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Bornlisy Attenuates Colitis-Associated Colorectal Cancer via Inhibiting GPR43-Mediated Glycolysis
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There is evidence that probiotics have a broad antitumor effect in colorectal cancer (CRC). However, the mechanism remains obscure. Here, we investigated the effect of Bornlisy (BO)-cocktails of three probiotics on colitis-associated colon cancer (CAC) and the underlying mechanism. The treatment of CAC mice with BO resulted in decreased tumor loads as compared with their counterparts. BO also inhibited the proliferation and metastasis of CRC cells in vitro. Furthermore, BO inhibited cell proliferation through downregulating glycolysis. Activating glycolysis reversed the protective role of BO in the CAC mice. Mechanically, BO administration promoted the activation of GPR43, followed by its downstream PLC-PKC-ERK pathway, which led to decreased glucose metabolism. These results suggest that BO may provide an intervention strategy for CRC therapy, while GPR43 is a potential targeting receptor during the BO treatment.
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INTRODUCTION

Globally, colorectal cancer (CRC) is the fourth most common non-cutaneous malignancy and the second most frequent cause of cancer-related death (1). Although there are dramatic improvements in the CRC treatment with surgical technique in the past decades, the enhancement of the 5-year relative survival rate for the patients with CRC is not significant (2, 3). Accordingly, it is urgent for us to find a new way to deal with this disease.

As found in more and more research recently, the gut microbiota plays a critical role for its host in health maintenance and disease pathogenesis (4–6). Consequently, the strategy through the regulation of gut microbiota has been thought to be a promising therapy to treat digestive diseases, particularly colon cancer (7–9). It was demonstrated that fecal microbiota transplant (FMT), which transfers the feces from a healthy human donor to an affected subject, can be effectively used in the clinical therapy of cancer (10, 11). However, the development of FMT has been impeded by the operation without standardized protocol, and pathogenic bacteria persisting inevitably, which brings unexpected damage to the patients (12). The most frequently used food supplements among the different kinds of bacterial strains are probiotics, which are considered safe and produced with the standardized protocol completely (13). A wide variety of disorders have been shown to respond positively to the probiotics, such as type 2 diabetes (14), Alzheimer's disease (15), allergic rhinitis (16), metabolic syndrome (17), intestinal inflammation (18, 19), and cancer (20–22). Nowadays, probiotics have been found to exerts a tumor-suppressive effect (23), such as colon cancer (24). For example, in a prospective intervention study, after administered Lactobacillus acidophilus NCFM and Bifidobacterium lactis Bl-04, the microbial profile in the patients with CRC altered (25). As a probiotic with the capability of producing butyrate, Clostridium butyricum can regulate the gut microbiota and Wnt signaling to repress the development of intestinal tumors, which show the promising role of the butyrate-producing bacteria to fight against CRC (26). In colon cancer cells, the induction of DNA damage-inducible transcript 3 (DDIT3), which is associated with C-Jun N-terminal Kinase (JNK), mediates the process for ferrichrome to induce cell apoptosis, and notably, the ferrichrome is produced by Lactobacillus casei ATCC334 (27). The extensive antitumor performance of probiotics has been found in number of studies, but we still know little about the particular mechanism.

Metabolic reprogramming is widely observed during cancer development to confer the cancer cells and the ability to survive and proliferate (28, 29). Almost all the energy obtained by the normal cells is produced from the reaction of oxidative phosphorylation in mitochondrial, however, the cancer cells obtain their primary energy from aerobic glycolysis, which is quite different from the normal cells. This course is named the “Warburg effect” (30–32). As one of the most actively deregulated oncogenes, MYC is expected to mediate the expression of 15% of total genes (33), including various metabolic genes (34). MYC is able to upregulate the genes which express the glucose transporter 1(GLUT1) at the transcriptional level (35), lactate dehydrogenase A (LDHA) (36), hexokinase 2(HK2) (37), and pyruvate kinase isoform 2 (PKM2) (38), consequently, in pace with the glucose intake increasing as well as the glucose converting to lactate fast, MYC enhances the reaction of glycolysis. Although the fact that the activity of glycolysis is increased in the CRC has been verified, the role that probiotics performed in the change of glucose during its metabolic process in the CRC, is still seldom studied.

Dietary fiber without being digested is fermented by the colonic microbial to produce primarily short-chain fatty acids (SCFAs), whose main components are acetate, propionate, and butyrate (39, 40). As the seven transmembrane receptors, G protein-coupled receptors (GPCRs) take part in the activation of heterotrimeric G protein. Because these GPCRs take part in many diseases, the receptors provide lots of recognition sites for the therapeutic utilization for many different kinds of diseases (41). Up to now, due to the important physiological performance in different kinds of biological reactions, four free fatty acid receptors (FFARs), FFAR1 (GPR40), FFAR2 (GPR43), FFAR3 (GPR41), and FFAR4 (GPR120) have attracted significant attention (42, 43). The SCFAs have potential anti-inflammatory and anti-carcinogenic properties (44). The SCFAs repress the activity of histone deacetylase (HDAC) at the Foxp3 locus to promote the regulatory T cells (Treg) in the colon (39, 45). In patients with colon cancer, the expression of GPR109A and GPR43, which belong to the SCFAs receptors, decreased significantly (46, 47). In the patients with inflammatory bowel disease (IBD) or colon cancer, the amount of the bacteria with the capacity of producing butyrate in the gut mucosa and in the feces samples was found to decrease (48, 49). However, there are few reports on whether the GPRs signal activated by the SCFAs affects the metabolism of CRC.

Here, we evaluated the effect of a novel probiotic mixture Bornlisy (BO) on the development of CAC. Our results show that the BO treatment inhibits tumorigenesis and glucose metabolism via activating GPR43 in the CRC. From a broad perspective, our recent research shows that BO exhibits remarkable and promising therapeutic performance in the clinical treatment of CRC.



MATERIALS AND METHODS


Bacteria Culture and Preparation of BO

Lactobacillus acidophilus (ATCC 33198), L. (ATCC 11842), B. subtilis (ATCC 6051) were purchased from China General Microbiological Culture Collection Center (CGMCC), Beijing, China. These bacteria were cultured in the specific liquid medium composed of 1% honey, 4% brown sugar, and water at 37°C. E. coli (ATCC 25922) was purchased from CGMCC and was cultured in the Luria-Bertani (LB) medium at 37°C. BO is fermented by mixing L. acidophilus, L. bulgaricus, and B. subtilis on a 1:1:1 scale in the specific liquid medium at 37°C. After 24 h, the fermentation of a single strain and the probiotic mixture were collected. Before intragastric administration (i.g.), the fermentation mixture of the three probiotics was dissolved in ddH2O at a concentration of 108 CFU/ml.



Animals and Mouse Model

The female C57BL/6J mice aged 6–8 weeks were fed in a cage with five mice in each cage. The mice were fed for 12/12 h in a day-night cycle under the control of humidity (50 ± 5%) and temperature (22 ± 2°C). The animal study was reviewed and approved by the National Institutes of Health guide for the care and use of laboratory animals, as well as the Institutional Animal Care and Use Committee at Nanjing University, China.

For a generation of the CAC model, the mice were injected intraperitoneally with AOM (10 mg/kg; # A5486; Sigma-Aldrich, MO, USA) on the first day. One cycle consists of 7 days of DSS followed by 14 days of water. The mice were orally inoculated with BO (10 mL/kg) once every 2 days during the first, fourth, and seventh weeks. For the glycolysis activation experiments, FBP (Sangon Biotech, Shanghai, China, #81028-91-3, 500 mg/kg, i.p. once every 2 days) was added for three cycles in the CAC model. The mice were euthanized on day 100. On the 100th day, the colons were removed and collected.



Cell Lines and Cell Culture

The CRC cell lines (CT26 and CT116) were obtained from the American Type Culture Collection (ATCC; Shanghai, China). A cell was cultured in DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, USA), 1% penicillin, and 1% streptomycin (Gibco, USA) at 37°C in a 5% CO2-humified atmosphere.



Acid and Bile Acid Tolerance Test

The single strain and fermentation mixture were inoculated in the specific liquid medium with 5% inoculum at pH 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0, respectively, and were cultured at 37°C for 3 h at 100 r/min, and optical density (OD) 600 was measured by spectrophotometer.

The single strain and fermentation mixture were inoculated in the specific liquid medium containing 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6% of bovine bile salt at 5% inoculation amount, respectively, and were cultured at 37°C for 3 h at 100 r/min, and their OD 600 was measured by spectrophotometer.



Antibacterial Assay

Escherichia coli was inoculated on the LB solid medium for the night at 37°C for 24 h. Some 9 mm holes were prepared. Antibacterial assay of the single strain and fermentation mixture was carried out by the Agar disk diffusion method. The zones of inhibition were measured.



Histopathological and IHC Analyses

The colonic tissue specimens were embedded in paraffin, sectioned, and stained with hematoxylin and eosin. The tumor severity was assessed by a pathologist who did not know the experimental design using the table of pathological scores (50) (Supplementary Table 1). For IHC staining, the tumor samples were stained with the antibodies of Ki-67 (Cell Signaling, USA, #12202) and PCNA (Cell Signaling, USA, #13110). The stained sections were examined under a light microscope.



Cell Proliferation Assay

The cell proliferation was detected using a CCK8 (Dojindo Laboratories, Japan). The cell suspensions (3 × 103/well) were seeded in the 96-well-culture plates. The CCK8 solution (10 μl) was added to each well, and the cells were cultured for 2 h at 37°C. Then, the absorption was evaluated by a microplate reader at 450 nm (Tecan, Switzerland).



EdU Assay Cells

The cell suspensions (1 × 104/well) were seeded on the 96-well culture plates and cultured for 24 h. A Cell-Light EdU Apollo567 In Vitro Kit (Ribobio, China) was used to detect the incorporated EdU according to the protocols from the manufacturer. The staining results were observed under the fluorescence microscope.



Wound Healing Scratch Assay

The cell suspensions (6 × 105/well) were seeded into the 6-well-plates. When cell confluence reached ~90–100%, three vertical scratches were engraved on the cells using a 200 μl tip. Then, the cells were washed with PBS solution three times and cultured in the 37°C-cell incubator. After 0 and 24 h, the breadths of scratches were measured. The percentage of migration was calculated as follows: [(the breadths of scratches at 0 h –the breadths of scratches at 24 h)/the breadths of scratches at 0 h] ×100%.



Transwell Migration Assay

A 24-well cell culture inserts containing a PET membrane (8.0-μm pore size, #353097; BD Biosciences, NJ, USA) was used in the transwell migration assay. The upper compartment was supplemented with 200 L serum-free DMEM cell suspension (2 × 105 cells), and the lower compartment was supplemented with 800 L DMEM (10% FBS). After incubation for 24 h, the migrated cells at the bottom of the membrane were fixed with 4% PFA for 20 min and stained with 0.1% crystal violet for further analysis.



RNA Isolation and Quantitative Real-Time PCR (qPCR)

RNA extraction from the cells and tissues was isolated using TRIzol. cDNA was obtained by a Takara PrimeScript RT reagent kit (Takara Bio Inc., Japan). Quantitative real-time PCR (qPCR) was performed using the SYBR Green PCR Master Mix (Invitrogen, MA, USA) The sequences of primers used in the study are shown in Supplementary Table 2.



Protein Extraction and Western Blotting

A protein from the tissues and cells was extracted using the bicinchoninic acid (BCA) protein assay reagent. The antibodies against GPR43 (Abcam, ab131003; Sigma-Aldrich, ABC299), GLUT1 (Cell Signaling, #12939), HK2 (Cell Signaling, #2867), PKM2 (Proteintech, 15822-1-AP), LDHA (Cell Signaling, #3582), P-ERK (Cell Signaling, #4370), ERK (Cell Signaling, #4695), Ac-H3 (Cell Signaling, #8173), Ac-H4 (Abcam, ab51997), G(α)i (Cell Signaling, #5290), PLCγ1 (Cell Signaling, #5690), PKC (Cell Signaling, #2056), and β-actin(Cell Signaling, #4970) were purchased from the designated manufacturers.



Cell Apoptosis Analysis

An annexin V-FITC/PI Apoptosis Detection Kit (Vazyme, Nanjing, China #A211-01) was used according to the protocols from the manufacturer. The cells were detected using a FACSCalibur flow cytometer. The data were analyzed using FlowJo software (FLOWJO, OR, USA).



Glycolysis Analysis

Lactate production and glucose uptake in the CRC cells were detected using the Lactate Colorimetric Assay Kits (Biovision CA, USA, #K627-100) and the Glucose Uptake Fluorometric Assay Kits (Biovision, #K666-100) according to the protocols of the manufacturer.



The ECAR and OCR

The ECAR and OCR were measured by using the Seahorse XF Glycolysis Stress Test Kit and Cell Mito Stress Test Kit (Seahorse Bioscience, MA, USA) at the Seahorse Bioscience XF96 Extracellular Flux Analyzer according to the instructions from the manufacturer.



The siRNA Transfection

All the siRNA were synthesized by RiboBio (Guangzhou, China). The targeting sequences of GPR43 siRNA were 5′- GGATGCCAAGTTCGGACTT-3′. The targeting sequences of negative control were 5′-UUCUCCGAACGUGUCACGUTT-3′. The siRNA targeting GPR43 was transfected into the CRC cells using Lipofectamine 2000 (Invitrogen, MA, USA) according to the instructions from the manufacturer.



Statistical Analysis

Statistical analysis was performed with Prism 8 (GraphPad Software, CA, USA). All data were analyzed for the differences between the different treatment groups using the Student's t-test. The differences with p ≤ 0.05 were considered significant.




RESULTS


BO Treatment Protects Mice From CAC

In this study, the mixture of three probiotics, Bornlisy (BO), is produced by mixing L. acidophilus, Lactobacillus bulgaricus, and Bacillus subtilis on a 1:1:1 scale. The morphological characteristics of BO are shown in Figure 1A. To compare the advantages of BO over single strains, we analyzed the probiotic characteristics of BO. Both the BO and the single strain can tolerate an acidic environment with a pH above 2.0 (Figure 1B). However, BO grew faster than the single strain (Figure 1B) under the same pH condition. Compared with the single strain, the BO also showed higher growth activity in the specific medium containing bovine bile salt (Figure 1C). More importantly, BO had a stronger bacteriostatic effect on Escherichia coli than the single strain (Figure 1D). Therefore, we used BO with more advantages to carry out further research.


[image: Figure 1]
FIGURE 1. The morphological and probiotic characteristics of Bornlisy (BO). (A) The morphological characteristics of BO were observed under a light microscope (scale bar, 250 μm). (B) The single strain and fermentation mixture were inoculated in the specific liquid medium at different pH and were cultured at 37°C for 3 h at 100 r/min, and optical density (OD) 600 was measured by spectrophotometer. (C) The single strain and fermentation mixture were inoculated in the specific liquid medium containing different concentrations of bovine bile salt and were cultured at 37°C for 3 h at 100 r/min, and their OD 600 were measured by spectrophotometer. (D) Escherichia coli was inoculated on LB solid medium for the night at 37°C for 12 h. The representative images of the inhibition zone were shown. (E) The diameter of the inhibition zone was measured. Data with error bars are presented as mean ± SD. Each panel is a representative experiment of at least three independent biological replicates. *P < 0.05, **P < 0.01, and ***p < 0.001 as determined by unpaired Student's t-test.


To assess whether BO has an effect on the development of CAC, the mice were treated with azoxymethane (AOM) and dextran sodium sulfate (DSS) to induce the development of CAC, meanwhile, BO was orally inoculated one time every 2 days during the DSS treatment (Figure 2A). The mice were euthanized on the 100th day, and the colons and tumors were evaluated. As shown in Figure 1B, the BO-treated mice had longer colons as compared with the CAC mice (Figure 2B). Moreover, the BO treatment inhibited tumor numbers, tumor sizes, and tumor loads (Figures 2C,D). The spleens were significantly shrunken in the BO-treated mice as compared with the CAC mice (Figure 2E). The histological score of tumor tissues was significantly lower in the BO-treated mice than in the CAC mice (Figure 2F). An immunohistochemical (IHC) analysis was used to detect cellular proliferation in colonic tumors. The tumors from the BO-treated group had decreased the expression of proliferating cell nuclear antigen (PCNA) and Ki-67, compared with those from the CAC group (Figures 2G,H). The mRNA levels of pro-inflammatory genes were also examined. The BO-treatment significantly inhibited the mRNA expression of IL-6 and TNF-α in tumor tissues (Figure 2I). Taken together, our results indicate that BO exerts protective effects against the CAC.


[image: Figure 2]
FIGURE 2. Bornlisy treatment protects the mice from colitis-associated colon cancer (CAC). (A) C57BL/6J mice (n = 5 for each group) were injected intraperitoneally with azoxymethane (AOM) (10 mg/kg) on day 1, 2% dextran sodium sulfate (DSS) was subsequently added to the drinking water for 7 consecutive days. Three cycles of DSS treatment were used. The mice were orally inoculated with BO (10 ml/kg) once every 2 days during the DSS treatment. After induction of tumorigenesis (100 days), the mice were euthanized. The spleens and colons were removed. (B) Colon length was measured. (C) The representative images of colon tumors were shown. (D) Tumor number, tumor size, and tumor load in the colons were measured. (E) The spleens from mice were weighted. (F) The histological analysis of colon tumors was shown by H&E staining. The histological score was assessed by a pathologist (scale bars, 50 μm). (G) Tumor tissues were stained for Ki-67 and proliferating cell nuclear antigen (PCNA) (scale bars, 50 μm). (H) The percentages of Ki-67-positive and PCNA-positive tumor cells were quantified. (I) mRNA expressions of IL-6 and TNF-α in tumors were detected using quantitative real-time PCR (qPCR). Data with error bars are represented as mean ± SD. Each panel is a representative experiment of at least three independent biological replicates. *p < 0.05, **p < 0.01, and ***p < 0.001 as determined by unpaired Student's t-test.




BO Inhibits Proliferation and Metastasis of CRC cells in vitro

To investigate the effect of BO on the proliferation of CRC cells in vitro, cell proliferation was detected using Cell Counting Kit-8 (CCK8; Dojindo Laboratories, Japan) and 5-Ethynyl-2′-deoxyuridine (EdU). BO significantly inhibited the proliferation of HCT116 and CT26 cells in both the dose-dependent manner (Figure 3A) and the time-dependent manner (Figure 3B). The minimum effective concentration is a multiplicity of infection (MOI) = 5, while the best inhibitory time is 24 h. In the EdU assay, fewer cells were found in the BO-treated cells than in the control group (Figures 3C,D; Supplementary Figure 1). The effect of BO treatment on cell invasion was further investigated. By using the scratch test and the transwell migration assay, we found that the migration and metastasis ability of the CRC cells were significantly inhibited upon the BO treatment (Figures 3E–H). Together, these results suggested that the BO inhibits tumorigenesis both in vivo and in vitro.
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FIGURE 3. Bornlisy inhibits proliferation and metastasis of colorectal cancer (CRC) cells in vitro. (A) The HCT116 and CT26 cells were treated with BO of different concentrations for 24 h. The cell proliferation was measured by CCK8 assay. (B) The HCT116 and CT26 cells were treated with BO (multiplicity of infection [MOI] = 5) for different days. The cell proliferation was determined by the CCK-8 assay. (C,D) The HCT116 cells were treated with BO (MOI = 5, 24 h). The cell proliferation was evaluated using immunofluorescence staining. The EdU-positive cells were calculated (scale bar, 100 μm). (E,F) The HCT116 cells and CT26 cells were treated with BO (MOI = 5, 24 h). The migratory ability was detected by wound healing assays. The percentage of migration was measured. (G,H) The HCT116 cells and CT26 cells were treated with BO (MOI = 5, 24 h). The infiltration ability was detected by a transwell assay. The percentage of infiltration was measured. Data with error bars are presented as mean ± SD. Each panel is a representative experiment of at least three independent biological replicates. *P < 0.05, **P < 0.01, and ***p < 0.001 as determined by unpaired Student's t-test.




BO Inhibits Glucose Metabolism in Cancer Cells

The metabolic reprogramming, especially the glucose metabolism to hypoxic glycolysis in the tumor environment has been reported in many studies. Therefore, we examined several key enzymes in glucose metabolism in our CAC mice. The mRNA expression of Glut1, Hk2, Ldha, and Pkm2 were downregulated in the tumor tissues of BO-treated CAC mice (Figure 4A). Similar results were found in the protein levels of these enzymes (Figure 4B). Consistently, BO also inhibited the expression of these enzymes in the HCT116 and CT26 cells (Figure 4C). Oncogenes, such as MYC, upregulate glycolysis activity (51). We also found that the expression of MYC was downregulated after the BO treatment (Figure 4D). To further verify the effect of BO on glucose metabolism, glucose uptake, and lactic acid production were measured. We found that BO decreased glucose uptake and lactic acid production in the HCT116 and CT26 cells (Figures 4E,F). The extracellular acidification rate (ECAR) was decreased while the oxygen consumption rate (OCR) was increased in the BO-treated cancer cells (Figures 4G–J). In summary, our results show that BO inhibits glycolysis of the CRC cells.
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FIGURE 4. Bornlisy inhibited aerobic glycolysis of colon cancer cells in vivo and in vitro. (A) The mice were treated as described in Figure 1A. The tumor tissues were separated. The mRNA expressions of PKM2, PFKL, LDHA, HK2, GLUT1, PGK1, and PGAM1 in tumors tissues were detected by qPCR. (B) The protein levels of GLUT1, HK2, PKM2, and LDHA in tumors tissues were detected by western blots. (C) The HCT116 cells and CT26 cells were treated with BO for 24 h (MOI = 5). The mRNA expressions of GLUT1, HK2, PKM2, LDHA, and PFKL in the HCT116 cells and CT26 cells were detected by qPCR. (D) The HCT116 cells and CT26 cells were treated with BO for 24 h (MOI = 5). The mRNA expressions of MYC in HCT116 cells and CT26 cells were detected by qPCR. (E,F) The HCT116 cells and CT26 cells were treated with BO (MOI = 5, 24 h). The cell supernatant is collected. Lactate production was detected by Lactate Colorimetric Assay Kits. Glucose uptake was detected by Glucose Uptake Fluorometric Assay Kits. (G,H) The HCT116 cells and CT26 cells were treated with BO (MOI = 5, 24 h). The extracellular acidification rate (ECAR) of HCT116 cells and CT26 cells were measured by the Seahorse XF Glycolysis Stress Test Kit. (I,J) The HCT116 cells and CT26 cells were treated with BO (MOI = 5, 24 h). The oxygen consumption rate (OCR) of HCT116 cells and CT26 cells were measured by the Cell Mito Stress Test Kit. Data with error bars are presented as mean ± SD. Each panel is a representative experiment of at least three independent biological replicates. *P < 0.05, **P < 0.01, ***p < 0.001 as determined by unpaired Student's t-test.




BO Inhibits Colon Cancer Cell Proliferation by Reducing Glycolysis

To identify the role of aerobic glycolysis in the development of CAC, fructose-2,6-biphosphate (FBP), a glycolytic activator, was administrated to the C57BL/6J mice during the AOM-DSS treatment (Figure 5A). As described above, the BO-treated mice had longer colons and decreased tumor loads compared with the PBS-treated control mice. However, FBP administration with BO reversed the protective role of BO, presenting as shorter colons and increased tumor numbers, tumor size, and tumor loads (Figures 5B–D). Moreover, the severity of proliferation in the colon was also reversed in the BO-treated mice after FBP administration (Figure 5E). Similar results were found using the PCNA and Ki-67 IHC staining (Figures 5F,G). These results together suggested that the BO inhibits colon cancer cell proliferation through downregulating glycolysis in the cancer cells.
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FIGURE 5. Bornlisy inhibits colon cancer cell proliferation by reducing glycolysis. (A) The C57BL/6J mice (n = 5 for each group) were intraperitoneally treated with fructose-2,6-biphosphate (FBP) (500 mg/kg, once every 2 days) and orally treated with BO (10 ml/kg, once every 2 days) during AOM-DSS administration. After induction of tumorigenesis (100 days), the mice were euthanized and the colons were removed. (B) The representative images of colons were shown, and the colons' lengths were measured. (C) The representative images of colon tumors were shown. (D) Tumor number, tumor size, and tumor load in colons were measured. (E) The histological colon tumor images using H&E staining were shown. The histological score was assessed by a pathologist (scale bars, 500 μm). (F,G) The tumor tissues were stained for Ki-67 and PCNA (scale bar: 500 μm). The percentages of Ki-67-positive and PCNA-positive cells were quantified. Data with error bars are represented as mean ± SD. Each panel is a representative experiment of at least three independent biological replicates. Scale bars, 50 mm. *p < 0.05, **p < 0.01, and ***p < 0.001 as determined by unpaired Student's t-test.




GPR43 Is a Targeted Receptor of BO in Suppressing CRC Proliferation

Some Gram-positive bacteria exert anti-inflammatory effects through the toll-like receptor (TLR) signaling pathway (52, 53), which prompts us to investigate whether the TLR signaling was activated in the BO-treated CRC cells. However, no difference in the transcriptional level of TLR1, TLR2, TLR4, and TLR6 was found in the CRC cells upon BO stimulation (Supplementary Figure 2A). Next, we examined the role of histone deacetylase butyrate (HDAC) inhibition in enhancing antibacterial activity (54). However, the amount of acetylated H3 and H4 showed no difference upon BO treatment (Supplementary Figure 2B). The SCFAs activate multiple signaling pathways by binding to GPR41, GPR43, and GPR109A with varying affinities (55). GPR43 recognizes SCFAs and is involved in the inhibition of colorectal cancer (56). As shown in Figure 5A, the BO-treatment upregulated the mRNA expression of GPR43 but had no significant effect on the mRNA expressions of GPR41 and GPR109a (Figure 6A). The protein level of GPR43 in the tumor tissues was also upregulated (Figure 6B). GPR43 couples to Gαi proteins, which results in the activation of phospholipase C (PLC), protein kinase C (PKC), and the following extracellular signal-regulated kinase (ERK) (57). The BO treatment significantly activated this GPR43-Ga(i/o)-PLC-PKC-ERK signaling pathway in HCT116 and CT26 cells (Figure 6C). To determine whether the inhibition of BO on the proliferation of cancer cells is mediated by GPR43, GPR43 was knocked down by using siGPR43. The transfection efficiency of siGPR43 is shown in Figure 6D. The CCK8 assays suggested that GPR43 knockdown combined with BO offset the inhibitory effect of BO on cell proliferation (Figure 6E). Moreover, annexin/PI staining showed that GPR43 knockdown combined with BO eliminated the inhibiting effect of BO on cell proliferation (Figure 6F). Similar results were found by using Ga(i/o) blocker (NF023) (Figures 6G,H), PLC inhibitor (U73122) (Figures 6I,J), and PKC inhibitor (Go6983) (Supplementary Figures 2C,D). These results together suggest that BO inhibited tumor proliferation through activating GPR43- Ga(i/o)-PLC–PKC–ERK signaling pathway.
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FIGURE 6. A GPR43 is a targeted receptor of BO in suppressing CRC proliferation. (A) The HCT116 cells and CT26 cells were treated with BO for 12 and 24 h (MOI = 5). The mRNA expressions of GPR41, GPR43, and GPR109A in the HCT116 cells and CT26 cells were detected by qPCR. (B) The mice were treated as described in Figure 1A. The tumor tissues were separated. The protein levels of GPR43 in tumors tissues were detected by the western blots. (C) The HCT116 cells and CT26 cells were treated with BO for 12 and 24 h (MOI = 5). The protein levels of GPR43, G(α)i, PLC, PKC, p-ERK, and total ERK in the HCT116 cells and CT26 cells were detected by western blots. (D) The HCT116 cells were treated with siGPR43 duplexes for 48 h. The efficiency of GPR43 knockdown in HCT116 cells was measured by qPCR. (E,F) The HCT116 cells were treated with siGPR43 duplexes for 48 h and then treated with BO (MOI = 5, 24 h). The cell proliferation was measured by a CCK8 assay. The cell apoptosis was monitored by flow cytometry. The percentage of the apoptotic cell (Annexin V+/PI+) was calculated. (G,H) The HCT116 cells were stimulated with BO (MOI = 5, 24 h) after pretreatment with NF023 (10 mM) for 4 h. The cell proliferation was measured by a CCK8 assay. The cell apoptosis was monitored by flow cytometry. The percentage of an apoptotic cell (Annexin V+/PI+) was calculated. (I,J) The HCT116 cells were stimulated with BO (MOI = 5, 24 h) after pretreatment with U73122 (1 mM) for 4 h. The cell proliferation was measured by a CCK8 assay. The cell apoptosis was monitored by flow cytometry. The percentage of the apoptotic cell (Annexin V+/PI+) was calculated. Data with error bars are presented as mean ± SD. Each panel is a representative experiment of at least three independent biological replicates. *P < 0.05, **P < 0.01, and ***p < 0.001 as determined by unpaired Student's t-test.




Activating GPR43 Inhibits Aerobic Glycolysis in the Cancer Cells

We further examined whether GPR43 regulates glycolysis in cancer cells. We found that GPR43 knockdown upregulated the expression of the key enzymes in the glucose metabolism, including MYC, GLUT1, HK2, LDHA, and PKM2 (Figure 7A). GPR43 also led to increased lactate production, increased glucose uptake, increased ECAR, and decreased OCR in HCT116 cells (Figures 7B–E). Our data suggested that GPR43 inhibits aerobic glycolysis in the CRC cells.
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FIGURE 7. Activating GPR43 can inhibit aerobic glycolysis in the CRC cells. The HCT116 cells were treated with siGPR43 duplexes for 48 h. (A) The mRNA expressions of MYC, GLUT1, HK2, PKM2, and LDHA in the HCT116 cells were detected by qPCR. (B) Lactate production of HCT116 cells was detected by Lactate Colorimetric Assay Kits. (C) Glucose uptake of HCT116 cells was detected by Glucose Uptake Fluorometric Assay Kits. (D) The ECAR of HCT116 cells was measured by the Seahorse XF Glycolysis Stress Test Kit. (E) The OCR of HCT116 cells was measured by the Cell Mito Stress Test Kit. Data with error bars are presented as mean ± SD. Each panel is a representative experiment of at least three independent biological replicates. *P < 0.05, **P < 0.01, and ***p < 0.001 as determined by unpaired Student's t-test.





DISCUSSION

More and more evidence suggests that probiotics exhibit extensive antitumor effects in different kinds of cancers (58–60). However, the mechanism by which the probiotics represses the CRC has still not been well-studied. Based on our research, we found that the probiotics repress aerobic glycolysis to repress the malignant progression of CRC. Furthermore, our studies in vivo and in vitro revealed that the development of CRC could be repressed by the probiotics significantly. Moreover, our research revealed that GPR43 performed an important role via function analysis in the CRC cells in the process of tumor suppression, and was an important targeting receptor of probiotics. We deduced that the probiotics negatively regulate the tumorigenesis and the metabolic process of glucose via activating GPR43 in CRC (Figure 8).
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FIGURE 8. Proposed model of the mechanism underlying the BO-induced suppression of CAC via inhibiting the GPR43-mediated glycolysis.


Previous studies have demonstrated that the probiotics were able to prevent tumorigenesis and progression after being administered sufficient doses (61, 62). In this research, we proved that BO represses the proliferation of CRC cells in vivo and in vitro. The BO-treated mice had fewer tumor numbers, reduced tumor burden, and decreased tumor sizes in the CAC mouse model. In vitro, BO exhibits anti-proliferative and pro-apoptotic effects in the CRC cells. Normally, the cancer cells metabolize abnormally due to metabolic reprogramming. The most noticeable metabolic reprogramming existing in cancer leads to the aerobic glycolysis instead of the oxidative phosphorylation reaction in mitochondrial, which releases constant nutrients and energy utilized for the out-of-control proliferation, as is defined as the Warburg effect (32, 63, 64). Whether probiotics can regulate glucose metabolism in colon cancer is unclear. Our data demonstrated that BO administration decreased the expression of MYC and downstream glycolytic genes of GLUT1, LDHA, HK2, and PKM2 in the CRC cells, which lessened the activity of glycolysis. In consideration of the crucial performance of BO in the process of glucose metabolism in CRC, we further studied the potential underlying mechanism and downstream effectors.

Recently, it is reported that GPR43, a G protein-coupled receptor, can be activated by the SCFAs (65). FFAR2(GPR43) is downregulated in human colon cancers that matched the adjacent healthy tissue. In accordance with this, Ffar2−/− mice are hyper susceptible to the development of intestinal carcinogenesis (66). C. butyricum reduced the contents of fecal secondary bile acids (BA), heighten the quantities of cecal SCFA, and activated the G-protein coupled receptors (GPRs), such as GPR43 and GPR109A (26). However, whether BO can activate GPCR in the intestinal epithelial cell still is unclear. To explore the targeting receptor of BO that mediates the repression of CRC cell proliferation, we examine the expression of TLR, GPCR, and acetyl-histone. Interestingly, the results suggested that BO activates the G protein-coupled receptor and that GPR43 was dramatically upregulated. It is reported that GPR43 links to either Gi/o or Gq as another subunit of heterotrimeric G protein (67). Our study showed that the BO-activated GPR43 couples to Gi/o and followed by PLC/PKC/ERK axis. To our knowledge, GPR43 negatively modulates the proliferation of CRC cells, and functions as a tumor suppressor in CRC. Consistent with the previous results, our data suggested that BO was linked with GPR43 knockdown in vitro, the repressive effect of BO on CRC was abrogated, exhibiting that GPR43 was a significant downstream target receptor of BO that regulated the repression of CRC cell proliferation.

The biological function of GPR43 has seldom been studied in the field of glucose metabolism; consequently, it is innovative that our findings proved that GPR43 is a negative regulator of glucose metabolism in CRC. But how GPR43 regulates glycolysis is not clear. Our results showed that BO administration enhanced the phosphorylation level of ERK (Thr202/Tyr204) and decreased the expression of MYC in the CRC cells and tumor tissues. According to the previous reports, CD47 interacted with ENO1 and protected it from degradation mediated by ubiquitin, subsequently enhancing the glycolytic activity and phosphorylation of ERK in the CRC cells (68). A LncRNA LINRIS bound to a ubiquitination site of insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2), and this binding impeded the degradation of IGF2BP2 via the ubiquitination-autophagic pathway. As a typical target of IGF2BP2, downstream mRNAs of MYC mRNA, including MYC mRNA, were studied (69). These studies perhaps had suggested that the phosphorylation of ERK and the ubiquitination of MYC have a delicate relationship in glycolytic metabolism. The mechanism by which GPR43 functions in the process of glycolysis is waiting for further exploration. We will concentrate on these problems in our future studies.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the Institutional Animal Care and Use Committee at Nanjing University.



AUTHOR CONTRIBUTIONS

TW: study concept. TW and XL: study design and preparing the manuscript. TW, XL, SQ, CP, ZX, JQ, SZ, YH, and PC: data acquisition. TW, PC, SZ, and XL: data analysis and interpretation. XL: statistical analysis. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (81772542, 82072648, and 81872114), the Natural Science Foundation of Jiangsu Province (BK20211508 and BK20190134), the Fundamental Research Funds for the Central Universities (021414380472), and the Jiangsu Provincial Special Program of Medical Science (BE2019617).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.706382/full#supplementary-material



REFERENCES

 1. Huyghe JR, Bien SA, Harrison TA, Kang HM, Chen S, Schmit SL, et al. Discovery of common and rare genetic risk variants for colorectal cancer. Nat Genet. (2019) 51:76–87. doi: 10.1038/s41588-018-0286-6t

 2. Schreuders EH, Ruco A, Rabeneck L, Schoen RE, Sung JJ, Young GP, et al. Colorectal cancer screening: a global overview of existing programmes. Gut. (2015) 64:1637–49. doi: 10.1136/gutjnl-2014-309086

 3. Dekker E, Rex DK. Advances in CRC prevention: screening and surveillance. Gastroenterology. (2018) 154:1970–84. doi: 10.1053/j.gastro.2018.01.069

 4. Guglielmi G. How gut microbes are joining the fight against cancer. Nature. (2018) 557:482–4. doi: 10.1038/d41586-018-05208-8

 5. Dabke K, Hendrick G, Devkota S. The gut microbiome and metabolic syndrome. J Clin Invest. (2019) 129:4050–7. doi: 10.1172/JCI129194

 6. Valdes AM, Walter J, Segal E, Spector TD. Role of the gut microbiota in nutrition and health. BMJ. (2018) 361:k2179. doi: 10.1136/bmj.k2179

 7. Seidel DV, Azcarate-Peril MA, Chapkin RS, Turner ND. Shaping functional gut microbiota using dietary bioactives to reduce colon cancer risk. Semin Cancer Biol. (2017) 46:191–204. doi: 10.1016/j.semcancer.2017.06.009

 8. Cani PD, Jordan BF. Gut microbiota-mediated inflammation in obesity: a link with gastrointestinal cancer. Nat Rev Gastroenterol Hepatol. (2018) 15:671–82. doi: 10.1038/s41575-018-0025-6

 9. Sethi V, Kurtom S, Tarique M, Lavania S, Malchiodi Z, Hellmund L, et al. Gut microbiota promotes tumor growth in mice by modulating immune response. Gastroenterology. (2018) 155:33–7 e6. doi: 10.1053/j.gastro.2018.04.001

 10. Leonardi I, Paramsothy S, Doron I, Semon A, Kaakoush NO, Clemente JC, et al. Fungal trans-kingdom dynamics linked to responsiveness to Fecal Microbiota Transplantation (FMT) therapy in ulcerative colitis. Cell Host Microbe. (2020) 27:823–9 e3. doi: 10.1016/j.chom.2020.03.006

 11. Kong L, Lloyd-Price J, Vatanen T, Seksik P, Beaugerie L, Simon T, et al. Linking strain engraftment in fecal microbiota transplantation with maintenance of remission in Crohn's disease. Gastroenterology. (2020) 159:2193–202 e5. doi: 10.1053/j.gastro.2020.08.045

 12. Hill C. Balancing the risks and rewards of live biotherapeutics. Nat Rev Gastroenterol Hepatol. (2020) 17:133–4. doi: 10.1038/s41575-019-0254-3

 13. Shah BR, Li B, Al Sabbah H, Xu W, Mraz J. Effects of prebiotic dietary fibers and probiotics on human health: with special focus on recent advancement in their encapsulated formulations. Trends Food Sci Technol. (2020) 102:178–92. doi: 10.1016/j.tifs.2020.06.010

 14. Zhang Y, Gu Y, Ren H, Wang S, Zhong H, Zhao X, et al. Gut microbiome-related effects of berberine and probiotics on type 2 diabetes (the PREMOTE study). Nat Commun. (2020) 11:5015. doi: 10.1038/s41467-020-18414-8

 15. Den H, Dong X, Chen M, Zou Z. Efficacy of probiotics on cognition, and biomarkers of inflammation and oxidative stress in adults with Alzheimer's disease or mild cognitive impairment - a meta-analysis of randomized controlled trials. Aging. (2020) 12:4010–39. doi: 10.18632/aging.102810

 16. Kang MG, Han SW, Kang HR, Hong SJ, Kim DH, Choi JH. Probiotic NVP-1703 alleviates allergic rhinitis by inducing IL-10 expression: a four-week clinical trial. Nutrients. (2020) 12:1427. doi: 10.3390/nu12051427

 17. Zhao C, Zhu Y, Kong B, Huang Y, Yan D, Tan H, et al. Dual-core prebiotic microcapsule encapsulating probiotics for metabolic syndrome. ACS Appl Mater Interfaces. (2020) 12:42586–94. doi: 10.1021/acsami.0c13518

 18. Asto E, Mendez I, Audivert S, Farran-Codina A, Espadaler J. The efficacy of probiotics, prebiotic inulin-type fructans, and synbiotics in human ulcerative colitis: a systematic review and meta-analysis. Nutrients. (2019) 11:293. doi: 10.3390/nu11020293

 19. Xiao Y, Lu C, Liu Y, Kong L, Bai H, Mu H, et al. Encapsulation of Lactobacillus rhamnosus in hyaluronic acid-based hydrogel for pathogen-targeted delivery to ameliorate enteritis. ACS Appl Mater Interfaces. (2020) 12:36967–77. doi: 10.1021/acsami.0c11959

 20. Tomita Y, Ikeda T, Sakata S, Saruwatari K, Sato R, Iyama S, et al. Association of probiotic clostridium butyricum therapy with survival and response to immune checkpoint blockade in patients with lung cancer. Cancer Immunol Res. (2020) 8:1236–42. doi: 10.1158/2326-6066.CIR-20-0051

 21. Cheng WY, Wu CY, Yu J. The role of gut microbiota in cancer treatment: friend or foe? Gut. (2020) 69:1867–76. doi: 10.1136/gutjnl-2020-321153

 22. Li J, Sung CY, Lee N, Ni Y, Pihlajamaki J, Panagiotou G, et al. Probiotics modulated gut microbiota suppresses hepatocellular carcinoma growth in mice. Proc Natl Acad Sci USA. (2016) 113:E1306–15. doi: 10.1073/pnas.1518189113

 23. Ambalam P, Raman M, Purama RK, Doble M. Probiotics, prebiotics and colorectal cancer prevention. Best Pract Res Clin Gastroenterol. (2016) 30:119–31. doi: 10.1016/j.bpg.2016.02.009

 24. Drago L. Probiotics and colon cancer. Microorganisms. (2019) 7:66. doi: 10.3390/microorganisms7030066

 25. Hibberd AA, Lyra A, Ouwehand AC, Rolny P, Lindegren H, Cedgard L, et al. Intestinal microbiota is altered in patients with colon cancer and modified by probiotic intervention. BMJ Open Gastroenterol. (2017) 4:e000145. doi: 10.1136/bmjgast-2017-000145

 26. Chen D, Jin D, Huang S, Wu J, Xu M, Liu T, et al. Clostridium butyricum, a butyrate-producing probiotic, inhibits intestinal tumor development through modulating Wnt signaling and gut microbiota. Cancer Lett. (2020) 469:456–67. doi: 10.1016/j.canlet.2019.11.019

 27. Konishi H, Fujiya M, Tanaka H, Ueno N, Moriichi K, Sasajima J, et al. Probiotic-derived ferrichrome inhibits colon cancer progression via JNK-mediated apoptosis. Nat Commun. (2016) 7:12365. doi: 10.1038/ncomms12365

 28. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

 29. Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabolism. Cell Metab. (2016) 23:27–47. doi: 10.1016/j.cmet.2015.12.006

 30. Warburg O. On the origin of cancer cells. Science. (1956) 123:309–14. doi: 10.1126/science.123.3191.309

 31. Cairns RA Harris IS Mak TW. Regulation of cancer cell metabolism. Nat Rev Cancer. (2011) 11:85–95. doi: 10.1038/nrc2981

 32. Liberti MV, Locasale JW. The warburg effect: how does it benefit cancer cells? Trends Biochem Sci. (2016) 41:211–8. doi: 10.1016/j.tibs.2015.12.001

 33. Dang CV. MYC on the path to cancer. Cell. (2012) 149:22–35. doi: 10.1016/j.cell.2012.03.003

 34. Hsieh AL, Walton ZE, Altman BJ, Stine ZE, Dang CV. MYC and metabolism on the path to cancer. Semin Cell Dev Biol. (2015) 43:11–21. doi: 10.1016/j.semcdb.2015.08.003

 35. Osthus RC, Shim H, Kim S, Li Q, Reddy R, Mukherjee M, et al. Deregulation of glucose transporter 1 and glycolytic gene expression by c-Myc. J Biol Chem. (2000) 275:21797–800. doi: 10.1074/jbc.C000023200

 36. Le A, Cooper CR, Gouw AM, Dinavahi R, Maitra A, Deck LM, et al. Inhibition of lactate dehydrogenase A induces oxidative stress and inhibits tumor progression. Proc Natl Acad Sci USA. (2010) 107:2037–42. doi: 10.1073/pnas.0914433107

 37. Kim JW, Gao P, Liu YC, Semenza GL, Dang CV. Hypoxia-inducible factor 1 and dysregulated c-Myc cooperatively induce vascular endothelial growth factor and metabolic switches hexokinase 2 and pyruvate dehydrogenase kinase 1. Mol Cell Biol. (2007) 27:7381–93. doi: 10.1128/MCB.00440-07

 38. Liang J, Cao R, Zhang Y, Xia Y, Zheng Y, Li X, et al. PKM2 dephosphorylation by Cdc25A promotes the Warburg effect and tumorigenesis. Nat Commun. (2016) 7:12431. doi: 10.1038/ncomms12431

 39. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature. (2013) 504:446–50. doi: 10.1038/nature12721

 40. Canfora EE, Meex RCR, Venema K, Blaak EE. Gut microbial metabolites in obesity, NAFLD and T2DM. Nat Rev Endocrinol. (2019) 15:261–73. doi: 10.1038/s41574-019-0156-z

 41. Lagerstrom MC, Schioth HB. Structural diversity of G protein-coupled receptors and significance for drug discovery. Nat Rev Drug Discov. (2008) 7:339–57. doi: 10.1038/nrd2518

 42. Kasubuchi M, Hasegawa S, Hiramatsu T, Ichimura A, Kimura I. Dietary gut microbial metabolites, short-chain fatty acids, and host metabolic regulation. Nutrients. (2015) 7:2839–49. doi: 10.3390/nu7042839

 43. Miyamoto J, Hasegawa S, Kasubuchi M, Ichimura A, Nakajima A, Kimura I. Nutritional signaling via free fatty acid receptors. Int J Mol Sci. (2016) 17:450. doi: 10.3390/ijms17040450

 44. O'Keefe SJ. Diet, microorganisms and their metabolites, and colon cancer. Nat Rev Gastroenterol Hepatol. (2016) 13:691–706. doi: 10.1038/nrgastro.2016.165

 45. Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, deRoos P, et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature. (2013) 504:451–5. doi: 10.1038/nature12726

 46. Cresci GA, Thangaraju M, Mellinger JD, Liu K, Ganapathy V. Colonic gene expression in conventional and germ-free mice with a focus on the butyrate receptor GPR109A and the butyrate transporter SLC5A8. J Gastrointest Surg. (2010) 14:449–61. doi: 10.1007/s11605-009-1045-x

 47. Tang Y, Chen Y, Jiang H, Robbins GT, Nie D. G-protein-coupled receptor for short-chain fatty acids suppresses colon cancer. Int J Cancer. (2011) 128:847–56. doi: 10.1002/ijc.25638

 48. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-phylogenetic characterization of microbial community imbalances in human inflammatory bowel diseases. Proc Natl Acad Sci USA. (2007) 104:13780–5. doi: 10.1073/pnas.0706625104

 49. Wang T, Cai G, Qiu Y, Fei N, Zhang M, Pang X, et al. Structural segregation of gut microbiota between colorectal cancer patients and healthy volunteers. ISME J. (2012) 6:320–9. doi: 10.1038/ismej.2011.109

 50. Kargl J, Haybaeck J, Stancic A, Andersen L, Marsche G, Heinemann A, et al. O-1602, an atypical cannabinoid, inhibits tumor growth in colitis-associated colon cancer through multiple mechanisms. J Mol Med. (2013) 91:449–58. doi: 10.1007/s00109-012-0957-1

 51. Hay N. Reprogramming glucose metabolism in cancer: can it be exploited for cancer therapy? Nat Rev Cancer. (2016) 16:635–49. doi: 10.1038/nrc.2016.77

 52. Sun KY, Xu DH, Xie C, Plummer S, Tang J, Yang XF, et al. Lactobacillus paracasei modulates LPS-induced inflammatory cytokine release by monocyte-macrophages via the up-regulation of negative regulators of NF-kappaB signaling in a TLR2-dependent manner. Cytokine. (2017) 92:1–11. doi: 10.1016/j.cyto.2017.01.003

 53. Tomosada Y, Villena J, Murata K, Chiba E, Shimazu T, Aso H, et al. Immunoregulatory effect of bifidobacteria strains in porcine intestinal epithelial cells through modulation of ubiquitin-editing enzyme A20 expression. PLoS One. (2013) 8:e59259. doi: 10.1371/journal.pone.0059259

 54. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev Immunol. (2016) 16:341–52. doi: 10.1038/nri.2016.42

 55. Koh A, De Vadder F, Kovatcheva-Datchary P, Backhed F. From dietary fiber to host physiology: short-chain fatty acids as key bacterial metabolites. Cell. (2016) 165:1332–45. doi: 10.1016/j.cell.2016.05.041

 56. Tian Y, Xu Q, Sun L, Ye Y, Ji G. Short-chain fatty acids administration is protective in colitis-associated colorectal cancer development. J Nutr Biochem. (2018) 57:103–9. doi: 10.1016/j.jnutbio.2018.03.007

 57. Kimura I, Ichimura A, Ohue-Kitano R, Igarashi M. Free fatty acid receptors in health and disease. Physiol Rev. (2020) 100:171–210. doi: 10.1152/physrev.00041.2018

 58. Bhatt AP, Redinbo MR, Bultman SJ. The role of the microbiome in cancer development and therapy. CA Cancer J Clin. (2017) 67:326–44. doi: 10.3322/caac.21398

 59. Mitra A, MacIntyre DA, Marchesi JR, Lee YS, Bennett PR, Kyrgiou M. The vaginal microbiota, human papillomavirus infection and cervical intraepithelial neoplasia: what do we know and where are we going next? Microbiome. (2016) 4:58. doi: 10.1186/s40168-016-0203-0

 60. Panebianco C, Andriulli A, Pazienza V. Pharmacomicrobiomics: exploiting the drug-microbiota interactions in anticancer therapies. Microbiome. (2018) 6:92. doi: 10.1186/s40168-018-0483-7

 61. Zheng DW, Li RQ, An JX, Xie TQ, Han ZY, Xu R, et al. Prebiotics-encapsulated probiotic spores regulate gut microbiota and suppress colon cancer. Adv Mater. (2020) 32:e2004529. doi: 10.1002/adma.202004529

 62. Chen X, Fruehauf J, Goldsmith JD, Xu H, Katchar KK, Koon HW, et al. Saccharomyces boulardii inhibits EGF receptor signaling and intestinal tumor growth in Apc(min) mice. Gastroenterology. (2009) 137:914–23. doi: 10.1053/j.gastro.2009.05.050

 63. Lien EC, Vander Heiden MG. A framework for examining how diet impacts tumour metabolism. Nat Rev Cancer. (2019) 19:651–61. doi: 10.1038/s41568-019-0198-5

 64. Upadhyay M, Samal J, Kandpal M, Singh OV, Vivekanandan P. The Warburg effect: insights from the past decade. Pharmacol Ther. (2013) 137:318–30. doi: 10.1016/j.pharmthera.2012.11.003

 65. Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM, Tcheang L, Daniels D, et al. The Orphan G protein-coupled receptors GPR41 and GPR43 are activated by propionate and other short chain carboxylic acids. J Biol Chem. (2003) 278:11312–9. doi: 10.1074/jbc.M211609200

 66. Sivaprakasam S, Gurav A, Paschall AV, Coe GL, Chaudhary K, Cai Y, et al. An essential role of Ffar2 (Gpr43) in dietary fibre-mediated promotion of healthy composition of gut microbiota and suppression of intestinal carcinogenesis. Oncogenesis. (2016) 5:e238. doi: 10.1038/oncsis.2016.38

 67. Stoddart LA, Smith NJ, Jenkins L, Brown AJ, Milligan G. Conserved polar residues in transmembrane domains V, VI, and VII of free fatty acid receptor 2 and free fatty acid receptor 3 are required for the binding and function of short chain fatty acids. J Biol Chem. (2008) 283:32913–24. doi: 10.1074/jbc.M805601200

 68. Hu T, Liu H, Liang Z, Wang F, Zhou C, Zheng X, et al. Tumor-intrinsic CD47 signal regulates glycolysis and promotes colorectal cancer cell growth and metastasis. Theranostics. (2020) 10:4056–72. doi: 10.7150/thno.40860

 69. Wang Y, Lu JH, Wu QN, Jin Y, Wang DS, Chen YX, et al. LncRNA LINRIS stabilizes IGF2BP2 and promotes the aerobic glycolysis in colorectal cancer. Mol Cancer. (2019) 18:174. doi: 10.1186/s12943-019-1105-0

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Lu, Qiao, Peng, Yan, Xu, Qu, Hou, Zhao, Chen and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-706382-g005.gif
HCM-






OPS/images/fnut-08-706382-g006.gif





OPS/images/fnut-08-706382-g003.gif
HeTH1E. HeTHe

HCT116__ Hoschst

HeT116 cT26

cou
H

e

. s
3

]
8

g

The percentage
of migration(%)

The prcantage
of mtrtonth)
o 8 8






OPS/images/fnut-08-706382-g004.gif
8s

| Me H s s

° & 3
moeE e b ehef
] 2 H [ad £
[ . RN L
| i  ind .
! m,l_m.a §gEgsc IEEEN
R qheas fwesso
i
3






OPS/images/fnut-08-706382-g007.gif
= con
3 si-GPR43

i %, PN
— i
HEEER H
[ s
e .
: % R
ﬂss.cu_—!—:-u:ou
P
— 5
=% -
S U
® s <f
PR s
§gagsc

o (uwyndw)uvoz





OPS/images/fnut-08-706382-g008.gif
MTWT....— s —

s ;—\,ﬂ s

.\






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Bornlisy Attenuates Colitis-Associated Colorectal Cancer via Inhibiting GPR43-Mediated Glycolysis



		Introduction



		Materials and Methods



		Bacteria Culture and Preparation of BO



		Animals and Mouse Model



		Cell Lines and Cell Culture



		Acid and Bile Acid Tolerance Test



		Antibacterial Assay



		Histopathological and IHC Analyses



		Cell Proliferation Assay



		EdU Assay Cells



		Wound Healing Scratch Assay



		Transwell Migration Assay



		RNA Isolation and Quantitative Real-Time PCR (qPCR)



		Protein Extraction and Western Blotting



		Cell Apoptosis Analysis



		Glycolysis Analysis



		The ECAR and OCR



		The siRNA Transfection



		Statistical Analysis







		Results



		BO Treatment Protects Mice From CAC



		BO Inhibits Proliferation and Metastasis of CRC cells in vitro



		BO Inhibits Glucose Metabolism in Cancer Cells



		BO Inhibits Colon Cancer Cell Proliferation by Reducing Glycolysis



		GPR43 Is a Targeted Receptor of BO in Suppressing CRC Proliferation



		Activating GPR43 Inhibits Aerobic Glycolysis in the Cancer Cells







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Bornlisy Attenuates
Colitis-Associated Colorectal Cancer
via Inhibiting GPR43-Mediated
Glycolysis





OPS/images/fnut-08-706382-g001.gif
e
---





OPS/images/fnut-08-706382-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





