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Abstract

The significant economic burden of colorectal cancer (CRC) necessitates the 
development of innovative therapeutic approaches. Interest in the gut 
microbiota's role in CRC has increased. Capecitabine, as a chemotherapy, may 
disrupt the balance of the intestinal microbiota. This study investigated the 
anticancer effects of capecitabine combined with fecal microbiota 
transplantation (FMT) in a CRC mouse model caused by azoxymethane and 
dextran sodium sulfate. FMT was achieved with fecal microbiota from healthy 
mice through enema. Capecitabine decreased the number and diameter of 
cancer foci in CRC mice, while FMT supplementation had a more noticeable 
impact, indicated by increased body weight and survival rate. Capecitabine 
significantly reduced the abundance of pathogenic bacteria in mice with CRC, 
such as Bacteroides, Enterorhabdus, Monoglobus, Rodentibacter, 
uncultured_rumen_bacterium, Turicibacter, and Streptococcus. The 
supplementation of FMT more effectively reversed the gut microbiota dysbiosis 
in CRC mice, as demonstrated by the ACE and Chao 1 indices, PCoA analysis, 
and enhanced normal biological pathways. Microbial dysbiosis induced 
immunological dysfunction in CRC mice, indicated by abnormal immune cell 
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recruitment and excessive cytokine production. Capecitabine treatment reduced 
immune cell infiltration, including CD3+ T cells, CD4+ T cells, and CD49b+ NK 
cells, as chemotherapy often suppresses the immune system. The supplement of 
FMT increased the proportion of CD4+ T cells, CD49b+ NK cells, CD8+ T cells, 
and LY6G+ neutrophils, indicating improved immune responses against CRC. 
Moreover, capecitabine therapy alone reduced the overexpression of IL1a, IL6, 
IL12a, IL12b, IL17, IL22, FOXP3, STAT3, IFN-γ, TNF-α, TGF-β, GZMA, CXCR4, 
OPN, PD-1 and PD-L1. FMT supplementation resulted in a higher immune 
response to CRC, as it had a greater inhibitory effect on the overexpression of 
inflammatory cytokines and enhanced the production of IL10, IFN-γ, and CXCR4. 
These cytokines were positively correlated with Azospirillum_sp._47_25, 
Romboutsia, Lactococcus, Rikenella_sp._Marseille_P3215 and Turicibacter and 
negatively correlated with Parabacteroids, unclassified_Oscillospiraceae, 
Marvinbryantia, unclassified_Clostridia_vadinBB60_group, 
unclassified_Erysipelatoclostridiaceae, A2, Roseburia, 
Rikenellaceae_RC9_gut_group, Acetatifactor and  unclassified_Clostridia. The 
combination of capecitabine and FMT is more effective at preventing CRC than 
capecitabine alone, as it reverses gut microbial abnormalities and boosts immune 
responses to CRC.

Keywords: colorectal cancer, dysbiosis, capecitabine, fecal microbiota 
transplantation, immune cells, cytokines.

1. Introduction

Colorectal cancer (CRC) is the third most common cancer globally and the 
second cause of cancer-related mortality[1]. High incidences are observed in 
Australia, New Zealand, Europe, East Asia, and North America[2]. Risk factors for 
CRC include age, family history, smoking, drinking, and dietary behaviors[3]. 
Additionally, prolonged inflammation increases the risk of CRC[4]. Capecitabine is 
a fluorouracil anti-cancer medication administered orally that inhibits cancer 
progression by disrupting cellular DNA synthesis[5, 6]. However, as a 
chemotherapy drug, capecitabine may cause dysbiosis of the gut microbiota. It 
has also been linked to adverse effects on the gastrointestinal system, such as 
dyspepsia, stomatitis, enterocolitis, and abdominal pain[7].

The human gut contains more than 1,500 species of bacteria belonging to 50 
different phyla, weighing approximately 1.5 kg on average. The gut microbiota 
influences colorectal carcinogenesis via several pathways, including 
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inflammation, immune response modulation, and altered dietary component 
metabolism. These pathways can also result in the generation of toxic byproducts 
originating from microbes, such as metabolites or genotoxins[8]. Fusobacterium 
nucleatum (F. nucleatum) may infiltrate a variety of host cells, including 
fibroblasts, monocytes, epithelial cells, and endothelial cells, triggering a 
cascade of inflammation and the release of proinflammatory chemokines, such as 
IL6 and IL8[9]. Bacteroides fragilis (B. fragilis) may stimulate spermine oxidase 
expression in colonic epithelial cells, leading to increased reactive oxygen 
species, and thereby promoting the secretion of proinflammatory cytokines[10]. 
Helicobacter pylori (H. pylori) infection can cause persistent active inflammation 
and several DNA damage, leading to genomic instability[11]. Streptococcus bovis 
(S. bovis) recruits myeloid cells, particularly CD11b+TLR-4+ cells, which may 
boost pro-tumor immunity in the tumor microenvironment[12]. Ligilactobacillus 
positively correlates with the anti-apoptotic marker Bcl-2 and tumor growth 
factors, such as NF-κB and β-catenin[13]. 

However, numerous beneficial microorganisms have been shown to play a 
protective role against CRC. External lactobacilli polysaccharides induce the 
onset of apoptosis in CRC cells by downregulating the expression of the 
SURVIVIN and BCL-2 genes and upregulating the expression of the Cas3, Cas9, 
and BAX genes[14]. Bifidobacterium interacts with proteins regulating the cell 
cycle, inhibiting the proliferation of cancer cells through activating of pro-
caspases, downregulating the anti-apoptotic Bcl-2, and upregulating the pro-
apoptotic Bax proteins[15]. Roseburia intestinalis produces short-chain fatty acids 
(SCFA) butyrate, which protects against CRC and potentially improves anti-PD-1 
effectiveness by generating functional CD8+ T cells[16]. Phascolarctobacterium 
generates SCFA, such as propionate, which increases host serotonin production 
in the colon and influences gut motility and hemostasis[17]. Probiotics 
Lactobacillus rhamnosus and Lactobacillus bulgaricus promote beneficial 
bacteria like Akkermansia, Blautia, and Ruminococcaceae while inhibiting 
pathogenic bacteria like Escherichia coli (E. coli) and Klebsiella in the gut[18]. 
Studies indicate that colibactin-producing E. coli may decrease CD8+ T cell 
infiltration in the CRC mouse model[19]. Klebsiella pneumoniae induces 
precancerous lesions in germ-free mice and causes gut barrier dysfunction via 
increasing colon macrophage-mediated MMP-2/-9 activity[20].

Dysbiosis in the gut microbiota has a deleterious impact on immunological 
response, drug metabolism, intestinal mucosal barrier integrity, and pathogen 
defense[21]. FMT, which transfers healthy gut microbiota into the patient's gut by 
enema, colonoscopy, or capsule, is effective in treating gut microbiota 
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dysbiosis[22]. FMT has been authorized by the FDA for the treatment of recurrent 
Clostridioides difficile infections[23]. In this investigation, a chemically induced 
CRC mouse model was employed to explore the combined effect of capecitabine 
and FMT on the development of CRC. Compared to capecitabine alone, 
combination treatment demonstrated greater anti-cancer potential. FMT 
reversed gut microbial dysbiosis induced by CRC and capecitabine. The 
combination of capecitabine and FMT enhances the immune responses against 
CRC by recruiting anti-cancer immune cells and regulating the expression of 
cytokines within the microenvironment.

2. Materials and methods

2.1. The CRC mouse model
Eight-week-old male Balb/c mice were obtained from Beijing Vital River Lab and 
housed without any intervention for a week. The mice were administered 
intraperitoneally the carcinogen azoxymethane (AOM, Sigma) at a dose of 10 
mg/kg in the first week. Subsequently, the mice were provided with water 
containing the proinflammatory agent dextran sodium sulfate[24] (DSS, 2.5%, MP 
Biomedicals) in the second week. During weeks three and four, the mice were 
given drinking water without DSS. The treatment from weeks 2 to 4 was 
repeated for two more cycles. The mice were randomly and equally divided into 
four groups, normal control mice, CRC mice, capecitabine-treated CRC mice, and 
CRC mice treated with both capecitabine and FMT. The mice in each group were 
randomly allocated to four cages, with five mice per cage. All animal protocols of 
this study were reviewed and approved by the ethical guidelines of the 
Institutional Animal Care and Use Committee of Harbin Medical University 
(ethics code: IRB3079724) under the ARRIVE guidelines. Capecitabine (700 
mg/kg, Roche) was mixed in 40 mM citrate buffer (pH 6.0) with gum arabic and 
then given orally once a day for 14 days, followed by a week of rest; this cycle 
was repeated three times[25]. The severity of CRC was evaluated using the 
disease activity index (DAI), a multi-parameter scoring system on a scale of 0 to 4, 
which included the number of cancer foci, the diameter of the cancer foci (mm), 
the length of the colon (cm), the percentage of body weight loss, the survival rate, 
the consistency of the stool, fecal blood, and the histology of intestinal tissue 
(Table 1).

Table 1. Criteria of disease activity index.
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2.2. Fecal microbiota transplantation
Fresh feces from normal control mice were collected, mixed with PBS at a 
concentration of 200 mg/ml, and centrifuged at 1,500 rpm for 1 min to obtain 
microbial supernatant. Each recipient received 1 ml of fecal slurry by enema 
once every 3 days for 9 weeks.

2.3. HE staining
Colorectal tissues from mice were fixed in 10% neutral formaldehyde for 24 
hours before being embedded in paraffin. Paraffin slides of 3 mm colorectal 
tissues were stained with hematoxylin for 2 min and eosin for 1 min. After 
dehydration and hyalinization with ethanol and xylene, the tissues were sealed 
with neutral balsam. Finally, the prepared slides were imaged using a 
microscope (Olympus). The study evaluated colon inflammation using criteria for 
detecting inflammatory cell infiltration.

2.4.  High-throughput sequencing of 16S rDNA
High-throughput 16S rDNA sequencing was utilized to assess the quantity, 
diversity, and similarity of gut bacteria. Before collecting fecal samples, the mice 
were kept for one week without any treatment to avoid the adverse effects of 
residual fecal bacteria. Subsequently, mice were moved to a sterile cage for 
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feces sample collection. Two tubes of feces were collected from each cage and 
used for high-throughput sequencing of the intestinal microbiota (BioMarker, 
Beijing, China). Data were submitted to NCBI (PRJNA1063875), which contained 
six replicates in each experimental group. A standard OTU sequence with 97% 
similarity was employed for microbial diversity analysis.

2.5. Immunohistochemical detection of immune cells
Paraffin sections were dewaxed in xylene and rehydrated in ethanol before 
performing antigen retrieval in a microwave at high power for 2 min, followed by 
low power for another 10 min. Endogenous peroxidase activity was suppressed 
using 3% H2O2 over 10 min. Tissues were blocked using goat serum for 1 h at 
room temperature. Tissue sections were incubated overnight at 4°C with primary 
antibodies such as cleaved caspase-3 (9661, CST), Ki67 (A2094, Abclonal), CD3 
(ARG52744, Arigo), CD4 (ab183685, Abcam), CD8 (ab217344, Abcam), FOXP3 
(GB11093, Servicebio), F4/80 (ARG22476, Arigo), CD49b (AGR57601, Arigo) and 
LY6G (MAB1037100, R&D). The tissues were then incubated with secondary 
antibodies: HRP goat anti-rat IgG (H+L) (AS028, Abclonal), HRP goat anti-rabbit 
IgG (H+L) (AS014, Abclonal), and HRP goat anti-mouse IgG (H+L) (bs-0296G-
HRP, Bioss) for 1 h at 37 °C. Subsequently, the tissues were stained using the 
DAB Peroxidase Substrate Kit (zli-9019, ORIGENE). After being dried in ethanol 
and xylene, the slides were sealed with neutral balsam. The distribution and 
staining intensity of positive markers were captured by the microscope (Olympus) 
and analyzed by ImageJ.

2.6. Western blot
Tissue proteins from samples were denatured in 5×SDS-PAGE loading buffer and 
electrophoresed on tris-glycine agarose gels. The separated proteins were then 
transferred to a nitrocellulose membrane, followed by a two-hour blocking step 
at room temperature using 5% non-fat milk. The membrane was then incubated 
at 4°C overnight with primary antibodies such as IL1a (A2170, Abclonal), IL6 
(A11115, Abclonal), IL12a (A20383, Abclonal), IL12b (A13024, Abclonal), IL17 
(A12454, Abclonal), IL10 (JES-2A5, Arigo), IL22 (A6216, Abclonal), FOXP3 
(A5706, Abclonal), STAT3 (ARG-54150, Arigo), IFN-γ (A12450, Abclonal), TNF-α 
(BS1857, Pbclonal), TGF-β (A18692, Abclonal), GZMA (A6231, Abclonal), CXCR4 
(A1303, Abclonal), OPN (A1499, Abclonal), PD-1 (A11973, Abclonal), PD-L1 
(A11273, Abclonal), Tubulin (AC008, Abclonal) and GAPDH (A19056, Abclonal). 
Subsequently, the membrane was incubated for 2 hours at room temperature 
with the secondary antibody HRP goat anti-rabbit IgG (H+L) (AS014, Abclonal) 
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or HRP goat anti-mouse IgG (H+L) (AS003, Abclonal). Band intensity was 
measured using Tanon-5200 and Tanon MP.

2.7. Statistical analysis
The Student-Newman-Keuls (SNK) test and log-rank test were used for statistical 
analysis. For analysis measuring the degree of association between sequenced 
OTU abundances of bacterial species with cytokines variations, Spearman’s rank 
correlation was performed. GraphPad Prism 9.5 was used for statistical 
comparisons. Data was expressed as the mean±SD, and a two-tailed value of 
p<0.05 was taken to indicate statistical significance. Experiments were 
conducted at least three times to ensure accuracy.

3. Results

3.1. FMT combined with capecitabine inhibited CRC development more effectively 
than capecitabine alone

The schedule for establishing the CRC mouse model over a period of 10 weeks 
and treatment with capecitabine and FMT is shown in Figure 1A. In CRC mice, 
the average number of cancer foci was 13.3 with a diameter of 3.3 mm, whereas 
in capecitabine-treated mice, the average number of cancer foci was 8.8 with a 
diameter of 2.1 mm. Notably, the CAP-FMT treatment group displayed a mean of 
4.3 neoplastic lesions (1.5 mm in diameter), accompanied by a statistically 
significant decrease in histopathological scoring. In CRC mice, there was a 
noticeable reduction in colon length due to epithelial overgrowth and 
inflammatory adhesion. When combined with FMT, capecitabine reversed the 
shortening and lengthened the colon, but capecitabine by itself was ineffective 
on its own (Figure 1B-E). As shown in Figure 1G, the CRC mice lost significantly 
more weight than the normal mice. Combined therapy with capecitabine and 
FMT reduced weight loss, although capecitabine did not. Additionally, the 
survival rate increased dramatically in CAP-FMT-treated mice, going from 55% 
(11/20) to 80% (16/20), while the proportion of mice treated with capecitabine 
only increased to 70% (14/20) (Figure 1H). The calculated DAI scores were 
significantly increased in the model group mice. Capecitabine treatment 
significantly reduced the DAI scores, and the addition of FMT led to a further 
decrease (Figure 1F). HE staining indicated that the CRC mice displayed evident 
colonic tissue damage, largely shown by the disrupted crypt structure and 
colonic mucosa, and increased inflammatory cell infiltration, leading to a thicker 
and weaker intestinal wall. Treatment with capecitabine did not improve colon 
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structure but increased cancer cell apoptosis and decreased Ki67 expression. 
Nevertheless, the alleviated colon tissue damage was observed in mice receiving 
CAP-FMT treatment (Figure 1I-K).

3.2. FMT reversed gut microbial dysbiosis induced by CRC and capecitabine
The Illumina Novaseq platform was used to detect 16S rDNA of the gut 
microbiota. Each sample yielded an average of 89,665 clean reads after quality 
filtering. The gut microbiota was classified into 31 phyla, 58 classes, 169 orders, 
326 families, 617 genera, and 722 species. The dominant bacteria in normal 
control mice were genera of Muribaculaceae (20.40%), Alloprevotella (16.52%), 
Lachnospiraceae (14.27%), Alistipes (8.99%), Rikenellaceae_RC9_gut_group 
(1.18%), unclassified_Clostridia_vadinBB60_group (0.87%), Colidextribacter 
(0.82%), Lachnospiraceae_UCG_006 (0.57%), Roseburia (0.55%), 
unclassified_Ruminococcaceae (0.49%), Muribaculum (0.35%), Oscillibacter 
(0.34%) and Candidatus_Udaeobacter (0.18%). However, the relative abundance 
of the gut microbiota in CRC mice was significantly altered at the phylum, family, 
genus, and species levels compared to normal control mice (Figure 2A-D). The 
dominant proportions of bacteria were Bacteroides (9.44%), Ligilactobacillus 
(1.73%), Enterorhabdus (0.90%), Monoglobus (0.45%), Rodentibacter (0.34%), 
uncultured_rumen_bacterium (0.29%), unclassified_RF39 (0.24%), Turicibacter 
(0.14%) and Streptococcus (0.05%) in CRC mice. Capecitabine reduced the most 
prominent bacteria: Bacteroides, Enterorhabdus, Monoglobus, Rodentibacter, 
uncultured_rumen_bacterium, Turicibacter, and Streptococcus. However, in 
capecitabine-treated mice, some gut microbiota with decreased abundance in 
CRC mice were less abundant, such as unclassified_Lachnospiraceae (4.1%), 
unclassified_Clostridia_vadinBB60_group (0.4%), Colidextribacter (0.17%) and 
Candidatus_Udaeobacter (0.001%). In this study, FMT was used to reverse the 
microbial dysbiosis induced by CRC and capecitabine. 

FMT significantly increased the richness of the microbial community as 
represented by the ACE and Chao1 index (Figure 3A, B) and promoted the 
diversity of the gut microbiota as indicated by the PCoA analysis (Figure 3C). In 
Figure 3D, the most abundant gut bacteria in CRC mice showed complex positive 
or negative correlations with other gut bacteria, including Bacteroides, 
Prevotellaceae_UCG_001, Candidatus saccharimonas, Ligilactobacillus, 
Lactobacillus, and uncultured_rumen_bacterium, implying that variations in the 
number of microbes both influence and are influenced by the abundance of other 
microorganisms. A balanced gut microbiota is necessary to preserve a healthy 
gut microenvironment. Although the microbial dysbiosis of CRC mice was largely 
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reversed by FMT, some gut bacteria were still difficult to colonize, such as 
unclassified_Alloprevotella, unclassified_Lachnospiraceae and Rhodanobacter, as 
revealed by LEfSe analysis (Figure 3E). To increase the possibility of colonization, 
these bacteria should be isolated and cultured for multiple transplantations.

The gut is generally dominated by anaerobes. Gram-positive anaerobic 
bacteria such as Clostridiales, Lachnospiraceae, and Ruminococcus are 
negatively associated with CRC progression. Clostridiales strains, which are 
reduced in CRC patients, are involved in a strong anti-cancer response via CD8+ 
T cells[26]. Lachnospiraceae and Ruminococcus are prominent taxonomic groups 
in the human gut microbiota that degrades complex polysaccharides into SCFA 
such as acetate, butyrate, and propionate, which the host may utilize for 
energy[27, 28]. A reduction in these beneficial microorganisms is strongly 
attributed to the development of CRC. Capecitabine, a chemotherapy drug, 
further unbalances these microorganisms. Gram-negative anaerobic bacteria 
such as Bacteroides, F16, Prevotella, and S24-7 were positively associated with 
CRC progression. By altering the DNA structure of intestinal epithelial cells and 
triggering the Wnt/β-catenin and EGFR signaling pathways, 
Bacteroides exacerbate the risk of CRC[29, 30]. Prevotella induces IL8, IL6, and 
CCL20 production in epithelial cells, which in turn triggers mucosal Th17 
immune responses and neutrophil recruitment, ultimately resulting in systemic 
inflammation[31]. The supplement of the FMT reversed the microbial dysbiosis 
and inhibited CRC progression (Figure 3F-H).

The shift in microbial composition influences the function of the intestine. We 
subsequently performed KEGG pathway prediction[32] based on the 16S 
metagenomic data and found numerous enhanced metabolic pathways in CRC 
mice, such as the renin-angiotensin system[33], Epstein-Barr virus infection[34], 
hepatitis C[35] and mTOR signaling pathway[36], which have been reported to be 
positively associated with CRC progression. Additionally, some biological 
pathways were decreased such as cAMP signaling[37], bile secretion[38], p53 
signaling[39], and the cGMP-PKG signaling[40] pathway that prevents 
inflammation and lowers the risk of CRC. These pathways were regulated by the 
combined treatment of capecitabine and FMT (Figure 3I).

3.3. FMT enhanced the immune responses against CRC by recruiting anti-cancer 
immune cells in the gut

Identification and removal of aberrant cells is a major function of the immune 
system. Microbial dysbiosis in the colon, can trigger aberrant immunological 
responses, such as abnormal immune cell recruitment and enhanced production 
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of pro-inflammatory cytokines in the intestine. Robust immunological responses 
were indicated by a considerable increase in T cell infiltration in CRC mice, 
particularly CD3+ T cells, CD4+ T cells, and FOXP3+ Treg cells. 
F4/80+ macrophages and CD49b+ NK cells were also involved in this strong 
immune response. However, cytotoxic CD8+ T cells and LY6G+ neutrophils were 
reduced in CRC mice. In capecitabine-treated mice, the infiltration of most 
immune cells was reduced, including CD3+ T cells, CD4+ T cells, CD49b+ NK 
cells, FOXP3+ Treg, cells, and F4/80+ macrophages, as chemotherapy typically 
suppresses and destroys the immune system[41].  In contrast, FMT 
recruited many more CD4+ T cells, CD8+ T cells, CD49b+ NK cells, and LY6G+ 
neutrophils in the intestine while selectively reducing the accumulation of 
CD3+ T cells, FOXP3+ Treg cells, and F4/80+ macrophages, indicating enhanced 
immune responses against CRC (Figure 4).

3.4. The combination of capecitabine and FMT enhanced the immune responses 
against CRC by regulating the expression of cytokines within the microenvironment

The disruption of intestinal homeostasis caused by microbial dysbiosis in CRC 
mice leads to aberrant cytokine production within the gut. This study identified 
several overexpressed cytokines in the intestines of CRC mice, such as the 
proinflammatory cytokines IL1a, IL6, IL12a, IL12b, IL17, and IL22; transcription 
factors FOXP3 and STAT3; immunostimulatory cytokines IFN-γ and TNF-α; 
immunosuppressive cytokine TGF-β; enzymatic modulator GZMA; chemokine 
receptor CXCR4; integrin factor OPN and immune checkpoints PD-1 and PD-L1 
(Figure 5A). 

IL1a increases the nuclear localization of the NF-κB p65 subunit, which 
protects CRC cells from 5-fluorouracil-induced cell death and enhances their 
proliferation[42]. By upregulating VEGF, MMP9, and bFGF in tumor-associated 
endothelial cells, tumor-associated macrophages, and MDSCs, the IL-6/STAT3 
axis promotes angiogenesis in several malignancies[43]. IL12 a potent 
proinflammatory cytokine, stimulates Th1 cell development, resulting in the 
generation of nitric oxide and IFN-γ, boosting inflammatory reactions and NK 
cell cytotoxicity[44]. IL17 promotes carcinogenesis by altering the cellular stromal 
phenotype, activating inflammatory mesenchymal stem cells, and mobilizing 
myeloid cells[45]. IL22 stimulates the processes of epithelial-to-mesenchymal 
passage[46]. Interestingly, capecitabine therapy decreased the overexpressed 
proteins for IL1a, IL6, IL12a, IL12b, IL17 and IL22. When capecitabine and FMT 
were given to CRC mice, pro-inflammatory factors IL1a, IL17, and IL22 were 
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more down-regulated, while the anti-inflammatory cytokine IL10 was up-
regulated. 

Forkhead box protein 3 (FOXP3) is essential for establishing an 
immunosuppressive tumor microenvironment. It controls the proliferation and 
activity of regulatory T-cells, particularly the CD4+CD25+ fraction[47]. The signal 
transducer and activator of transcription 3 (STAT3) are highly expressed in the 
inflammatory tumor environment, where it causes the release of reactive oxygen 
species (ROS), leading to DNA damage and oncogene activation[48]. Protein 
kinase 1, a serine-threonine kinase, is activated by interferon-gamma (IFN-γ), 
thereby promoting necrosis and programmed cell death[49]. TNF-α, a key 
inflammatory cytokine, may enhance colon cancer invasion by upregulating 
TROP-2 expression via the ERK1/2 signaling pathway[50]. Selective suppression of 
TGF-β could be a promising strategy to reduce colon cell growth, as it is 
considered a biomarker for CRC[51]. Granzyme (GZMA) activity may stimulate the 
production of autoantigens, ECM fragments, and proinflammatory cytokines, 
which may worsen the inflammatory response[52]. Capecitabine therapy 
decreased the expression of FOXP3, STAT3, TNF-α, and GZMA, as well as IFN-γ 
and TGF-β. The combination of capecitabine and FMT enhanced IFN-γ expression 
while downregulating TGF-β.

Endothelial cells express C-X-C chemokine receptor type 4 (CXCR4) and 
release CXCL12, which aids in the movement of immune cells between the 
bloodstream and the adjacent tissues[53]. Osteoponin (OPN) is the primary 
phosphoprotein released by malignant cells in individuals with advanced 
metastatic cancer[54]. Programmed death-1 (PD-1) is a T cell checkpoint that 
regulates T cell exhaustion. Its binding to its ligand, programmed death-ligand 1 
(PD-L1), activates downstream signaling pathways and inhibits T cell 
activation[55]. Interestingly, treatment with capecitabine alone showed a 
decrease in the expression of CXCR4, OPN, PD-1, and PD-L1. The FMT 
supplement increased CXCR4 and more downregulated PD-L1 in CRC mice.

The expression of IL1a, IL17, IL22, IFN-γ, TGF-β, CXCR4 and PD-L1 showed 
negative correlations with Parabacteroids, unclassified_Oscillospiraceae, 
Marvinbryantia, unclassified_Clostridia_vadinBB60_group, 
unclassified_Erysipelatoclostridiaceae, A2, Roseburia, 
Rikenellaceae_RC9_gut_group, Acetatifactor and unclassified_Clostridia (Figure 
5B, C). These gut microorganisms may play a critical role in CRC treatment and 
could even be considered biological agents for CRC therapy. 

4. Discussion
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Growing evidence indicates that CRC development is significantly influenced by 
the gut microbiota, with reduced beneficial microbes, increased pathogenic 
microbes, and lower overall diversity. Microbial dysbiosis alters host gene 
expression, metabolic processes, and immune responses, thereby facilitating 
carcinogenesis[56]. Capecitabine, which is the first-line drug for locally advanced 
and metastatic CRC[57], reduces cancer progression by disrupting DNA synthesis 
and inhibiting the RANK/RANKL pathway[58, 59]. Instead of aggravating the 
disturbance of intestinal flora in CRC mice as expected, capecitabine showed a 
complex regulatory impact on intestinal flora. The microbial dysbiosis brought on 
by capecitabine and CRC was successfully reversed by FMT. Interestingly, as 
compared to capecitabine alone, the combination treatment of capecitabine and 
FMT demonstrated a synergistic anti-cancer immunological impact.

 Dysbiosis of the gut microbiota is associated with chronic inflammatory 
diseases and an increased risk of CRC. Our research identified an elevation of 
gut bacteria, including Bacteroides, Ligilactobacillus, Enterorhabdus, 
Monoglobus, Rodentibacter, uncultured_rumen_bacterium, Turicibacter and 
Streptococcus, in CRC mice, suggesting a potential role in the progression of 
CRC. The digestive tract-colonizing bacteria B. fragilis forms biofilms and its 
toxin triggers inflammatory responses that result in tissue damage, persistent 
inflammation, and even CRC[60]. Turicibacter presence is linked to reduced CD8+ 
T cell numbers in the colonic mucosa of mice[61]. The surface protein T. pallidum 
membrane protein C of Streptococcus angionosus directly interacts with the 
gastric epithelial cell receptor Annexin A2 to facilitate colonization in the gastric 
mucosa. This, in turn, mediates the activation of the mitogen-activated protein 
kinases signaling pathway, thereby expediting the development of gastric 
carcinogenesis[62].  Capecitabine decreased the most dominant bacteria such as 
Bacteroides, Enterorhabdus, Monoglobus, Rodentibacter, 
uncultured_rumen_bacterium, Turicibacter, and Streptococcus. Certain 
pathogenic bacteria, including Candidatus arthromitus and Ligilactobacillus, did 
not decrease in quantity when exposed to capecitabine. However, all these gut 
bacteria in CRC mice were dramatically reduced when the therapy was 
supplemented with FMT.

The normal gut microbiota has a specialized role in immunomodulation, host 
nutrition metabolism, defense against infections, xenobiotic and drug metabolism, 
and structural integrity of the gut mucosa maintenance[63]. Muribaculaceae, 
Alloprevotella, Lachnospiraceae, Alistipes, Rikenellaceae_RC9_gut_group, 
Colidextribacter, Lachnospiraceae_UCG_006, Roseburia, Ruminococcaceae, 
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Oscillibacter, Muribaculum, and Candidatus_Udaeobacter were the most 
common bacteria in normal control mice. Muribaculaceae is thought to be a 
viable "next-generation probiotic" since they can create SCFA, regulate the 
immune system, and improve the function of the intestinal barrier[64]. By means 
of 7α-dehydroxylation, gut Lachnospiraceae transform main bile acids into 
secondary bile acids, which inhibit enteric pathogens and regulate mucosal 
immunity[65]. Colidextribacter increases the levels of SCFA in the gut, especially 
butyric acid[66]. TLR5 expression in response to Roseburia intestinalis stimulation 
upregulates TSLP and IL-10, resulting in dendritic cell-mediated anti-
inflammatory responses[67]. Roseburia enteris reduces gut inflammation by 
decreasing the expression of IL17[68]. Ruminococcaceae produces acetate, which 
is converted to butyrate by Roseburia, thereby exerting anti-inflammatory 
effects[69]. SCFAs benefit host health by improving gut barrier function, reducing 
oxidative stress, and providing anti-inflammatory and anti-carcinogenic effects[70, 

71]. Ruminococcus gnavus can degrade extracellular lyso-glycerophospholipids, 
facilitate the immune surveillance function of CD8+ T cells, and inhibit the 
development of CRC[72]. Oscillibacter has been demonstrated to diminish the 
number of migratory Th17 cells in tumors, which are thought to migrate from the 
intestines and peripheral circulation and release the pro-angiogenic cytokine 
IL17[73]. Nearly all of these beneficial bacteria were reduced in CRC mice. 
Capecitabine increased the number of some beneficial bacteria such as Alistipes, 
Rikenellaceae_RC9_gut_group, unclassified_Clostridia_vadinBB60_group, 
Colidextribacter, Roseburia and Muribaculum. The genera of 
unclassified_Lachnospiraceae, Lachnospiraceae_UCG_006, 
unclassified_Ruminococcaceae, Oscillibacter, and Candidatus_Udaeobacter, 
which were not recovered by capecitabine alone, nevertheless dramatically 
increased when combined with FMT. This indicates that FMT acts as a more 
effective therapy in restoring microbial dysbiosis.

In this study, essential metabolic processes such as cAMP signaling, p53 
signaling, bile secretion, and cGMP-PKG signaling were reduced in CRC mice 
due to microbial dysbiosis. Activating PKA with cAMP or analogs can inhibit 
glioblastoma cell growth, increase differentiation, and cause apoptosis[37]. The 
gut microbiota controls bile acid secretion, which activates anti-cancer immune 
cells such as NK cells[38]. By transactivating target genes linked to the induction 
of cell cycle arrest and/or apoptosis, activated p53 encourages cell cycle arrest to 
allow DNA repair and/or apoptosis to stop the spread of cells with significant 
DNA damage[39]. The loss of cGMP signaling in colon cancer cells enhances the 
formation of actin-based motility organelles and invasion organelles, which play a 
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role in tumor cell migration[40]. These pathways did not reactivate in mice 
treated with capecitabine, while FMT boosted their activity. In contrast, some 
abnormal pathways were activated in CRC mice, such as the renin-angiotensin 
system, the Epstein-Barr virus infection, hepatitis-C, and mTOR signaling. In a 
mouse model, inhibiting the renin-angiotensin system via angiotensin I 
converting enzyme reduces the liver metastasis of CRC[33]. By interacting with 
host genes, the Epstein-Barr virus plays a major role in driving the cell cycle and 
oncogenesis of Epstein-Barr virus-positive neoplasms[34]. Hepatitis-C virus 
infection is strongly associated with the development of lung, colorectal, 
pancreatic, and breast cancers[35]. Various types of cancer frequently exhibit 
aberrant mTOR signaling. When mTOR signaling is hyperactivated, it encourages 
cell division and metabolism, contributing to the development and spread of 
tumors[36]. Capecitabine did not influence these pathways, but FMT made them 
less active.

The gut microbiota plays an important role in maintaining gut health[74]. 
Microbial dysbiosis causes gut inflammation and the recruitment of abnormal 
immune cells[75]. Salmonella enterica induces long-lasting intracellular infections 
and induces a strong CD4+ T cell response that produces IFN-γ[76]. Colibactin-
positive E. coli is reported to be related to a reduction in CD8+ T cell infiltration 
in a mouse model of CRC[19]. CD49b+  overexpression is linked to poor survival 
rates in several cancers, including prostate, stomach, and colon cancer[77]. B. 
fragilis drives the formation of FOXP3+ Tregs with a distinct "inducible" genetic 
signature. Monocolonization of germ-free mice with B. fragilis enhances Treg 
suppressive power and stimulates anti-inflammatory cytokine production solely 
from FOXP3+ T cells in the gut[78]. Intratumoral tumor-associated macrophages 
may increase the aggressiveness of cancer cells by upregulating their MMP-2 
and MMP-9 levels[79]. In this study, immune cells, including CD3+ T cells, CD4+ T 
cells, CD49b+ NK cells, FOXP3+ Treg cells, and F4/80+ macrophages, were 
abnormally recruited by microbial dysbiosis, inducing immunological dysfunction. 
However, capecitabine therapy decreased the infiltration of these immune cells. 
The combination of capecitabine and FMT significantly further reduced the 
recruitment of CD3+ T cells, FOXP3+ Treg cells, and F4/80+ macrophages in the 
intestine while recruiting more CD4+ T cells, CD8+ T cells, CD49b+ NK cells, and 
LY6G+ neutrophils indicating enhanced immune responses against CRC. 

By activating macrophages in the tumor microenvironment, CD4+ T cells may 
be able to mediate death that is not constrained by MHC I or II tumor expression, 
resulting in direct tumor killing of MHC-II-expressing tumors as well as indirect 
tumor killing of MHC-II-negative tumors[80]. CD4+ T cells also promote anti-
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tumor immunity through secreting effector cytokines such as IFN-γ and TNF-α[81]. 
Cytotoxic CD8+ T cells play a critical role in recognizing antigens on MHC-I 
molecules, which allows the immune system to detect and kill cancer cells[82]. 
Bifidobacterium enhances the activation of CD8+ T cells and dendritic cells 
within the tumor microenvironment, resulting in a combined antitumor effect 
with PD-L1[83]. Lactobacillus plantarum-L168 and its metabolite, indole-3-lactic 
acid, reduce colorectal carcinogenesis by enhancing the anti-tumor immunity of 
CD8+ T cells[84]. CD49b+ NK cells eliminate cancer cells by activating death 
receptors such as TRAIL-R1/R2 or Fas and releasing cytotoxic granules, 
including PRF1, GZMs, and granulysins[85]. The Fap2 protein of F. nucleatum 
interacts directly with T cell immunoglobulin and the ITIM domain, inhibiting the 
cytotoxicity of NK cells targeting cancer cells[86]. CD4+ T cells effectively 
eliminate MHC-deficient tumors, enhancing cancer immunotherapies by 
complementing the cytolytic activity of CD8+ T cells and NK cells[87]. 
Lactobacillus plantarum promotes antitumor immunity and delays tumor 
formation by enhancing CD8+ T cell and NK cell infiltration, up-regulating IFN-γ 
production, and promoting Th1-type CD4+ T differentiation[88]. Through the 
infusion of calcium ions mediated by the transient receptor potential cation 
channel, hydrogen peroxide secreted by neutrophils induces tumor cells to 
undergo apoptosis[89]. Notably, neutrophil elastase released by neutrophils can 
hydrolyze and release the death domain of CD95, killing cancer cells selectively 
while reducing damage to non-cancerous cells[90]. This study suggested that 
altering the gut microbiota toward a more anti-inflammatory and anti-
carcinogenic state is beneficial for the inhibition of CRC progression.

An imbalance in the gut microbiota causes abnormal immune responses, 
leading to increased production of inflammatory cytokines[91]. Inflammatory 
cytokines and chemokines released by cancerous cells draw pro-inflammatory T 
cells and myeloid cells, creating a pro-tumorigenic milieu that in turn promotes 
the proliferation of cancer cells[92]. Mycobacterium tuberculosis exposure 
increases the production of IL1a in epithelial cells[93]. IL1a is a major driver of 
colon cancer that is linked to chronic inflammation in the colon[94]. IL6 and TNF-
α, two inflammatory cytokines produced in response to S. bovis, result in the 
release of free radicals and nitric oxide, which ultimately alter cellular DNA and 
induce carcinogenesis[95]. IL12 triggers an immune response against tumor cells 
by increasing the polarization of M1 macrophages and the production of IFN-γ by 
Th1 cells. This then increases the activity of anti-tumor CD8+ and NK cells[96]. 
Chronic inflammation, triggered by pro-inflammatory cytokines IL17 and TNF-α, 
may stimulate glycolysis and epidermal growth factor in CRC cells, promoting 
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tumorigenesis[97]. Colon tumorigenesis caused by enterotoxigenic B. fragilis is 
linked to an IL17-driven myeloid signature that is characterized by the 
subversion of steady-state myelopoiesis in favor of the production of protumoral 
monocytic myeloid-derived suppressor cells[98]. IL22, a pro-inflammatory protein 
that is probably released by Th17 cells, causes the production of Cxcl1 and Cxcl5 
by epithelial cells and encourages the migration of neutrophils to the intestinal 
lamina propria[99]. In CRC, FOXP3 stimulates protumoral cytokines IL-12p40 and 
IL-23p19, which lead to immune escape and tumor progression[100]. STAT3 
promotes the synthesis of cyclnd1, c-myc, and survivin, which accelerates cell 
cycle progression in colon cancer[101]. An infection with H. pylori causes STAT3 
to become activated and up-regulates several tumorigenic genes, including 
FGFR1 and BRUNOL4, which aid in the initiation and progression of gastric 
cancer[102]. TGF-β released by macrophages causes tumorigenic development 
through matrix metalloproteinase-dependent processes[103]. Overexpression 
of GZMA in ulcerative colitis resulted in the generation of IL6, IL8, and TNF-α, 
which aggravated and prolonged inflammation[104]. GZMA has a significant 
negative correlation with Roseburia sp. NSJ-9 and Roseburia sp. AM51-8[105]. 
OPN is generated by a variety of cells in the tumor microenvironment, including 
fibroblast, immunological, endothelial, and tumor cells[106]. OPN may interact 
with CD44v6 to increase CRC cell proliferation and survival, possibly through the 
JNK pathway[107]. The PD-1/PD-L1 interactions inhibit T cell activation, increase 
immunological tolerance, and polarize immune cells into tumor-promoting 
phenotypes, allowing cancer development and immune escape[108]. Treatment of 
CRC cells with Clostridium butyricum metabolites, likely butyrate, boosts 
proteasome-mediated ubiquitination, resulting in MYC degradation, and 
improves anti-PD-1 therapeutic effectiveness by increasing CD8/CD4+ cell 
infiltration and downregulating PD-L1 expression on tumor cells[109]. In this 
study, capecitabine attenuated elevated cytokine levels in CRC mice, with FMT 
further reducing IL1a, IL17, IL22, TGF-β, PD-L1 and elevating IL10, IFN-γ, and 
CXCR4. Parabacteroides distasonis minimizes intestinal inflammation by 
generating the anti-inflammatory cytokine IL10[110]. IFN-γ produced by CD4+ 
Th1 cells acts as a cytotoxic cytokine and induces apoptosis in tumor cells[111]. F. 
nucleatum was found to activate the stimulator of interferon genes 
(STING) signaling pathway and accumulate IFN-γ+CD8+TILs[112]. In an anti-
tumor immunological response, CXCR4/CXCL12 co-internalizes with CD47 and 
cross-signals via T and B cell receptors, enabling tumor cell phagocytosis by 
macrophages[113].
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Conclusion

Capecitabine reduces the risk of CRC without enhancing the dysbiosis of gut 
flora. The combination of capecitabine and FMT has synergistic effects that more 
effectively inhibit the development of CRC by reversing microbial dysbiosis and 
enhancing immune responses by recruiting anti-cancer immune cells and 
regulating the expression of inflammatory cytokines within the CRC 
microenvironment. These findings hold significant translational potential and 
could contribute to advancing therapeutic strategies for colorectal cancer.
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Figure 1. FMT combined with capecitabine inhibited the development of 
CRC. Figure 1. FMT combined with capecitabine inhibited the development of 
CRC. (A) Timeline of the experimental procedure. (B) Images of intestinal tissue 
from each group, including normal control mice (Ctl), colorectal cancer mice 
(CRC), CRC mice treated with capecitabine (CAP), and CRC mice receiving 
capecitabine and FMT (CAP-FMT). (C-E) Average number and diameter of cancer 
foci, average length of colon tissue, *p<0.05, **p<0.01, n=6. (F) Clinical scores 
of disease activity index, *p<0.05, **p<0.01. (G) Average body weight of mice in 
each week. (H) Survival rate of mice, *p<0.05, **p<0.01. (I) HE staining of 
intestinal tissue. (J-K) Immunohistochemical staining of cleaved caspase-3 and 
Ki67 *p<0.05, **p<0.01, n=6.

Figure 2. The distribution of intestinal microbiota in different classifications, 
including phylum, family, genus, and species levels (A-D). 

Figure 3. FMT corrected the microbial dysbiosis brought on by CRC and 
capecitabine.  (A, B) Alpha diversity indicated by ACE and Chao 1 index, 
*p<0.05, **p<0.01, n = 6. (C) β diversity indicated by PCoA analysis. (D) The 
commensal network displays the gut bacteria that show positive and negative 
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correlations in CRC progression. (E) LEfSe analysis identifies representative 
bacteria in each group. (F-H) Phenotypic distribution of anaerobic, gram-positive, 
and gram-negative bacteria. (I) KEGG metabolic pathways associated with CRC 
progression (Ref: 260475).

Figure 4. FMT improved immune responses against CRC by mobilizing 
anti-cancer immune cells in the gut. Brown staining was seen in the 
cytoplasm or cytomembrane of positive cells. The intestines from the Ctl, CRC, 
capecitabine, and CAP-FMT groups were imaged using a scanning system for 
microscopic photography, respectively. The ImageJ system was used to examine 
the average optical density of all immunohistochemically stained specimens, 
*p<0.05, **p<0.01, n = 6.

Figure 5. The combination of capecitabine and FMT regulated cytokine 
expression in the CRC microenvironment. (A) Differentially expressed 
cytokines were detected by western blot, *p<0.05, n = 3. (B) The abundance of 
intestinal microbes associated with inflammatory cytokines, *p<0.05, Ctl vs. CRC, 
+p<0.05, CRC vs. CAP, #p<0.05, CAP vs. CAP-FMT, n = 6. (C) Spearman 
correlation analysis between intestinal microbes and cytokines *p<0.05, 
**p<0.01.
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