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Abstract
BACKGROUND
Colorectal cancer (CRC) ranks among the most prevalent malignant tumors globally. Recent reports suggest that Fusobacterium nucleatum (F. nucleatum) contributes to the initiation, progression, and prognosis of CRC. Butyrate, a short-chain fatty acid derived from the bacterial fermentation of soluble dietary fiber, is known to inhibit various cancers. This study is designed to explore whether F. nucleatum influences the onset and progression of CRC by impacting the intestinal metabolite butyric acid.

AIM
To investigate the mechanism by which F. nucleatum affects CRC occurrence and development.

METHODS
[bookmark: _Hlk159832079]Alterations in the gut microbiota of BALB/c mice were observed following the oral administration of F. nucleatum. Additionally, DLD-1 and HCT116 cell lines were exposed to sodium butyrate (NaB) and F. nucleatum in vitro to examine the effects on proliferative proteins and mitochondrial function.

RESULTS
Our research indicates that the prevalence of F. nucleatum in fecal samples from CRC patients is significantly greater than in healthy counterparts, while the prevalence of butyrate-producing bacteria is notably lower. In mice colonized with F. nucleatum, the population of butyrate-producing bacteria decreased, resulting in altered levels of butyric acid, a key intestinal metabolite of butyrate. Exposure to NaB can impair mitochondrial morphology and diminish mitochondrial membrane potential in DLD-1 and HCT116 CRC cells. Consequently, this leads to modulated production of adenosine triphosphate and reactive oxygen species, thereby inhibiting cancer cell proliferation. Additionally, NaB triggers the adenosine monophosphate-activated protein kinase (AMPK) signaling pathway, blocks the cell cycle in HCT116 and DLD-1 cells, and curtails the proliferation of CRC cells. The combined presence of F. nucleatum and NaB attenuated the effects of the latter. By employing small interfering RNA to suppress AMPK, it was demonstrated that AMPK is essential for NaB’s inhibition of CRC cell proliferation.

CONCLUSION
F. nucleatum can promote cancer progression through its inhibitory effect on butyric acid, via the AMPK signaling pathway.

Key Words: Colorectal cancer; Fusobacterium nucleatum; Butyric acid; Gut microbiota; Adenosine monophosphate-activated protein kinase signal pathway
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Core Tip: In this study, we unravel the mechanism of Fusobacterium nucleatum (F. nucleatum) in the progression of colorectal cancer (CRC), focusing on the interplay between intestinal flora and metabolism. Our results reveal that F. nucleatum suppresses the production of the short-chain fatty acid butyric acid. We discovered that sodium butyrate impairs mitochondrial function and impedes the cell cycle in CRC cells. Furthermore, the study highlights that both sodium butyrate and F. nucleatum orchestrate CRC cell proliferation via the adenosine monophosphate-activated protein kinase signaling pathway. These insights may enhance our understanding of CRC pathogenesis and aid in the development of more effective treatment strategies.

INTRODUCTION
Colorectal cancer (CRC) is one of the most common malignant tumors in the world and is the second and third most common cancer in women and men, respectively[1]. In recent years, CRC has ranked fifth in malignant tumor mortality in China, and the incidence rate is increasing at an annual rate of 4%[2]. At present, it is one of the deadliest cancers globally. The occurrence of CRC is influenced by multiple factors, including genetics, dietary habits, and environmental influences[3,4], and its pathogenesis is complex and not yet fully understood.
The intestinal microenvironment contains a complex microbial ecosystem. In recent years, the interaction between gut microbiota and the occurrence and development of CRC has been a hot research topic[5]. Research has found that the gut microbiota balance in patients with CRC is disrupted, with significant differences in composition and proportion of intestinal microbes compared to normal, healthy individuals[6,7]. As early as 1997, Dove et al[8] found that in Apcmin/+ mice who spontaneously develop multiple intestinal tumors and numerous intestinal polyps, the number of small intestinal tumors was significantly reduced under germ-free conditions compared to Apcmin/+ mice in a regular environment, establishing an early association between the gut microbiota and CRC occurrence and development. Preclinical and clinical evidence has also emphasized the role of gut microbiota in altering the therapeutic response of CRC patients to chemotherapy and immunotherapy[7].
In recent years, several studies have reported the association between various microorganisms and CRC development, including Fusobacterium nucleatum (F. nucleatum), Peptostreptococcus anaerobius, Parvimonas micra, Enterotoxigenic Bacteroides fragilis, Peptostreptococcus stomatis, and Escherichia coli[9-11]. Additionally, there have been studies applying high-abundance pathogenic bacteria and low-abundance probiotics to colorectal tumor diagnostic models[12]. Many studies have indicated that microbial imbalance and infection are major factors in CRC occurrence and development[13,14].
F. nucleatum has been reported to play a role in the occurrence, development, and prognosis of CRC. Castellarin et al[15] compared 99 cases of CRC patient tissues with corresponding normal mucosal tissues and found that the average abundance of F. nucleatum in cancerous tissues was 415 times higher than in normal specimens. The relative abundance of F. nucleatum increases from intramucosal carcinoma to advanced stages of CRC and with increasing tumor malignancy[16]. The abundance of F. nucleatum in tumor tissues and fecal samples of CRC patients is significantly higher than in the normal control group[17,18]. However, the exact mechanism by which F. nucleatum plays a role in the intestinal micro-ecology and its specific molecular mechanisms have not been fully clarified.
[bookmark: _Hlk159830559]The gut microbiota can produce short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate, through the fermentation of dietary fiber[19]. Among the SCFA family, butyrate plays an extremely important role. It exerts anti-inflammatory and anti-tumor effects on the mucosa by regulating cell metabolism, maintaining microbial homeostasis, inhibiting cell proliferation, immunomodulation, and effecting genetic/epigenetic regulation. It also provides a good energy source for colonic cells[20]. Although butyrate acts through several signaling pathways, one of key interest is the adenosine monophosphate-activated protein kinase (AMPK) pathway, as butyrate can inhibit cell proliferation and promote autophagy through this pathway, two actions that are important in cancer progression.
AMPK is a serine/threonine kinase and serves as a major energy sensor in cells, playing a critical role in maintaining energy homeostasis[21]. Once activated, AMPK promotes catabolic processes to generate adenosine triphosphate (ATP), assisting cells in escaping death and leading to drug resistance and metastasis. On the other hand, AMPK has also been reported to be positively correlated with tumor suppressor genes such as p53 and LKB1. Therefore, AMPK activation results in cell cycle arrest and tumor growth inhibition, playing a key role in cancer prevention[22].
In this study, we elucidate the role of F. nucleatum in CRC development from the perspective of the intestinal flora and intestinal metabolites and investigate the role of the intestinal flora in CRC occurrence and development.

MATERIALS AND METHODS
Cell culture
HCT116 and DLD-1 cell lines were purchased from American Type Culture Collection [(ATCC) Manassas, VA, United States]. The HCT116 and DLD-1 cells were cultured in Dulbecco’s modified Eagle medium in an incubator with 5% CO2 at 37° C. Penicillin G (100 U/mL), streptomycin (100 mg/mL) (Beyotime, Nanjing, China), and 10% foetal bovine serum (Invitrogen, Waltham, MA, United States) were added to the culture medium. Two colonic cell lines were used to demonstrate reproducibility.

Bacteria strains
F. nucleatum strain ATCC 25586 was purchased from the ATCC. F. nucleatum was cultured in Fastidious Anaerobe Broth under anaerobic conditions.

Animal studies
Adult 6-8 wk-old male BALB/c mice and a weight of 18-22 g (Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) were housed at the experimental animal center of Wenzhou Medical University and maintained under specific pathogen-free conditions (12-h light/dark cycle, 21° C ± 2° C, humidity 50% ± 10%). All animal studies were conducted in compliance with the animal experiment guidelines of Wenzhou Medical University. Study protocols were approved by the Animal Experimental Ethics Committee (wydw2022-0217).
[bookmark: _Hlk106196977]All mice have free access to standard feed and water. After mice were habituated to their surroundings for a week, they were randomly divided into two groups of 12 mice per group. A suspension of F. nucleatum bacteria (1 × 108) was administered by gavage once a day for 5 d to mice in the treatment group. The control group was gavaged with physiological saline. Intervention was ceased for 1 wk, during which time, normal drinking water and diet were consumed, after which mice were gavaged with F. nucleatum again for 5 d. After repeating three cycles, the mice were euthanized using 1% pentobarbital sodium (administered by intraperitoneal injection). Feces were collected for subsequent experiments.

Fluorescence in situ hybridization
Fluorescence in situ hybridization (FISH) was conducted to examine the abundance of F. nucleatum using a specific probe. Briefly, sections of formalin-fixed, paraffin-embedded colonic tissue were cut into 5 μm sections and hybridized in accordance with the manufacturer’s instructions (FOCOFISH, Guangzhou, China). The following universal bacterial probe (EUB338; Cy3-labeled) was used: 5’-GCTGCCTCCCGTAGGAGT-3’. The following probe specific to F. nucleatum (FUS664; FITC-labeled) was used: 5’-CTTGTAGTTCCGC(C/T)TACCTC-3’. The resulting slides were visualized and examined under a fluorescent microscope (BX53F; Olympus, Tokyo, Japan). Five random fields per sample (200 × magnification) were examined, and the average number of bacteria per field was calculated. A blinded reviewer examined five random fields per sample (200 × magnification), and the average number of bacteria per field was calculated. Demographics of patient tissues can be found in our previous study[23].

Cell cycle analysis
Cell cycle analysis was performed by flow cytometry using propidium iodide (PI). CRC cells were cultured on a six-well plate (2 × 105 cells per well) and incubated at 37° C and 5% CO2 overnight. Cells were treated with F. nucleatum culture supernatants and sodium butyrate (NaB) for 24 h, after which cells were collected and incubated in the dark for 30 min with 1 mL DNA staining solution and 10 μL permeabilization solution treatment. Flow cytometry and CytExpert were used for cell cycle analysis, including G0/G1, S, and G2/M phases, and the proportion of cells in each phase was calculated.

Assessment of reactive oxygen species levels
Cells were cultured as described above. After 24 h of treatment with NaB or F. nucleatum culture supernatants, cells were centrifuged and resuspended in DCFH-DA staining solution (10 μmol/L) for 20 min at 37° C. Every 3-5 min, cell suspensions were mixed by inversion to ensure full contact with the probe. Cells were washed three times with serum-free cell culture medium to remove the DCFH-DA that did not enter the cell. Flow cytometry was used to measure fluorescence intensity.

Mitochondrial membrane potentials assay
Cellular mitochondrial depolarization was measured using a JC-1 dye, according to the manufacturer’s instructions. Briefly, after 24 h of treatment with NaB or F. nucleatum culture supernatants, cells were collected, suspended in 0.5 mL of culture media, and thoroughly mixed with 0.5 mL of the JC-1 staining working solution and incubated for 20 min at 37° C. Supernatants were removed after incubation and cells were rinsed three times with JC-1 staining buffer. Cells were resuspended with the appropriate volume of JC-1 staining buffer, followed by flow cytometric analysis.

ATP assay
An ATP assay kit was used to measure ATP concentrations according to the manufacturer’s instructions (Beyotime, Shanghai, China). Briefly, after 24 h of treatment with NaB or F. nucleatum culture supernatants, cells were lysed with ATP lysis buffer and centrifuged at 12000 rpm for 5 min at 4°C. Supernatants were collected and stored on ice. In 1.5 mL EP tubes, 100 μL ATP working solution (ATP test solution: ATP test dilution = 1:9) was added before the ATP test, and the tubes were incubated for 3-5 min at room temperature. Next, 20 μL of the sample or standard were added to the tube, mixed with a pipette, and the RLU values were measured with an enzyme marker after at least two seconds. The luminescence values were normalized against sample protein concentration. The data and images were processed by GraphPad Prism 6 statistical software (La Jolla, CA, United States).

Preparation and ultrastructural observation of electron microscope samples
After treatments, supernatant was removed and cells were fixed overnight at 4° C using 1-2 mL of 2.5% glutaraldehyde. The following day, a cell scraper was used to remove the cell layer and collected into a 1.5 mL EP tube. Cells were rinsed three times for 10 min with phosphate buffered saline, after which 1% osmic acid was added and cells were fixed in the dark at room temperature for 1 h. Cells were rinsed 3 times for 10 min with double distilled water, then stained at room temperature for 1 h with 1-2 drops of uranium acetate solution. Samples were placed in successive volumes of 50%, 70%, 80%, 90%, 100%, and 100% acetone solutions for 10 min for progressive dehydration, after which a 1:1 volume ratio of acetone to epoxy resin embedding agent was added for penetration treatment. After incubation for 60 min at 37° C, a 1:4 volume ratio mixture of acetone and embedding agent were added, and samples were incubated overnight at 37° C. The pure embedding solution was added the following day, and samples were allowed to dry for 1 h in a 37° C oven. Pure embedding solution was added and polymerized at 45° C for 3 h and 65° C for 48 h. Semi-thin slices were then cut, followed by ultra-thin sections, which were then stained and dried for observation with transmission electron microscopy.

Transfection with small interfering RNA
[bookmark: _Hlk159829679]Small interfering RNAs (siRNAs) specific for AMPKα were purchased from Tsingke Biotechnology Co., Ltd. (Beijing, China). Transfection of siRNA was performed using Lipo3000™ transfection reagent according to the manufacturer’s protocol. The specific siRNA sequences are as follows: AMPKα siRNA - 1 sense: 5’-GCAGAAGUAUGUAGAGCAAUCTT-3’, antisense: 5’-GAUUGCUCUACAUACUUCUGCTT-3’; AMPKα siRNA - 2 sense: 5’-GCUUGAUGCACACAUGAAUTT-3’, antisense: 5’-AUUCAUGUGUGCAUCAAGCTT-3’. The control siRNA sequences were as follows: Sense: UUCUCCGAACGUGUCACGUTT; antisense: ACGUGACACGUUCGGAGAATT.

Western blot
Total protein concentrations were examined using the Bicinchoninic Acid Protein Assay. Samples were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Skim milk was used for incubation with specific primary antibodies (1:1000 dilution) at 4° C overnight. The antibodies included phosphorylated AMPK (p-AMPK) (Cell Signaling Technology, Danvers, MA, United States), cyclin B1 (Diagbio, Hangzhou, China), Cdk1 (Abways, Beijing, China), p21 (Diagbio), C-myc (Diagbio), and GAPDH (Abways). The samples were incubated with secondary antibodies (1:2000 dilution) (Biosharp, Harjumaa, Estonia) at room temperature for 1 h. Protein bands were visualized using a hypersensitive enhanced chemiluminescence kit (Beyotime). The Bio-Rad gel imaging system was used to photograph gels, and ImageJ software was used for analysis.

16S rDNA sequencing
Total genomic DNA of mice was obtained from their cecal contents. 16S/18S rRNA genes were amplified using specific primers. All polymerase chain reaction (PCR) steps were conducted in the reaction media (30 μL) containing 15 μL of High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, United States). The following thermocycling conditions were used: Predegeneration at 98° C for 1 min, denaturation at 98° C for 10 s, annealing at 50° C for 30 s, and extension at 7° C for 30 s (30 cycles); the final elongation step was carried out at 72° C for 5 min. PCR products were mixed and purified for quantification and identification. Sequencing libraries were generated by a TIANSeq Fast DNA Library Prep Kit (Illumina; Tiangen Biotech, Beijing, China). The library quality was evaluated using the Qubit@ 2.0 Fluorometer (Thermo Scientific, Waltham, MA, United States) and Agilent Bioanalyzer 2100 system (Santa Clara, CA, United States). Finally, the sequencing of the constructed library was performed on the Illumina platform using the 2 × 250 bp paired-end protocol and data analysis was conducted.

Statistical analysis
The above experiments were performed at least thrice. GraphPad Prism 6.0 software was used for graphing and statistical analysis. The BD FACS Aria II flow cytometer was used to measure the mitochondrial membrane potential and detect reactive oxygen species (ROS), and Treestar Flowjo 10.0 software (Eugene, OR, United States) was used to analyze the results. Cell cycle detection and data analysis were conducted by a CytExpert 2.3 flow cytometer (Beckman Coulter, Brea, CA, United States). All variables were presented as mean ± standard deviation. Other statistics were analyzed using Student’s t-test. P < 0.05 was considered statistically significant.

RESULTS
Abundance of F. nucleatum is significantly high in CRC tissues
To study the difference in the flora in CRC tissues, 39 fresh clinical tissue samples (including 24 CRC samples, 10 normal tissue samples, and 5 paracancerous tissue samples) were collected for 16S rDNA sequencing. The results showed that there were significant differences between normal and CRC tissues at the family level (P < 0.05, Figure 1A). Fusobacterium was found at a higher abundance in CRC tissues, but in lower abundance in normal and adjacent tissues. Clostridium butyrate-producing bacteria were also found to drop in abundance as CRC spread, mostly because their abundance was substantially higher in normal tissue samples than in CRC and adjacent tissues.
Ten tissue samples were chosen from the aforementioned samples, including both normal and CRC tissue. FISH was used to determine the quantity of F. nucleatum in colorectal tissue. As shown in Figure 1B, the abundance of F. nucleatum in CRC tissue is significantly higher than in normal colorectal tissue, indicating that F. nucleatum is strongly associated with CRC occurrence and progression.

Abundance of butyrate-producing bacteria in fecal samples from CRC patients is lower compared to healthy individuals
To further study the effect of intestinal flora on CRC development, we sequenced 16S rDNA from 105 stool samples, including 44 CRC patients and 61 healthy people. The results of LefSe analysis showed that there are significant differences in bacteria between CRC and normal/adjacent tissues (Figure 2A and B). Compared to CRC patients, the abundance of Lac_Lachnospira, Lac_Roseburia and Rum_Faecalibacterium significantly increased in healthy fecal samples (P < 0.05), which is the characteristic bacteria in fecal samples of healthy people (Figure 2C). The abundance of Trichospira and Rochella is much higher in fecal samples from healthy people compared to patients with stage I-IV CRC. There was no significant difference between CRC stages. The abundance of Rum_Faecalibacterium in healthy people and patients with stage I CRC fecal samples were the same (Figure 2D), demonstrating that although there is a significant difference in the abundance of butyrate-producing bacteria between CRC patients and healthy people, its role in CRC development needs to be further explored.

Abundance of butyrate-producing bacteria decreased in mice treated with F. nucleatum
To further clarify the role and relationship between F. nucleatum and butyric acid bacteria in CRC occurrence and development, BALB/c mice were gavaged with an F. nucleatum suspension (1 × 108 CFU/d). 16S rDNA sequencing was used to detect changes in bacterial abundance in fecal samples. As shown in Figure 3A and B, intragastric administration of F. nucleatum resulted in significantly fewer butyric acid-producing bacteria in fecal samples compared to the control group.

F. nucleatum inhibits formation of the short chain fatty acid butyric acid
Fecal samples from mice treated with F. nucleatum were collected, and GC-MS targeted metabolomics were used to discover and evaluate the quantities of short chain fatty acids (SCFAs). The GC-MS data shown in Figure 4A and B shows a significant difference in the PC1 direction between the F. nucleatum-treated group and the control group, indicating a significant divergence in metabolic pathways between the two groups. According to targeted SCFA detection, the amount of SCFAs in the F. nucleatum-treated group was much lower than in the untreated group (Figure 4C). Butyric acid/isobutyric acid levels in fecal samples significantly decreased following F. nucleatum treatment (P < 0.05) (Figure 4D-F), which is one of the most prominent components of SCFAs. This suggests that in mice, F. nucleatum treatment changes intestinal metabolic patterns, due to a significant decrease in the proportion of butyric acid-producing bacteria. As a result, F. nucleatum may affect the gut microbiota in addition to influencing metabolites and metabolic rate.

NaB blocks the cell cycle in HCT116 and DLD-1 cells
[bookmark: _Hlk159833290]We treated human CRC cells DLD-1 and HCT116 cells with 2 mmol/L NaB and used flow cytometry to examine the effects on the cell cycle of HCT116 and DLD-1 cells. The proportion of G2/M phase cells dramatically increased after 24 h of NaB administration, as shown in Figure 5A and B. This suggests that NaB can prevent HCT116 and DLD-1 cells from entering the G1 phase. There were no discernible alterations in the cell cycle when we exposed cells to F. nucleatum supernatant (FAB). However, these effects were reduced when cells were treated with NaB and F. nucleatum supernatant, showing that F. nucleatum can suppress the efficacy of NaB.

NaB reduces mitochondrial membrane potential and increases ROS content in CRC cells
An aberrant drop in mitochondrial membrane potential and a rise in ROS levels indicate mitochondrial malfunction. According to research, NaB can cause mitochondrial damage as part of its anti-tumor effect. We employed the JC-1 dye to measure mitochondrial membrane potential. HCT116 and DLD-1 cells were treated with 2 mmol/L NaB for 24 h and found that the mitochondrial membrane potential significantly decreased in both cell lines, whereas treatment with F. nucleatum supernatant increased the membrane potential of DLD-1 cells (P < 0.001) but did not significantly alter the mitochondrial membrane potential of HCT116 cells. The effect of NaB on mitochondrial membrane potential is eliminated when cells are treated with NaB and FAB, indicating that F. nucleatum metabolites can inhibit the damage caused to the mitochondrial membrane by NaB (Figure 6A and B).
ROS levels are a significant indicator of cell damage induced by normal physiological functions and environmental influences. When HCT116 and DLD-1 cells were treated with NaB, ROS levels significantly increased (P < 0.001) and the peak level shifted to the right. When cells were treated with FAB, there was a small reduction in ROS levels, but no significant difference when compared to the control group. When cells were co-treated with FAB and NaB, the effect of NaB was reversed (Figure 6C and D). This suggests that F. nucleatum metabolites have a protective impact on CRC cells, possibly by reducing the damage caused by NaB to mitochondria.

NaB damages the mitochondrial morphology of CRC cells
We assessed the amount of ATP present in HCT116 and DLD-1 cells to further test whether NaB had an impact on energy metabolism in CRC cells. Cells treated with NaB showed a substantial drop in ATP levels compared to the control group, but this impact was mitigated by FAB. Transmission electron microscopy showed that the mitochondria of the control group were largely undamaged, with distinct cristae and no visible damage. However, following NaB treatment, the mitochondrial matrix and cristae start to vanish, and in extreme situations, matrix overflow and mitochondrial membrane damage occurred. After the addition of FAB, the shape of the mitochondria was improved and the damage caused by NaB was diminished (Figure 7).

NaB and F. nucleatum regulate CRC cell proliferation through AMPK signal pathway
According to our findings, NaB affects energy metabolism of CRC cell lines. The serine/threonine kinase AMPK is a significant energy sensor in cells and is essential for preserving energy balance. AMPK activation results in cell cycle arrest and inhibition of tumor development and will therefore be essential to cancer prevention. We investigated the expression levels of cycle-related proteins in the AMPK signaling pathway. Protein analysis revealed that AMPK was activated, p-AMPK expression increased, proliferation proteins such as CDK1, C-myc, and cyclin B1 were decreased, and cycle arrest protein P21 expression increased after NaB treatment of DLD-1 and HCT116 cells. In contrast, F. nucleatum treatment reduced AMPK phosphorylation and promoted the expression of cyclic-related proteins CDK1 and C-myc, indicating that F. nucleatum treatment promoted cell cycle progression in CRC cells. However, F. nucleatum and NaB were administered together, the effect of F. nucleatum was significantly attenuated (Figure 8), which is consistent with the findings that early NaB blocked the CRC cell cycle.

AMPK is necessary for NaB to inhibit CRC cell proliferation 
To establish the role of AMPK in NaB-induced cell inhibition, we used AMPK-specific siRNA to knock down AMPK expression. In HCT116 and DLD-1 cells (Figure 9), AMPK-specific siRNA prevented AMPK phosphorylation and increased the expression of downstream associated proliferative proteins following NaB treatment (Figure 10). Flow cytometry analysis also revealed that AMPK-specific siRNA prevented the cycle arrest caused by NaB (Figure 11). These findings indicate that AMPK is required for NaB to inhibit CRC cell proliferation.

DISCUSSION
There is a close relationship between the intestinal microecology and the occurrence and development of CRC. Dysregulation of microbial balance is often observed in CRC patients. According to some studies, F. nucleatum is abundant in the tumor microenvironment and fecal samples of CRC patients, thus its presence is regarded as one of the risk factors for the incidence and progression of CRC[24]. Yu et al[25] discovered that F. nucleatum content is prevalent in CRC tissues of patients whose cancer recurs after chemotherapy. 16S rDNA sequencing was employed in this experiment to detect bacterial diversity between CRC tissues and normal/paracancerous tissues. Fusobacteriaceae was discovered to be primarily concentrated in CRC tissues, whereas Clostrididae was shown to be abundant in normal tissues (Figure 1A). Using FISH technology to detect F. nucleatum content in CRC tissue and normal tissue samples, we found that the abundance of F. nucleatum in CRC tissue was significantly higher than that in normal tissue (Figure 1B), consistent with previous sequencing results. This indicates that F. nucleatum plays an important role in the occurrence and development of CRC.
This experiment used 16S rDNA sequencing on fecal samples from CRC patients and healthy individuals to further investigate the relationship between intestinal flora and CRC and found significant differences between the flora of CRC tissue and normal/paracancerous tissue (Figure 2A and B). Among these bacteria, butyric acid generating bacteria such as Lac_Lachnospira, Lac_Roseburia, and Rum_Faecalibacterium are common in feces of healthy patients (Figure 2C). Our research also found that the abundance of Lac_Lachnospira, Lac_Roseburia, and Rum faecalibacterium decreased significantly as CRC progressed from stage I to later stages (Figure 2D), indicating that butyric acid-producing bacteria play an important role in the progression of CRC.
After administering F. nucleatum intragastrically to BALB/c mice, their feces were analyzed to assess variations in bacterial populations and metabolic processes. The feces of mice treated with F. nucleatum contained much lower levels of butyric acid generating bacteria (Lac_Rosebaria and Clo_Closteriales) (Figure 3A and B). Interestingly, changes in the intestinal flora caused changes in intestinal metabolic patterns (Figure 4A and B), as well as changes in the production of SCFAs, such as butyric acid (Figure 4C-F). This finding implies that F. nucleatum may promote CRC progression by changing intestinal metabolites in vitro and in vivo.
Furthermore, studies have shown that F. nucleatum competes with the beneficial butyrate-producing Clostridium butyricum units, and that an abundance of F. nucleatum leads to a decrease in Clostridium butyricum abundance[26]. Therefore, it is vital to understand the association between F. nucleatum and butyric acid. We have previously treated DLD-1 cells with F. nucleatum and collected metabolites for nuclear magnetic resonance analysis. The results showed that after treating CRC cells with F. nucleatum, the extracellular concentration of butyrate significantly decreased[27]. Therefore, we speculate that F. nucleatum can actively consume butyric acid, promoting CRC development. In the future, we will further explore the relationship between F. nucleatum and Clostridium butyricum.
Butyrate is the preferred energy source for colonic cells and has been shown to inhibit tumor development through a variety of mechanisms[28], including anti-inflammatory and immunomodulatory effects, down-regulation of the Wnt signaling pathway[29], inhibition of tumor cell proliferation and migration[21], limitation of tumor angiogenesis[22], induction of apoptosis[30], and promotion of tumor cell differentiation[31]. In this study, we used flow cytometry to investigate the effect of NaB on the cell cycle in DLD-1 and HCT116 CRC cell lines. Our findings showed that NaB arrested the cell cycle at the G2/M phase. When CRC cells were co-treated with F. nucleatum supernatant and NaB, there was a significant drop in the number of cells in the G2/M phase, demonstrating that F. nucleatum can mitigate the effect of NaB on the cell cycle (Figure 5A and B).
[bookmark: _Hlk159832191]ATP is the most direct source of energy in organisms, acting as the driving force for numerous biological operations. The mitochondrion is at the heart of cellular energy metabolism, producing the majority of ATP[32]. ROS are byproducts of aerobic respiration as well as signaling molecules that affect numerous cellular activities[33], and they play an important role in regulating various physiological functions in animals. In this study, we discovered that NaB treatment reduced ATP generation while increasing ROS production in CRC cells. The effect of NaB was partially inhibited when treated with F. nucleatum (Figures 6C, D, and 7A).
Furthermore, we used transmission electron microscopy to assess alterations in mitochondrial membrane potential and examined mitochondrial morphology in CRC cell lines. The mitochondrial membrane potential was shown to decrease after NaB treatment. In addition, the mitochondrial membrane was disrupted, the matrix began to melt, and the crista began to blur. When compared to the NaB group, the mitochondrial membrane potential increased in cells co-treated with NaB and F. nucleatum supernatants (FAB), as did the mitochondrial morphology. These findings reveal that NaB can disrupt energy metabolism by altering mitochondrial structure, whereas F. nucleatum metabolites have a protective impact and can mitigate NaB damage (Figure 7B).
AMPK is a highly conserved serine/threonine protein kinase that regulates cell cycle checkpoints in cancer cells in response to energy stress to coordinate proliferation and energy availability[34]. Because our experimental results show that NaB and F. nucleatum can impact ATP generation in CRC cells, we hypothesize that both affect CRC development via the AMPK pathway. After 24 h of treatment with F. nucleatum, the expression of p-AMPK was reduced, showing a relationship between F. nucleatum and the AMPK pathway. We evaluated the expression levels of cell cycle-related proteins in the AMPK pathway to further analyze the relationship between F. nucleatum, NaB, and the AMPK pathway. Western blotting revealed that NaB increased the expression of Thr172 p-AMPK and activated AMPK in both CRC cell lines (HCT116 and DLD-1) (Figure 8A and B). Furthermore, the AMPK-related proliferative proteins c-Myc, CDK1 and cyclin B1 were downregulated, whereas the cycle inhibitory protein P21 was upregulated. F. nucleatum treatment increased the expression of cyclin-related proteins c-Myc, CDK1 and cyclin B1, while inhibiting the production of phosphorylated AMPK and P21. These findings suggest that F. nucleatum and NaB can both regulate the proliferation of CRC cells via AMPK.
We employed AMPK-specific siRNA to knock down AMPK expression and then co-treated HCT116 and DLD-1 cells with NaB to explore the role of AMPK in CRC cell proliferation. AMPK-specific siRNA substantially decreases AMPK phosphorylation and the expression of its downstream proteins c-Myc, cyclinB1, and CDK1 (Figure 9A and B). When cells were co-treated with AMPK-specific siRNA and NaB, AMPK-specific siRNA prevented the induction of cell cycle arrest observed with NaB alone (Figures 10 and 11). These data suggest that NaB requires AMPK to inhibit CRC cell proliferation.

CONCLUSION
In conclusion, F. nucleatum can regulate the intestinal metabolite butyrate, and NaB can regulate energy metabolism and prevent CRC proliferation via the AMPK pathway. The findings of this study may provide a better understanding of CRC pathogenesis , thereby facilitating the development of more effective therapeutic approaches.

ARTICLE HIGHLIGHTS
Research background
Colorectal cancer (CRC) ranks among the most prevalent malignant neoplasms globally. Fusobacterium nucleatum (F. nucleatum) has been implicated in the initiation, progression, and prognostic outcomes of CRC. Butyrate, a short-chain fatty acid (SCFA) derived from the bacterial fermentation of soluble dietary fiber, exhibits inhibitory effects on several types of cancers.

Research motivation
Recent research has demonstrated that the SCFA butyrate can suppress the proliferation, enrichment, and adherence of F. nucleatum in CRC tissues. This suppression is achieved by the downregulation of adhesion-associated outer membrane proteins, including RadD, FomA, and FadA. Consequently, this leads to a decrease in the colonization and invasion of F. nucleatum and mitigates its contribution to chemoresistance. Therefore, this study aims to investigate whether F. nucleatum can influence the synthesis of the intestinal metabolite butyric acid, thereby facilitating the development of CRC.

Research objectives
Exploring whether F. nucleatum affects the production of intestinal metabolite butyrate to promote CRC development.

Research methods
Fecal samples were collected from mice in the treatment group following oral administration of F. nucleatum for the analysis of SCFAs and 16S rDNA. Concurrently, CRC cells underwent co-treatment with F. nucleatum and sodium butyrate (NaB) in vitro to assess alterations in the cell cycle, mitochondrial functionality, and the expression of pertinent proteins.

Research results
The abundance of F. nucleatum is markedly elevated in fecal specimens and CRC tissues from patients with CRC. F. nucleatum suppresses the synthesis of the SCFA butyric acid. NaB impairs mitochondrial functionality and impedes the cell cycle in CRC cells. Both NaB and F. nucleatum modulate the growth of CRC cells via the adenosine monophosphate-activated protein kinase (AMPK) signaling pathway. The presence of AMPK is essential for NaB’s effectiveness in inhibiting CRC cell proliferation.

Research conclusions
Our findings showed that the abundance of F. nucleatum is significantly high in fecal samples and CRC tissues from CRC patients. F. nucleatum impedes the synthesis of the SCFA butyric acid. NaB compromises mitochondrial functionality and obstructs the cell cycle in CRC cells. The growth of CRC cells is modulated by both NaB and F. nucleatum via the AMPK signaling pathway. The presence of AMPK is critical for the ability of NaB to curb CRC cell proliferation.

Research perspectives
The outcomes of this research could enhance our comprehension of CRC pathogenesis, potentially leading to the formulation of more efficacious therapeutic strategies.
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Figure Legends
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[bookmark: OLE_LINK8704][bookmark: OLE_LINK8703]Figure 1 Abundance of Fusobacterium nucleatum is significantly increased in colorectal cancer tissues. A-C: 16S rDNA sequencing results of clinical tissue samples (A: Normal tissue; B: Colorectal cancer tissue; C: Paracancerous tissue); B: Fluorescence in situ hybridization results showed that the abundance of Fusobacterium nucleium in colorectal cancer tissue was significantly higher than that in normal colorectal tissue.

[image: ][image: ]	Comment by Lenovo: The text beside the bar chart in Figure 2B has moved up. Can you use the picture we provided?
Figure 2 Abundance of butyrate-producing bacteria in fecal samples from colorectal cancer patients is lower compared to that of healthy individuals. A: There were significant differences in bacterial composition between colorectal cancer and normal/adjacent tissues; B: Butyricimonas, Roseburia, Faecalibacterium and other butyric acid producing bacteria are enriched in the feces of healthy individuals; C: The abundance of Lac_Lachnospira, Lac_Roseburia, and Rum_Faecalibacterium in fecal samples of healthy people was significantly higher than that of colorectal cancer patients; D: The abundance of Trichospira and Rochella in the fecal samples of healthy people is significantly higher than that of patients with stage I-IV colorectal cancer, and the abundance of Fecal bacilli in the fecal samples of healthy people and patients with stage I colorectal cancer is higher.
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[bookmark: _Hlk159832925]Figure 3 Abundance of butyrate-producing bacteria is decreased in mice treated with Fusobacterium nucleatum. A and B: The 16S rDNA sequencing results showed that the abundance of fecal butyric acid-producing bacteria (Lac_Rosebaria and Clostridium) was lower than those of the control group in mice treated with Fusobacterium nucleatum by gavage (n = 12 for each group). Each bar represents the content of Clostridium (A) or Lactobacillus (B) in the feces of mice in the treatment group.
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Figure 4 Fusobacterium nucleatum inhibits the formation of the short chain fatty acid butyric acid. A and B: Positive ion mode PLS-DA analysis diagram and negative ion mode PLS-DA analysis diagram show that there is a significant difference between the feces of mice treated with Fusobacterium nucleatum (F. nucleatum) and the control group (NC) in the PC1 direction (n = 6 for each group); C-F: The total amount of short-chain fatty acids (SCFAs), butyric acid, and isobutyric acid was significantly lower in the treatment group of F. nucleatum than the untreated group (n = 3 for each group). NFn: F. nucleatum treatment group. aP < 0.05.
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[bookmark: _Hlk159833313]Figure 5 Effects of sodium butyrate and Fusobacterium nucleatum on the cell cycle of HCT116 and DLD-1 cells. A: Sodium butyrate (NaB) blocks the cell cycle at G2/M phase, while treatment with Fusobacterium nucleatum has no significant effect on the cell cycle; B: Statistical analysis of flow cytometry results. ns: P > 0.05, bP < 0.01, cP < 0.001. FAB: Fusobacterium nucleatum supernatant.
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Figure 6 Effects of Fusobacterium nucleatum and sodium butyrate on mitochondrial membrane potential and reactive oxygen species in colorectal cancer cells. A: Sodium butyrate (NaB) decreased the mitochondrial membrane potential of colorectal cancer cells; however, the mitochondrial membrane potential of the cells recovered after treatment with NaB and Fusobacterium nucleatum supernatant (FAB); B: Statistical results of mitochondrial membrane potential experiments. Data are presented as mean ± standard deviation (SD) from at least three independent experiments; C: NaB stimulates the generation of reactive oxygen species (ROS) in colorectal cancer cells, FAB decreased the effect of NaB and reduced NaB damage to mitochondria; D: Statistical results of ROS. Data from at least three independent experiments are expressed as mean ± SD. ns: P > 0.05, aP < 0.05, cP < 0.001. 
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Figure 7 Sodium butyrate damages the mitochondrial morphology of colorectal cancer cells. A: Sodium butyrate (NaB) inhibits adenosine triphosphate synthesis, but treatment with Fusobacterium nucleatum supernatants (FAB) suppresses this effect; B: After treatment with NaB and FAB, morphological changes of mitochondria were observed under transmission electron microscopy. aP < 0.05, cP < 0.001. 
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[bookmark: _Hlk159833872]Figure 8 Sodium butyrate and Fusobacterium nucleatum regulates the proliferation of colorectal cancer cells through the adenosine monophosphate-activated protein kinase signal pathway. A and B: Adenosine monophosphate-activated protein kinase (AMPK) was activated in DLD-1 and HCT116 cells by treatment with sodium butyrate (NaB), leading to increased expression of phosphorylated AMPK (p-AMPK), decrease in expression of proliferation proteins such as CDK1, C-myc, and cyclin B1, and increase in expression of cycle arrest protein P21. However, treatment with Fusobacterium nucleatum inhibited the expression of p-AMPK. Data are expressed as mean ± standard deviation, from at least three independent experiments. aP < 0.05, bP < 0.01, cP < 0.001, ns: P > 0.05. 
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Figure 9 Adenosine monophosphate-activated protein kinaseα-specific small interfering RNA effectively reduced the expression of adenosine monophosphate-activated protein kinase and its phosphorylation in DLD-1 and HCT116 cells. A and B: Adenosine monophosphate-activated protein kinase (AMPK)α-specific small interfering RNA (siRNA) reduces AMPK phosphorylation, increases the expression of proteins such as C-myc, CDK1, and Cyclin B1, and reduces the expression of P21. Data are expressed as mean ± standard deviation, from at least three independent experiments. aP < 0.05, bP < 0.01, cP < 0.001. p-AMPK: Phosphorylated-adenosine monophosphate-activated protein kinase; NC: Control.
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Figure 10 Adenosine monophosphate-activated protein kinaseα-specific small interfering RNA inhibits the anticancer effect of sodium butyrate. A and B: Sodium butyrate (NaB) activates adenosine monophosphate-activated protein kinase (AMPK), inhibits proliferative protein expression. However, after transfection with AMPK small interfering RNA (siRNA), AMPK is knocked down, and the inhibitory function of NaB on cancer is weakened. Data are expressed as mean ± standard deviation, from at least three independent experiments. aP < 0.05, bP < 0.01, cP < 0.001. p-AMPK: Phosphorylated adenosine monophosphate-activated protein kinase; NC: Control.
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[bookmark: _Hlk159834004][bookmark: _Hlk159829691]Figure 11 Adenosine monophosphate-activated protein kinase-specific small interfering RNA prevented cycle arrest caused by sodium butyrate. A and B: Sodium butyrate (NaB) arrested the cell cycle of DLD-1 and HCT116 cells in the G2/M phase, while adenosine monophosphate-activated protein kinase small interfering RNA (siRNA) transfection inhibited this phenomenon. ns: P > 0.05, cP < 0.001. p-AMPK: Phosphorylated adenosine monophosphate-activated protein kinase.
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