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Abstract
Background: High-fat, low-carbohydrate and adequate-protein ketogenic diets (KD) are expected to
become an effective adjunct therapy for cancer patients. However, the direct effects of KD on tumor cells
and the underlying mechanisms are elusive. In this study, the nude mouse models of subcutaneous
transplanted human colon cancer cells were established and applied to study the effects and
mechanisms of KD on the growth of subcutaneous tumors in nude mice.

Methods: Male nude mice were injected subcutaneously with human colon cancer HCT-116 cell line to
construct a subcutaneous tumor model of human colon cancer. The successfully constructed
subcutaneous tumor mice were divided into normal diet group and KD group. The mice were anesthetized
and euthanized after 30 days of feeding, the subcutaneous tumor tissues were collected, and the size of
tumors was measured and weighed. HE staining was used to observe the pathological changes of
subcutaneous tumor tissues in normal feeding group and KD group. TUNEL staining was used to detect
the level of apoptosis in tumor tissue. Immunohistochemistry of subcutaneous tumor tissues was used
to detect the expression levels of Wnt-1 and β-catenin. In addition, RT-qPCR and western blotting were
applied to detect the expression levels of Wnt1/β-catenin signaling pathway-related proteins.

Results: After 30 days of normal diet and KD feeding, the subcutaneous tumor tissues of human colon
cancer mice were taken out for various assays. The results of tumor size measurement showed that the
tumor size and weight of KD group were signi�cantly smaller than that of the normal diet group. HE
staining showed that the pathological characteristics of colon tumor tissue in the KD group were
signi�cantly improved, and the in�ltration of in�ammatory cells was reduced. TUNEL staining showed
that the apoptosis level of tumor cells in the KD group was signi�cantly increased compared to the
normal diet group. RT-qPCR and western blotting revealed that the expression of pro-apoptotic proteins
such as caspase 3 caspase 9 and Bax were increased P < 0.01 , while the expression of anti-apoptotic
protein such as Bcl-2 or survivin was decreased P < 0.01 . Furthermore, the expression of Wnt1/β-
catenin signaling pathway-related proteins including Wnt1 and β-catenin were largely reduced after 30
days of KD feeding compared to normal feeding group P < 0.01 .

Conclusions: Ketogenic diets (KD) promotes apoptosis of human colon cancer subcutaneous tumor cells
and inhibits the growth of tumor by inhibiting Wnt1/β-catenin signaling pathway in mouse subcutaneous
tumor models of human colon cancer.

Background
Colon cancer is one of the most common gastrointestinal malignant tumors in the world and it is also
one of the main causes of cancer death in western developed countries [1]. The 2018 Global Cancer
Report released by the International Cancer Research Center shows that colon cancer ranks fourth in
morbidity and second in mortality worldwide [2]. In the past few decades, the incidence of colon cancer in
China has increased rapidly. According to 2015 China Cancer Statistics, the incidence and mortality of
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colorectal cancer in China ranks �fth among all malignant tumors [3, 4]. The present study suggests that
low �ber diet, family history, drinking, mental problems and other factors are the main risk factors for
colon cancer [5, 6]. Radical surgery is the predominant treatment for stage I to III colon cancer, but most
patients still need postoperative chemotherapy. Although chemotherapy has a good inhibitory effect on
the growth of tumor, its severe toxic and side effect are widely recognized [7, 8]. Because of this, more
and more adjuvant support therapies that can inhibit tumor growth and reduce the side effects of
chemotherapy are being developed and applied, such as ketogenic diets.

High-fat, low-carbohydrate and adequate-protein ketogenic diets (KD) was originally used for the
treatment of epilepsy [9, 10]. Recent studies revealed that KD can also be applied to the treatment of
some metabolic or endocrine diseases such as obesity, diabetes and hypertension [11, 12]. As we know,
malignant tumors were also regarded as a metabolic disease due to their altered glucose metabolism,
which was tumor cells preferentially utilize glycolysis instead of oxidative phosphorylation to generate
energy and other metabolites [13]. Therefore, KD is becoming a promising adjuvant support therapy for
cancer treatment in recent years [14]. Indeed, it has reported that KD has been used in the adjuvant
treatment of many different tumors, such as gastric cancer, prostate cancer or glioma, and had a positive
therapeutic effect while no obvious adverse effects were observed [15–18]. Further studies showed that
KD can limit the growth of tumor, enhance the effects of chemotherapy to tumor cells while reducing the
toxicity of chemotherapy to normal cells [19], and attenuate the in�ammatory level of tumor [20].
Although many preclinical studies showed that KD has an acceptable therapeutic effect in cancer
treatment, it was a recognized fact that not all types of tumors are sensitive for KD therapy [21].
Therefore, the therapeutic effect of KD on cancer is controversial and detailed molecular mechanisms of
KD therapy were elusive up to now [22]. It has reported that KD can signi�cantly limit the growth of
human colon cancer subcutaneous transplanted tumors in nude mice [23]. However, the speci�c
molecular mechanism was not clear, which was an important scienti�c problem to be solved in this study.

In this study, the nude mouse model of subcutaneous transplanted human colon cancer cells was built
and applied to study the therapeutic effects and mechanisms of KD on the growth of subcutaneous
colon tumors in nude mice. Histopathological observation of subcutaneous colon tumors showed that
the size of the tumors was signi�cantly reduced and the apoptosis level of the tumor cells increased after
KD feeding. Subsequent study revealed that KD induces apoptosis of tumor cells and inhibits tumor
growth through inhibiting Wnt1/β-catenin signaling pathway. These �ndings revealed that the positive
therapeutic effects and possible mechanisms of KD on colon tumors and provided scienti�c evidence for
better understanding the selectivity of KD in tumor treatment.

Methods
Animals

The healthy adult male nude mice (6 week-old weighting 20 to 25 g) were provided by Hunan SJA
Laboratory Animal Co., Ltd (License number: SCXK (Xiang 2016-0002). The animals were fed in SPF
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animal house of Shenzhen University Health Science Center. Each mouse was housed in a single cage to
prevent �ghting and had access to food and water ad libitum. The mice were maintained at a constant
temperature (23 ± 2°C) and humidity with a 12-h light–dark cycle and were acclimatized to the
environment for at least a week before the experiments. All procedures, care, and handling of the rats
were approved by the Ethics Committee of Shenzhen University Health Science Center.

Cell lines, Antibodies and Reagents

Human colon cancer cell line HCT-116 (BNCC339915) was purchased from BeNa Bio Technologies Inc
(Beijing, China). Complete DMEM medium (KGM12800S-500) and phosphate buffer saline (PBS)
(KGB5001) were purchased from KeyGEN BioTECH (Nanjing, China). Ketogenic feed was purchased from
Medicience Biomedicine Co., Ltd. (Yangzhou, China). Trypsin-EDTA solution (T1300), eosin staining
solution (G1100) and Scott blue/blue liquid (G1865) were purchased from Solarbio Life Sciences (Beijing,
China). Hematoxylin Staining Solution (ZLI-9610), mouse anti-GAPDH Monoclonal antibody (TA-08),
HRP-conjugated goat anti-rabbit IgG (H + L) secondary antibody (ZB-2301) and HRP-conjugated goat
anti-mouse IgG (H + L) secondary antibody (ZB-2305) were purchased from ZSGB-Bio Technologies Inc
(Beijing, China). One-step TUNEL apoptosis detection kit (C1088) was purchased from Beyotime Bio
Technologies Inc (Shanghai, China). Rabbit anti-beta catenin polyclonal antibody (51067-2-AP) and rabbit
anti-Wnt1 polyclonal antibody (27935-1-AP) were purchased from Proteintech (Wuhan, China). Rabbit
anti-Bcl-2 polyclonal antibody (A11025) and rabbit anti-survivin monoclonal antibody (A19663) were
purchased from ABclonal (Wuhan, China). Rabbit anti-Bax monoclonal antibody (ab32503), rabbit anti-
caspase 3 monoclonal antibody (ab197202) and rabbit anti-caspase 9 monoclonal antibody (ab32539)
were purchased from Abcam (Cambridge, UK). DAB color development kit (CW0125), neutral resins
(CW0136), Ultrapure RNA extraction kit (CW0581M) and TRIzon reagent (CW0580S) were purchased from
Cwbio Inc (Beijing, China). HiScript II Q RT SuperMix for qPCR (+gDNA wiper) (R223-01) was purchased
from Vazyme Biotech Co.Ltd (Nanjing, China). The 2×SYBR Green PCR Master Mix (A4004M) was
purchased from Lifeint Technologies Inc (Xiamen, China). Matrigel (354248) was purchased from
Corning BD Biosciences (Mississauga, ON, Canada). All other reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Colon cancer xenograft models

Subcutaneous tumor model of human colon cancer in nude mice was established according to the
method described previously [24]. In brief, human colon cancer HCT-116 cells were cultured in DMEM
medium containing 10% fetal bovine serum and growth to 90% con�uence, then the cells collected by
digesting with trypsin and suspended to a concentration of 5 × 106 cells/ml with a mixture of Matrigel
and PBS at a ratio of 1:1. Subsequently, the above HCT-116 cell suspension was subcutaneous injected
under the skin in the right �ank of nude mice (6 week-old male nude mice weighing 20–25 g) with an
amount of 0.1 ml/mouse. The growth of tumors was monitored weekly with rulers by measuring the size.
The mice were randomly divided into two groups (Normal diet group and ketogenic diets group) once the
tumor size reached 0.5cm3. The mice in normal diet group were fed with standard mouse feed daily, and
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the mice in KD group were given ketogenic diets every day. The body weights of nude mice were recorded
every two days. After 30 days of ketogenic diet or normal diet, the mice of each group were euthanized by
CO2 inhalation and the subcutaneous tumors were obtained and applied to the following experiments,
such as the measurement of tumor size or histopathological examination.

Histopathological examination of tumor

The histological method was used to detect the pathologic changes of subcutaneous tumors and
performed as described previously [25]. Brie�y, mice from normal diet group and ketogenic diets group
were euthanized by CO2 inhalation on day 30 after ketogenic diets or normal diets. The subcutaneous
tumors were harvested and immediately �xed in 4% paraformaldehyde, then embedded with para�n, and
cutted into 3 μm thick slices. The sections were depara�nized, rehydrated and stained with hematoxylin
and eosin (H&E) successively. Subsequently, the sections were washed with �owing water, then
dehydrated with high concentrations of ethanol and transparentized with xylene, sealed with neutral
resins and the histopathological alterations observed under light microscopy.

TUNEL Assay

The apoptosis of tumor cells was determined by TUNEL assay via using a commercial One-step TUNEL
apoptosis detection kit (Beyotime) according to the manufacturer’s instructions. Brie�y, the para�n
embedded tumor sections were depara�nized with xylene, then rehydrated with a series of
concentrations of ethanol. The sections were removed to a wet box and the antigen retrieval was
performed by dropping 50 μg/ml of Proteinase K working buffer on the sections and incubated at 37 °C
for 30 min. Then the sections were washed three times with PBS and the residual PBS around the tissue
sections was removed with absorbent paper. 50 μl of freshly prepared TUNEL test solution (5 μl of TdT
enzyme with 45 μl of �uorescence-labeled solution) was added to each tissue section and incubated at
37°C in the dark for 1 h. After incubation, the sections were washed three times with PBS and the residual
liquid around the tissue sections was removed with absorbent paper. Then the tissue sections were
mounted with anti-�uorescence quenching mounting solution and observed under a �uorescence
microscope. The excitation wavelength is 450-500nm and the emission wavelength is 515-565 nm, the
green �uorescence can be observed.

Immunohistochemistry

Immunohistochemistry was applied to detect the expression of Wnt1/β-catenin signaling proteins of
subcutaneous tumors and performed according to a method described previously [26]. Brie�y, the above
prepared tumor sections were depara�nized with xylene and rehydrated with a series of concentrations
of ethanol, then antigen repair was performed with 10 mM citrate buffer at pH 6.0. Subsequently, the
endogenous peroxidase blocking solution was eliminated by incubating the sections with fresh prepared
3% hydrogen peroxide solution at room temperature for 10 min. Then the sections were washed three
times with PBS and blocked in 5% BSA at 37 °C for 30 min to prevent nonspeci�c antigen-antibody
binding. Subsequently, the diluted anti-Wnt1 antibody (1:300) and anti-β-catenin antibody (1:200) were
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added to the sections and incubated at 4 °C overnight. After washed three times with PBS, the sections
were incubated with diluted peroxidase-conjugated goat anti-rabbit IgG (H+L) secondary antibody (1:100)
at 37 °C for 30 min. The sections were wash three times with PBS and color development with 3,3 N-
Diaminobenzidine Tertrahydrochloride (DAB) for 5-10 min. After washed with PBS, the sections were
redyeing with hematoxylin for 3 min, differentiated with hydrochloric acid ethanol differentiation solution
and back to blue. At last, the sections were washed, dehydrated, transparentized, mounted and observed
under light microscopy.

Real-time quantitative PCR (RT-qPCR)

Real-time quantitative PCR (RT-qPCR) was applied to detect the mRNA expression of caspase 3 and
caspase 9 of subcutaneous tumors, which performed as described previously [27]. In brief, the total RNA
extraction and cDNA synthesis of subcutaneous tumors were performed by using the commercial kits
according to the manufacturer’s instructions. The speci�c primers of caspase 3 and caspase 9 were
designed by Oligo 7 software and listed in Table 1. The reaction volume of RT-qPCR was 25μl including 1
μl of cDNA template, 1 μl of forward primer, 1 μl of reverse primer, 12.5 μl of 2×SYBR Green PCR Master
Mix and 9.5 μl of RNase Free dH2O. The RT-qPCR reaction condition as follows: predenaturation at 95°C
for 10 min denaturation at 95 °C for 10 sec, annealing at 58 °C for 30 sec and elongated at 72 °C for 30
sec, 40 cycles. GAPDH was as the control. The relative expression of caspase 3 and caspase 9 in the
transcript levels were analyzed by 2-△△Ct method.

Western Blot

The total proteins of tumors in nude mice were shredded, ground to powder in the presence of liquid
nitrogen, and lysed by protein lysate containing protease inhibitor cocktail on ice bath for 30 min. Then
the lysate was centrifuged at 12000 rpm/min for 15 min, the collected supernatant was total proteins.
The protein concentrations were determined by a commercial BCA quantitative kit according to the
manufacturer’s instructions. The protein electrophoresis was performed by 12% SDS−PAGE and
electrotransferred onto polyvinylidene di�uoride membranes. After electrotransferred, the PVDF
membrane was blocked in 3% BSA at room temperature for 1 h and incubated at 4°C overnight with
diluted anti-caspase 3 antibody (1:1000), anti-caspase 9 antibody (1:1000), anti-Bax antibody (1:1000),
anti-Bcl-2 antibody (1:1000), anti-survivin antibody (1:1000), anti-Wnt1 antibody (1:1000), anti-β-catenin
antibody (1:5000) and anti-GAPDH antibody (1:2000), respectively. After washed three times with TBST,
the membrane was incubated with HRP-conjugated goat anti-rabbit secondary antibodies (1:5000) at
room temperature for 2 h. The protein bands were visualized with the SuperSignal WestPico
chemiluminescence substrate.

Statistical analysis

All experimental values were presented as the Mean ± SD. Each experiment was repeated at least 3 times
independently. Statistical analysis of data was performed using Graphpad Prism 7.0 software. One-way
ANOVA was used to analyse the differences between more than two groups, and non-paired student’s t
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test was used to analyse the difference between two groups. P <0.05 was considered statistically
signi�cant.

Results
Ketogenic diets (KD) had no signi�cant effect on tumor size in nude mouse xenograft models of human
colon cancer

To explore the effect of ketogenic diets (KD) on subcutaneous tumor in nude mouse xenograft models of
human colon cancer, the nude mouse xenograft models were established and fed with normal or
ketogenic diets for 30 day. Our �ndings showed that there was no signi�cant difference in tumor size
between normal feeding group and KD feeding group (Figure 1A). In addition, tumor weighing revealed
that the tumors of nude mice in normal feeding group have a similar weight with KD feeding group
(Figure 1B). These �ndings suggested that KD had no signi�cant effect on tumor size and weight in nude
mouse xenograft models of human colon cancer.

KD decreased the in�ammatory level of subcutaneous tumor in nude mouse xenograft models

In�ammatory in�ltration is a typical characteristic of malignant tumor. Here, the in�ammatory level of
subcutaneous tumor in nude mouse xenograft models was determined by H&E staining. Our �ndings
showed that the tumor cells of subcutaneous tumor in normal feeding group were arranged in a solid
shape and some tumor cells had a tubular distribution. Moreover, the tumor tissue had a large number of
in�ammatory cells invasion and in�ltration. Nevertheless, the histopathological characteristics of
subcutaneous tumor in KD feeding group were improved signi�cantly compared to normal diets group.
Furthermore, the in�ammatory cells invasion and in�ltration of tumor in KD feeding group were
decreased signi�cantly compared to normal diets group (Figure 2). The above �ndings indicated that KD
attenuated in�ammatory cells invasion and in�ltration and improved histopathological characteristics of
subcutaneous tumor in nude mouse colon cancer xenograft models.

KD triggered the apoptosis of tumor cells of subcutaneous tumor in nude mouse xenograft models

The above �ndings suggested that KD feeding decreased in�ammatory cells invasion and in�ltration and
improved histopathological characteristics of subcutaneous tumor, and ultimately limited the growth of
the tumor. So does KD have any effect on tumor cells? Here, TUNEL staining was applied to study the
apoptosis of tumor cells of subcutaneous tumor in nude mouse xenograft models. The �ndings showed
that the apoptotic cells are stained green and the nucleus are stained blue, and there were more apoptotic
cells appeared in KD feeding group compared to normal feeding group (Figure 3A). In addition, the ratio
of apoptotic cells was quanti�ed by analyzing the �uorescence intensity of apoptotic and total cells and
revealed that KD feeding group had a higher apoptotic ratio of tumor cells than normal feeding group
(Figure 3B). To further study the expression of apoptosis-related proteins such as caspase 3 or caspase 9,
qRT-PCR was employed and revealed that the expression of caspase 3 or caspase 9 mRNA was increased
signi�cantly after the nude mice with KD feeding 30 days compared to normal feeding (Figure 3C). In
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addition to caspase 3 and caspase 9, there are other apoptosis-related proteins involved in apoptosis,
including pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 or survivin. Therefore, western blot
was adopted to detect the expressions of caspase 3, caspase 9, Bax, Bcl-2 and survivin. Our �ndings
showed that the expressions of pro-apoptotic proteins including caspase 3, caspase 9 and Bax were
increased signi�cantly after the nude mice with KD feeding 30 days compared to normal feeding, while
the expressions of anti-apoptotic proteins including Bcl-2 and survivin were decreased compared to
normal feeding group (Figure 3D). To better display the expression differences of caspase 3, caspase 9,
Bax, Bcl-2 and survivin in normal feeding and KD feeding group, the gray scale analysis of western blot
bands was performed and the similar results were obtained (Figure 3E). Our �ndings suggested that KD
increased the expression of pro-apoptotic proteins and decreased the expression of anti-apoptotic
proteins, and then promoted the occurrence of apoptosis of tumor cells. Taken together, these �ndings
indicated that the KD could promote the apoptosis of subcutaneous tumor in nude mouse xenograft
models by increasing the expression of pro-apoptotic proteins and decreasing the expression of anti-
apoptotic proteins.

KD attenuated the expression of Wnt1/β-catenin signaling proteins and further triggered apoptosis in
subcutaneous tumors

The above �ndings showed that KD inhibited the subcutaneous colon tumor growth in nude mouse by
promoting the apoptosis of tumor cells. Apoptosis is a type of programmed cell death and regulated by
various signaling pathways, for instance the Wnt1/β-catenin signaling pathway. Here, the expression of
Wnt1 and β-catenin were determined by western blot and immunohistochemistry. First, western blot
revealed that the expression of Wnt1 and β-catenin were attenuated signi�cantly after the nude mice with
KD feeding 30 days compared to normal feeding (Figure 4A). To quantify the difference of protein bands,
the gray scale analysis of western blot bands was performed and the similar results were obtained
(Figure 4B). In addition, immunohistochemistry also revealed that the expression of Wnt1 and β-catenin
were attenuated signi�cantly after the nude mice with KD feeding 30 days compared to normal feeding
(Figure 4C). The quantitative analysis to the �ndings of immunohistochemistry also showed that there
was a lower expression of Wnt1 and β-catenin after the nude mice with KD feeding 30 days compared to
normal feeding (Figure 4D). These �ndings indicated that KD inhibited the Wnt1/β-catenin signaling
pathway by decreasing the expression of Wnt1 and β-catenin, eventually promoted the apoptosis of
tumor cells and limited the growth of subcutaneous tumor in nude mouse xenograft models.

Discussion
As we know, tumor cells are more preferable to utilize glycolysis instead of oxidative phosphorylation to
produce energy than normal cells. Therefore, aerobic glycolysis is considered as an important feature of
cancer metabolism,which is termed as Warburg effect [28, 29]. Previous studies have shown that the
growth rate of tumors is positively correlated with the body's blood glucose concentration [30], namely the
higher blood glucose concentration of tumor patients accelerate the growth of tumors. While the size and
growth rate were reduced once the blood glucose concentration was decreased. Therefore, the reduced
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intake of carbohydrates could effectively cut off the energy supply of the tumor, which limited the growth
of tumor. For this reason, low carbohydrate-based diet therapy is becoming a promising supportive
therapy in cancer treatment.

Ketogenic diets (KD) are a formula diet composed of high fat, low carbohydrate, moderate protein and
other nutrients [31]. In the human body, the fatty acids of KD were oxidized and decomposed to
intermediate metabolites including acetoacetic acids, β-hydroxybutyric acids and pyruvic acids in liver,
which simulated the physiological conditions induced by exercise or fasting. For this reason, KD has been
suggested to reduce seizure frequency of epilepsy patients and was widely used in the treatment of
various types of epilepsy [32]. In fact, KD has been developed as a treatment for epilepsy almost for a
century for its high safety and small side effects. The following research revealed that KD therapy has
gradually been used in the treatment of chronic diseases, such as obesity, various acute and chronic
in�ammations, autism and tumors [16, 33]. There were four types of KD have been developed up to now,
which was long-chain triacylglycerol diet (LCTD), medium-chain triacylglycerol diet (MCTD), modi�ed
Atkins diet (MAD) and low glycemic index diet (LGID), respectively. Recent studies showed that KD can
signi�cantly inhibit tumor growth, prolong the survival of patients, improve the quality of life of patients,
and enhance the sensitivity of patients to chemotherapy [34]. Therefore, KD has been developed a type of
adjuvant support therapy and widely used in the treatment of tumor animal models and clinical tumor
cases. The mechanisms of KD in cancer treatment were elusive. One possible mechanism was that tumor
cells lack speci�c enzymes that metabolize ketone bodies, which led to a failure in the energy supply of
tumor cells and further caused the death of tumor cells. However, the detailed molecular mechanism of
KD in cancer treatment was an interesting question worth exploring in future studies.

In this study, the nude mouse xenograft model of subcutaneous transplanted human colon cancer cells
was built and applied to study the therapeutic effects and mechanisms of KD on the growth of
subcutaneous colon tumors in nude mice. Our �ndings found that the size of tumor in KD feeding group
slightly smaller than the tumor in normal feeding group (Fig. 1), suggested that KD can delay the growth
of tumor. This was consistent with the �ndings of Hao. et al [23]. Subsequent H&E staining showed that
KD attenuated in�ammatory cells invasion and in�ltration and improved histopathological characteristics
of subcutaneous tumor in nude mouse colon cancer xenograft models (Fig. 2). The subsequent TUNEL
assay showed that KD enhanced the apoptosis of subcutaneous tumor cells, further qRT-PCR and
western blot assay revealed that KD signi�cantly increased the expression of pro-apoptotic proteins and
decreased the expression of anti-apoptotic proteins, and then caused the apoptosis of tumor cells
(Fig. 3). It was worth mentioning that β-hydroxybutyric acid, one of KD intermediate metabolites, which
could signi�cantly inhibit the mTOR signaling pathway in HT29, Caco-2 colon cancer cells or C57BL-6
mice, and also upregulate the expression of midgut-speci�c transcription factors of intestinal cells,
thereby maintaining intestinal homeostasis of mice [35, 36]. Therefore, these �ndings indicated that KD
promoted the apoptosis of tumor cells, improved the histopathological characteristics and eventually
limited the growth of subcutaneous tumor in nude mouse xenograft models.
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Wnt signaling pathway is an important pathway that plays a vital regulatory role in the early embryonic
development, the formation of nerve cells and the maintenance of hematopoietic stem cells' self-renewal
[37]. There are three types of Wnt signaling pathway including classical signaling pathways, non-
classical signaling pathways and planar polar signaling pathways identi�ed up to now. Wnt/β-catenin
signaling pathway was the most widely studied pathway and played an important role in maintaining
small intestine tissue stability, regulating bone density and other functions [38]. Wnt is a proto-oncogene
discovered in 1982 in the study of mouse papillomavirus-induced mouse breast cancer, and is
homologous to the Drosophila embryonic developmental gene Wingless, so it is named Wnt. Present
studies has identi�ed more than 20 Wnt genes in vertebrates and 16 Wnt genes in humans. Wnt ligands
can be divided into two categories based on their activity differences: Wnt1/wg and Wnt5a. The Wnt1
signal can be transmitted to β-catenin after it bound to its receptor frizzled protein (Fz) and LRP5/6,
which promoted the dissociation of β-catenin from the complexes of Axin, APC and GSK-3β. The
dissociated β-catenin accumulated in the cytoplasm and was transferred to the nucleus to regulate the
transcription of genes such as CyclinD1, C-myc and Survivin, et al [39, 40]. It has reported that the
occurrence of colon cancer is related to the uncontrolled accumulation of β-catenin in the cells [41].
Indeed, the excessive activation of Wnt pathway will lead to intestinal lesions, in fact, about 90% of colon
cancer patients have abnormal activation of the Wnt signaling pathway [42]. It has been con�rmed that
the abnormal activation of Wnt signal is the predominant reason for the occurrence and development of
colon cancer [43, 44]. Therefore, development of Wnt pathway-speci�c targeted inhibitors will be a
promising therapy for colon cancer treatment.

In consideration of the importance of the Wnt/β-catenin signaling pathway in colon cancer, the
expression of Wnt1/β-catenin signaling pathway was studied. Our �ndings showed that KD inhibited the
Wnt1/β-catenin signaling pathway by decreasing the expression of Wnt1 and β-catenin. In addition, KD
also decreased the expression of anti-apoptotic proteins such as Bcl-2 and survivin and increased the
expression of pro-apoptotic proteins such as caspase 3, 9 and Bax. Survivin was the target gene of Wnt1/
β-catenin signaling pathway and was also the strongest known anti-apoptotic factor. Therefore, KD
inhibited the expression of anti-apoptotic proteins and enhanced the expression of pro-apoptotic proteins
by inhibiting Wnt1/β-catenin pathway, which further promoted the occurrence of apoptosis of tumor cells
and improved the histopathological features of subcutaneous tumor, ultimately limited the growth of
tumor. In conclusion, these �ndings revealed that KD inhibited the Wnt1/β-catenin signaling pathway by
decreasing the expression of Wnt1 and β-catenin, eventually promoted the apoptosis of tumor cells and
limited the growth of subcutaneous tumor in nude mouse xenograft models.

Conclusions
Ketogenic diets (KD) promotes apoptosis of human colon cancer subcutaneous tumor cells and inhibits
the growth of tumor by inhibiting Wnt1/β-catenin signaling pathway in mouse subcutaneous tumor
models of human colon cancer.
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Figure 1

The size of subcutaneous tumor in nude mouse was not affected by KD feeding. (A) The subcutaneous
tumors were prepared and their size were measured after the xenograft nude mice fed with KD or normal
diet 30 days (n = 5). The tumor mass were representative of three independent experiments. (B) The
weights of subcutaneous tumors were measured after the xenograft nude mice fed with KD or normal
diet 30 days (n = 5). There was no signi�cant difference between normal feeding group and KD feeding
group by using unpaired two-tailed Student’s t test (n = 5).

Figure 2
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H&E staining of subcutaneous tumor in nude mouse xenograft models. The subcutaneous tumors were
prepared and stained with hematoxylin and eosin after the xenograft nude mice fed with KD or normal
diet 30 days. The histopathological characteristics and in�ammatory in�ltration of tumor were observed
under light microscopy. Scale bar = 100 μm.

Figure 3

KD promoted the apoptosis of of subcutaneous tumor in xenograft nude mouse models. (A) After the
xenograft nude mice fed with KD or normal diet 30 days, the subcutaneous tumors were obtained and the
apoptosis of tumor cells were determined by TUNEL staining and observed under confocal microscopy.
Scale bar = 100 μm. (B) The apoptosis ratio of subcutaneous tumors was quanti�ed by analyzing the
�uorescence intensity of apoptotic cells from 5 individual views. *P < 0.05 versus normal feeding group
by using unpaired two-tailed Student’s t test (n = 5). (C) The expressions of caspase 3 and caspase 9
mRNA in subcutaneous tumors were detected by qRT-PCR after the xenograft nude mice fed with KD or
normal diet 30 days. The relative mRNA expressions in the samples were normalized against the
expression of GAPDH, and the mRNA expression in normal feeding group was normalized to 1. Bars
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represent the mean ± SD from three independent experiments. *P < 0.05 versus control by using one-way
ANOVA with Bonferroni correction (n = 5). (D) The expressions of caspase 3, caspase 9, Bax, Bcl-2 and
survivin proteins in subcutaneous tumors were detected by western blot after the xenograft nude mice fed
with KD or normal diet 30 days. The immunoblots are representative of three independent experiments.
(E) The band intensities of caspase 3, caspase 9, Bax, Bcl-2 and survivin proteins were quantitative
analyzed according to their gray by Image J software. Bars represent the mean ± SD from three
independent experiments. *P < 0.05 versus control by using one-way ANOVA with Bonferroni correction (n
= 5).



Page 18/18

Figure 4

KD inhibited the expression of Wnt1/β-catenin signaling proteins. (A) After the xenograft nude mice fed
with KD or normal diet 30 days, the expression of Wnt1 and β-catenin proteins of subcutaneous tumors
were determined by western blot. The immunoblots are representative of three independent experiments.
(B) The band intensities of Wnt1 and β-catenin proteins were quantitative analyzed according to their
gray by Image J software. (C) After the xenograft nude mice fed with KD or normal diet 30 days, the
subcutaneous tumors were obtained and the expression of Wnt1 and β-catenin proteins were determined
by immunohistochemistry and observed under light microscopy. Scale bar = 100 μm. (D) The expressions
of Wnt1 and β-catenin proteins were quanti�ed by analyzing the brown colored intensity from 5 individual
views. Bars represent the mean ± SD from three independent experiments. *P < 0.05 versus normal
feeding group by using one-way ANOVA with Bonferroni correction (n = 5).


