate, and breast cancers. Few studies have addressed
such effects on CRC [3].
Since diet can alter the composition of the gut
microbiome, dietary therapy has been shown to have a
positive impact on a wide range of conditions [5]. Recent
studies have found the gut microbiome to be a crucial
modulator of the neuroprotective mechanism of KD in
epilepsy [6]. However, more research is needed on the
effects of KD administration and the possible role of gut
microbiota as mediators in other diseases, such as cancer. A
KD can lower inflammation in the gut and alter the
microbiota profile, shifting it towards a healthier
composition [3]. It remains to be explored whether KD can
decrease harmful, disease-associated bacteria, such as
Fusobacterium (Fusobacteriaceae) and Porphyromonas
(Porphyromonadaceae). Thus far, it has been found that
these two genera of bacteria were highly enriched in the
intestinal microbiome profiles of CRC patients. The
production of hydrogen sulfide by Fusobacterium was
reported to be one likely contributing factor to CRC
development [7].
In this study, we ask whether cytokine production,
intestinal length, intestinal polyp number and polyp size will
be influenced by administration of KD to mice.
Concurrently, we will assess microbial gut profiles of mice in
both diet groups for the purpose of: 1) general comparison of
species abundance and 2) observing whether harmful
bacteria, namely Fusobacterium (Fusobacteriaceae) and
Porphyromonas (Porphyromonadaceae) will decrease over
several weeks [7].

Week 0

Methods
Animal Models
We will be using ApcMin/+ (multiple intestinal neoplasia)
mice on C57BL/6J background as CRC mouse models.
ApcMin+/ mice carry a nonsense mutation in exon 15 of
Adenomatous Polyposis Coli (Apc) tumor suppressor gene.
This loss-of-function mutation results in development of
multiple polyps in the colon and small intestine [8]. Pathogen
contamination from the surrounding environment will be
prevented through containment of mice in clean housing
facilities, such as in specific-pathogen-free conditions.
Study Design
Control the experiment starts 4 weeks after the mice
are born which is when they are fully weaned from their
mother and begin eating solid food. The control group will
receive a standard rodent diet while the KD group will
receive KD. Control diet contains 64% carbohydrates, 20%
protein, 16% fat while the KD contains 5% carbohydrates,
8% protein, 87% fat [3]. Mice in both groups are going to
be fed respective diet regimens for 8 weeks. After 8 weeks
mice in both groups will be euthanized to analyze gut
microbiota diversity, inflammatory cytokine production,
polyp size and polyp number. Approximately 1 cm snips of
colon will also be taken and snap frozen for mRNA
extraction (Figure 1).

Week 4

Week 2

Week 6

Week 8

Min/+

Apc
Normal Diet (control)
Min/+
Apc
Keto Diet (experimental)

Figure 1. Schematic diagram showing the experimental design for CRC. Week 0 denotes the start of the experiment which is
when the mice are 4 weeks old and fully weaned. Fecal sample will be collected at weeks 0,2,4, and 6 of the experiment. The
mice will be sacrificed after 8 weeks from the start of the experiment and analyzed for caecum weight, intestinal length,
polyp number and size in small intestine and colon. Fecal samples will also be collected at the end of experiment (8 weeks)
and colon tissue will be frozen for mRNA extraction.
Gut Microbiota Profiling
Gut microbial diversity profiles will be generated from
fecal samples taken from both control and experimental
groups this will be done every 2 weeks (during weeks
0,2,4,6, and 8) until the end of the dietary regimen period.
Fecal samples will be frozen immediately at -80°C.
DNA Extraction
Stool samples (80-150 mg) will be collected from each
cohort (normal vs KD) shortly prior to euthanization.

Collected samples will be pre-processed with phosphate
buffered saline (PBS) containing lysozyme and
mutanolysin. Genomic DNA will be extracted using
NucleoSpin Soil kit (following the manufacturer’s
protocol).
Polymerase Chain Reaction (PCR) Assessment of Bacterial
Loads & 16S rRNA Sequencing and Analysis
The V4-V5 hypervariable regions of the 16S rRNA
genes (Figure 2) will be amplified using the following
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primer pairs: forward primer (5′-AYTGGGYDTAAAGNG3′), reverse primer (3′-TGARTTTMCTTAACTGCC-5′)
[9]. Briefly, duplicate PCR reactions with 25 cycles of
amplification will be used at 95 °C for 20 s, 40 °C for 30 s,
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and 72 °C for 20 s. Samples will be purified, quantified and
subsequently pooled at equimolar concentrations.
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Figure 2. 16S rRNA gene (~ 1,540 kb) of E. coli showing variable regions v1-v9, which allow for the ability to distinguish
between different microorganisms.
Next, Illumina MiSeq high-throughput sequencing will
be performed with 2 X 300PE configuration. After
receiving raw data, 16S rRNA sequences will be
demultiplexed using QIIME v.1.9.1 [10]. DNA barcodes
will be assembled and primers will be removed. As a last
step in quality control of sequences, chimera removal will
be processed via SILVA reference set of 16S sequences.
Filtered and trimmed sequences will be clustered into
Operational-Taxonomic-Units (OTUs) based on a 97%
threshold of pairwise identity for bacterial species as
compared to the Greengenes reference database [11]. The
Operational-Taxonomic-Unit (OTU) will be selected via
normalizing a subset of 25,000 randomly selected
sequences, using the uclust algorithm [12]. Following OTU
picking, diversity analysis will be performed. Diversity
parameters and alpha diversity indexes such as Chao’s and
Shannon’s evenness will be calculated using Mothur v.137.
Statistical Comparisons of Species Diversity
Both alpha and beta diversity will be adopted in
analysis of 16S rRNA amplicons, though for different
purposes. Alpha diversity indicates the number of taxa
(richness) or relative abundance of taxa (evenness) in a
select habitat. Beta diversity assess differences in microbial
communities (identity of taxa) between two different
habitats [13]. In other words, while alpha diversity serves as
summary statistics of a single population, the beta diversity
acts as a similarity score between populations. To
accomplish our assessment of global structural changes in
the gut microbiota communities, we plan to use
permutation-based multivariate analysis of variance. To this
end, beta diversity based on Bray-Curtis dissimilarity index
will be used to attain distance among samples and groups in
the microbial gut structure. Information from those OTUs
that indicate varied abundance (p<0.05) will be chosen for
further analysis via the Pairwise Wilcoxon Rank Sum test

with post hoc Bonferroni test [14]. The aforementioned
approaches will assist with comparing sample pairs and
alpha diversity (overall bacterial species richness) between
groups.
Measuring Cytokines, Polyp Number and Polyp Size
All mice will be weighted and humanely euthanized by
CO2 asphyxiation 8 weeks after the start of the experiment
and subsequent cervical dislocation and will be analyzed
for the number of polyps in small intestine and colon,
intestinal length and caecum weight. After termination, the
intestinal tract will be isolated for polyp number and size
(diameter). The intestinal tract will be rinsed with PBS
opened along the longitudinal axis. Polyp count will start
from duodenum and proceeds towards colon. Polyps will be
counted and analyzed for diameter at X20 magnification
under dissecting microscope [15]. For cytokine
measurement, total RNA will be extracted from colonic
tissues using TRIzol®. 1 μg of DNA-free RNA will
be used for cDNA synthesis. Quantitative PCR (qPCR)
will then be performed using SYBR Green Supermix to
investigate the gene expression of TH17 cytokines, notably,
interleukin (IL)-17A, IL-17F, IL-21, and IL-22 using
appropriate specific primers. The specific primer pairs are as
follows: IL-17A forward (5′-ACCAATCCCAAAAGGTCC
TC-3′), IL-17A reverse (3′ -CACTTTGCCTCCCAGATCA
C-5′) [16], IL-17F forward (5′-CTGAGGCCCAGTGCA
GACA-3′), IL-17F reverse (3′ -TTGAGGCAGCGGTAAG
TCG-5′) [17], IL-21 forward (5′-TCAGCTCCACAAGA
TGTAAAG GG-3′), IL-21 reverse (3′-TAGTAACTGG
AGCACCGGG-5′) [18], IL-22 forward (5′-TTGAGGTGT
CCAACTTCCAGCA-3′), and IL-22 reverse (3′-ATTGTT
GTGTCTGCAGGCCGA-5′) [19]. Relative fold gene
expressions will be determined.
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Statistical Analysis
Statistical significance will be evaluated using
GraphPad Prism V.8. Results will be expressed as means
+/- SEM. Kruskal-Wallis one-way ANOVA followed by
Dunn’s post hoc for multiple comparisons will be used for
statistical analysis. P-values <0.05 will be considered
significant.
Results
After 8 weeks, tumour number and size in the small
intestine and colon will be analyzed to assess tumor
progression. The level of expression of inflammatory
cytokines will also be recorded using qPCR. We anticipate
a decrease in tumor development and progression in mice
that received a KD as opposed to regular diet. This decrease
can also be confirmed through qPCR results as decline in
the level of inflammatory cytokines is also an indication of
tumor management and CRC improvement. It is expected
that improved inflammatory outcome will be correlated with
a decrease of bacterial of genera abundant in CRC samples,
namely
Fusobacterium
(Fusobacteriaceae)
and
Porphyromonas (Porphyromonadaceae).
Discussion
The results will be used to compare CRC outcomes in
mice treated with a ketogenic formula compared to mice on
regular diet. As with any study, there are a few limitations
to consider. Firstly, this study is limited to the species under
study. As the microbial community in mice is different
from that of humans’[20], the results of this experiment
cannot be immediately translated to human subjects. As
well, 16S rRNA sequencing is a technique riddled with
limitations such as PCR amplification biases, overinflation
of diversity estimates and low resolution of the 16S rRNA
gene [21]. Therefore, more comprehensive functional
analyses might help in better determining closely related
species in studies of the gut microbiome. Furthermore,
studies have shown that mice with humanized gut
microbiomes are unable to recapitulate full infection
responses [22]. This elucidates the complex interactions
between the gut environment and disease, which cannot be
decisively summarized through correlational studies.
Further investigations that explore the mechanistic interplay
of KD and the microbiota in CRC are required.
Conclusions
Through proposing this experiment, we aim to
introduce keto microbiota as modulators of cancer
progression and/or chemotherapeutic response; while
simultaneously observing immunologic responses and rate
of tumor development in mice on KD. Relative contribution
of the microbiome and dietary components to CRC
phenotypes are multifaceted and nuanced. The KD can
exert its effect on cancer progression through various
mechanisms, of which only one was explored in this study.

Thus, other mechanisms such as KD’s effect on gene
expression are worthy of pursuit.
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