
Journal of Cancer 2022, Vol. 13 
 

 
https://www.jcancer.org 

764 

Journal of Cancer 
2022; 13(3): 764-774. doi: 10.7150/jca.63490 

Research Paper 

Non-absorbable antibiotic treatment inhibits colorectal 
cancer liver metastasis by modulating deoxycholic acid 
metabolism by intestinal microbes 
Junjie Deng1,2, Wei Yuan1, Qin Tan2, Xundong Wei2, Jie Ma2 

1. State Key Laboratory of Molecular Oncology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical 
Sciences & Peking Union Medical College, Beijing 100021, P.R. China. 

2. Center of Biotherapy, Beijing Hospital, National Center of Gerontology; Institute of Geriatric Medicine, Chinese Academy of Medical Sciences & Peking Union Medical 
College, Beijing, 100730, P.R. China. 

 Corresponding authors: Xundong Wei, Center of Biotherapy, Beijing Hospital, National Center of Gerontology; Institute of Geriatric Medicine, Chinese Academy of 
Medical Sciences & Peking Union Medical College, No. 1 Dongdan Dahua Road, Beijing 100730, China. E-mail address: weixd_128@163.com; Jie Ma, Center of Biotherapy, 
Beijing Hospital, National Center of Gerontology; Institute of Geriatric Medicine, Chinese Academy of Medical Sciences & Peking Union Medical College, No. 1 Dongdan 
Dahua Road, Beijing 100730, China. E-mail address: majie4685@bjhmoh.cn. 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See http://ivyspring.com/terms for full terms and conditions. 

Received: 2021.06.03; Accepted: 2021.12.05; Published: 2022.01.01 

Abstract 

Emerging evidence suggests that intestinal microbes influence the occurrence and development of colorectal 
cancer (CRC). However, few studies have examined the relationship between gut bacteria and liver metastasis 
of CRC. In this study, we found that administration of non-absorbable antibiotics inhibited liver metastasis of 
CRC in a mouse model compared with a control group. To elucidate the underlying mechanism, immune cell 
infiltration analysis, 16S rRNA sequencing, and metabolomics were performed. Differential analysis revealed 
that non-absorbable antibiotic treatment significantly altered gut microbial diversity and decreased the 
concentration of deoxycholic acid (DCA) in feces and liver tissues. Furthermore, we verified that bacteria 
capable of converting cholic acid (CA) to DCA via 7α-dehydroxylation were reduced in mice treated with 
non-absorbable antibiotics. Finally, in vitro and in vivo experiments confirmed that DCA accelerated the 
proliferation and metastasis of CRC cells. 
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Introduction 
Colorectal cancer is one of the most common 

digestive tract cancers and ranks third in morbidity 
and mortality worldwide [1]. Common clinical 
treatments for CRC include surgery, chemotherapy, 
radiotherapy and immunotherapy [2, 3], but these 
methods have limited effectiveness for advanced 
CRC. Metastatic CRC remains the main cause of death 
in CRC patients, and the quality of life of patients 
with advanced CRC is poor [4]. 

CRC is generally thought to arise from gene 
mutation and the interaction between cancer cells and 
the environment [5]. In particular, many recent 
studies have reported a relationship between gut 
microbes and CRC development [6, 7]. Gut microbes 
may regulate the occurrence and development of 
cancer in three ways: direct toxic effects, regulation of 
the immune system, and regulation of metabolic 

products [8]. Among metabolic products, the bile 
acids pathway has been shown to play an important 
role in carcinogenesis [9]. Primary bile acids are 
synthesized through cholesterol transfer in the liver 
and then secreted into the intestines for lipid digestion 
[10]. Ninety percent of primary bile acids are 
reabsorbed in the ileum, and the remaining 10% flow 
to the colon and are dehydroxylated by gut microbes 
to become secondary bile acids [11]. The liver and 
colon are connected through the portal vein, and thus 
microbes and their metabolites can be directly 
transferred from the intestine to the liver and 
influence the liver microenvironment. Deoxycholic 
acid (DCA), a secondary bile acid formed by the 
metabolism of the primary bile acid cholic acid (CA) 
by intestinal microbes, has been implicated in 
colorectal and liver cancer development [12, 13]. 
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Although the relationship between intestinal 
microbes and tumor formation has been widely 
investigated, the effects of these microbes on cancer 
metastasis have received little attention [14, 15]. 
Previous studies have used antibiotic cocktails (ABX) 
to alter the diversity of intestinal microbes, but these 
cocktails are absorbable through the gut and may 
affect distal organs [14]. As a result, it is difficult to 
differentiate the direct effects of these antibiotics in 
organs from the effects of changes in microbial 
composition [16]. Therefore, it is particularly 
important to study the direct relationship between the 
intestinal microbiota and cancer metastasis and 
elucidate the underlying mechanisms. 

In this study, we found that treatment with 
non-absorbable antibiotics alters the composition of 
gut microbes and inhibits liver metastasis of CRC. 
Integrated analysis of immune cells, 16S rRNA 
sequencing, and metabolomics demonstrated that 
DCA is a key metabolite in our antibiotic treatment 
model that can promote cancer proliferation and 
metastasis in vitro and in vivo. 

Materials and methods 
Mice and mouse models 

BALB/c and C57BL/6J mice (six to eight weeks 
of age) were purchased from Beijing HFK Bioscience 
Co. Ltd. All animals were maintained under specific 
pathogen-free (SPF) conditions. For non-absorbable 
antibiotic treatment, mice were orally administered 
100 μl of gentamicin (5 mg/ml) and amikacin (5 
mg/ml, Yichang Humanwell Pharmaceutical Co. Ltd) 
daily for two weeks. Mouse models of tumor 
formation and liver metastasis were constructed by 
spleen injection of 1.5×106 CT26luc tumor cells or 
2×106 MC38 tumor cells. The mouse model of lung 
metastasis was constructed by injection of 3×105 B16 
tumor cells via the tail vein. To assess the effect of 
DCA on cancer metastasis, mice were orally given 40 
μg/g DCA (Sigma, USA) daily according to previous 
study and followed with spleen injection of tumor 
cells [17]. All animal experiments followed protocols 
approved by the Animal Care and Use Committee of 
National Cancer Center (Beijing, China). 

Patients and specimens 
This research was approved by the ethical 

committee of the Beijing Hospital (Beijing, China, 
ethical number: 2018BJYYEC-106-01). Blood samples 
were collected from 8 patients with metastatic cancer 
and 10 patients without metastatic cancer. Plasma was 
extracted from blood by centrifugation for further 
DCA detection and analysis. 

Antibodies and flow cytometry 
Antibodies against CD16/CD32, CD45(I3/2.3), 

CD4(RM4-5), CD8a(53-6.7), CD49b(DX5), 
CD25(CD25-4E3), FOXP3(FJK-16s), CD19(1D3), 
CD11b(1CRF44), Ly6C(HK1.4), Ly6G(RB6-8C5), 
F4/80(BM8), CD3e(145-2C11), and CD27(LG.7F9) 
were purchased from eBioscience (California, USA). 
Flow cytometry was performed as described 
previously [18]. 

Measurement of serum alanine amino-
transferase (ALT) and lipopolysaccharide 
(LPS) 

The concentration of serum ALT was determined 
using the biochemistry kit from Solarbio Life Science 
(Beijing, China) according to the manufacturer’s 
instructions. The concentration of serum LPS was 
determined by using an ELISA kit from MEIMIAN 
Co. Ltd (Jiangsu, China). 

In vivo imaging of mice 
Twenty-five minutes before beginning photon 

recording, the mice were intraperitoneally injected 
with 200 μl of D-luciferin sodium salt (15 mg/ml). 
Next, mice were euthanasia and removed the liver to 
place in a dark chamber, and the position of the liver 
to be imaged was confirmed under dim light. Then, a 
cooled charged-coupled device (CCD) camera was 
utilized to detect the fluorescence intensity. 

Bacterial 16S rRNA sequencing and analysis 
Microbial community genomic DNA was 

extracted from 50 mg of feces or 50 mg of lung tissue 
using a DNA extraction kit (Omega, USA) according 
to the manufacturer's instructions. The universal 
primer pair 338F (5'-ACTCCTACGGGAGGCAG 
CAG-3') and 806R (5'-GGACTACHVGGGTWTCT 
AAT-3') was used to amplify the V3-V4 hypervariable 
region of the microbial 16S rRNA gene. Purified 
amplicons were sequenced, and data were pre- 
processed according to the standard protocols of 
Majorbio Biology (Shanghai, China). The PICRUST 
package was used to predict functional changes based 
on the 16S rRNA sequencing results as described 
previously [19]. 

Liquid chromatography-mass spectrometry 
(LC-MS) metabolomics and RNA sequencing 

Fresh mouse liver tissue and fecal samples (50 
mg) were used for LC-MS non-targeted metabolomics 
and RNA sequencing according to the standard 
protocols of Majorbio Biology (Shanghai, China). 
Differential metabolites were identified based on a 
variable importance of projection (VIP) > 1 and 
student’s P-value < 0.05. To analyze changes in bile 
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acids, LC-MS-based targeted metabolomics was 
performed. The bile acid metabolites in 150 μl of 
serum from mouse or plasma from clinical patients 
were quantified according to the standard protocols 
of Majorbio Biology (Shanghai, China). Extreme 
values were eliminated by Grubbs’ test with the 
threshold value of 0.95. Metabolites with relative 
standard deviations (RSD) < 15% were considered for 
further analysis. 

Bacterial quantitative PCR (QPCR) 
QPCR was performed with DNA extracted from 

150 mg of feces using the following primers: gram- 
negative bacteria, 5'-CATCGTTTACGGCGTGGAC-3' 
(forward) and 5'-AGAGATATGGAGGAACACCA-3' 
(reverse); bacterial BaiJ [17], 5'-TCAGGACGTGGAGG 
CGATCCA-3' (forward) and 5'-TACRTGATACTGG 
TAGCTCCA-3' (reverse). QPCR amplification of DNA 
was performed as follows: initial denaturation at 95 
°C for 3 min; 40 cycles of 95 °C for 5 s and 60 °C for 34 
s; and melting curve detection. 

Cell culture and cell counting kit-8 assay 
Mouse CT26luc cells were purchased from 

Biohelix Biotech Co. Ltd (Guangzhou, China), and 
mouse MC38 and B16-F10 cells were prepared from 
stocks in our laboratory. Cells were cultured in RPMI 
medium (Cytiva, USA) with 10% fetal bovine serum 
(FBS, Gibco, USA) in 5% CO2. Cell proliferation was 
assessed via cell counting kit-8 (CCK8; Dojindo, 
Japan) as follows. First, 1×105 cells were inoculated 
into a 96-well plate and incubated at 37 °C and 5% 
CO2 for 24 h. Next, a gradient of concentrations of 
DCA was added to the medium and incubated for 24 
h. Finally, 10 μl of CCK8 reagent was added to the 

medium, and the absorbance at 450 nm was 
measured. 

Transwell migration assay 
Transwell migration assays were performed in a 

Transwell chamber (Costar, USA). The upper 
chamber contained 200 μl of serum-free medium 
inoculated with 7×105 cells, and the low chamber was 
filled with 600 μl of medium containing 10% FBS. 
After incubation for 24 h, the cells in the bottom 
chamber were fixed in 4% paraformaldehyde solution 
(Solarbio, China) for 30 min and stained with 
Giemsa’s stain (Solarbio, China) for 30 min. 

Statistical analysis 
Results are presented as the mean ± SD. R 

software (version 4.0.2, www.R-project.org) was used 
for Student’s t-test analysis, and P < 0.05 was 
considered statistically significant. Anosim analysis 
was used to obtain P-values in principal component 
analysis (PCA). Figures were plotted using GraphPad 
Prism 5.0 (GraphPad Software, www.graphpad.com) 
and the ggplot2 package of R software [20]. 

Results 
Non-absorbable antibiotic treatment inhibits 
tumor liver metastasis in mouse models 

To directly target the intestinal microbial 
composition in mice, we used gentamicin and 
amikacin, which are non-absorbable antibiotics (Fig. 
1A). No significant effects of non-absorbable 
antibiotics on ALT expression and HE staining were 
observed (Fig. 1B). Next, we verified the impact of 
changes in intestinal microbes on tumor proliferation 

 

 
Figure 1. Non-absorbable antibiotic treatment inhibits tumor liver metastasis in mouse models. (A) Flowchart of the antibiotic treatment model. (B) HE staining 
of mouse liver tissues and analysis of mouse blood ALT levels revealed no significant changes after two weeks of antibiotic treatment. Sections were observed under a microscope 
at 400×. (C) Liver metastasis in BALB/c mice after spleen injection of 1.5×106 CT26luc cells. (D) Metastasis indexes and (E) luminescence intensities showed that antibiotic 
treatment significantly reduced liver metastasis in BALB/c mice. (F) Liver metastasis in C57BL/6J mice after spleen injection of 2×106 MC38 cells. (G) Metastasis indexes showed 
that antibiotic treatment significantly decreased liver metastasis in C57BL/6J mice. N.S., no significance; *P < 0.05, **P < 0.01. 
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and metastasis. A mouse liver metastasis model was 
constructed by spleen injection of CT26luc cells. 
Compared with the control group, the liver metastasis 
index and in vivo imaging fluorescence intensity were 
lower in the antibiotic treatment group (Fig. 1C-E). 
The decrease in liver metastasis due to antibiotic 
administration was further verified in the C57BL/6 
mouse spleen injection liver metastasis model (Fig. 1F 
and 1G). Finally, we assessed the effects of antibiotic 
treatment on tumor metastasis and formation in other 
mouse models. However, we did not observe 
significant effects on tumor metastasis and formation 
in the tail vein injection lung metastasis model (Fig. 
S1A and S1B) and the subcutaneous flank tumor 
model (Fig. S1C). 

Non-absorbable antibiotic treatment alters 
the composition of the gut microbiota 

To assess microbial changes after antibiotic 

gavage, the gut and lung microbiota were analyzed by 
16S rRNA sequencing after two weeks of treatment 
with non-absorbable antibiotics. PCA revealed that 
non-absorbable antibiotic treatment significantly 
changed the diversity of operational taxonomic units 
(OTUs) in the gut microbiota (Fig. 2A). Rank 
abundance curves revealed that OTU diversity was 
lower in the antibiotic treatment group than the 
control group (Fig. 2B). Moreover, the relative 
abundance ratio of Bacteroidales to Clostridiales was 
significantly higher in the antibiotic treatment group 
(Fig. 2C and 2D) and was negatively correlated with 
microbial diversity at the order level [21]. Thus, 
antibiotic treatment greatly reduced intestinal 
microbial diversity. However, changes in diversity 
were not apparent in 16S rRNA sequencing analysis 
of lung tissue (Fig. 2E and 2F), which may be 
attributed to the use of non-absorbable antibiotics. 

 

 
Figure 2. Non-absorbable antibiotic treatment alters the composition of the gut microbiota. (A) PCA showed that OTU diversity changed significantly after 
antibiotic treatment. Anosim analysis was used to obtain P-values. (B) Rarefaction curves of microbes at the OTU level. (C) Bar plot of microbial diversity at the order level. (D) 
Ratio of the relative abundances of Bacteroidales to Clostridiales. (E) PCA analysis and (F) rarefaction curve of microbes in lung tissues at the OTU level after antibiotic 
treatment. (G) Quantitative PCR showed that two weeks of antibiotic treatment reduced the levels of gram-negative bacteria. (H) ELISA demonstrated that blood LPS levels 
were reduced after antibiotic treatment. (I) Heatmap of top 15 altered KEGG pathways according to PICRUST analysis. *P < 0.05, **P < 0.01, *** P < 0.001. 
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Figure 3. Non-targeted metabolomics analysis reveals changes in bile acid metabolism. (A) Fecal and (B) liver metabolites were altered after antibiotic treatment. 
(C) Venn plot of common differentially expressed metabolites between fecal and liver tissue samples. (D) Volcano plot of non-targeted metabolomics results in fecal samples and 
(E) liver tissues. (F) KEGG enrichment analysis of fecal metabolites showed that antibiotic treatment influenced the bile acid pathway. *P < 0.05, **P <0.01, *** P < 0.001. 

 
In clinical application, aminoglycosides have 

been shown to significantly decrease gram-negative 
bacteria. QPCR analysis revealed that treatment with 
non-absorbable antibiotics effectively reduced levels 
of gram-negative bacteria in fecal samples (Fig. 2G). 
As further verification, concentrations of LPS in 
mouse blood were analyzed by ELISA. Interestingly, 
we observed that the blood concentration of LPS 
decreased over time and was significantly reduced 
after eight days of antibiotic treatment (Fig. 2H). Next, 
we used PICRUST to predict changes in Kyoto 
Encyclopedia of Genes and Genomes (KEGG) 
pathways based on the results of 16S rRNA 
sequencing. The heatmap of level3 KEGG pathway 
abundances showed that antibiotic treatment 
significantly affected lipid and carbohydrate 
metabolism (Fig. 2I). 

The changes in gut microbes induced by 
non-absorbable antibiotic treatment do not 
affect the immune system 

To identify the mechanism by which 
non-absorbable antibiotic treatment inhibited CRC 
metastasis, we first analyzed changes in the immune 
microenvironment in the liver. We observed a slight 
increase in CD8 T cells in the liver after 
non-absorbable antibiotic treatment, but no changes 
in other cells were observed (Fig. S2). As absorbed 

antibiotics have been reported to alter the 
concentrations of NK cell subtypes [22], we assessed 
changes in NK cell subtypes using antibodies against 
the markers CD11b and CD27. Non-absorbable 
antibiotic treatment had no effect on the proportion of 
CD11b+CD27+ NK cells, which play a role in 
anti-tumor immunity (Fig. S3A-B). Moreover, we 
analyzed the body’s immune response to 
non-absorbable antibiotic treatment by evaluating 
immune cells in the spleen, colon and mesenteric 
lymph nodes. No meaningful changes in immune 
cells were detected after non-absorbable antibiotic 
treatment (Fig. S3C-3F). 

The changes in gut microbes induced by 
non-absorbable antibiotic treatment 
significantly affect bile acid metabolism 

We next evaluated changes in metabolism after 
antibiotic treatment. Fecal and hepatic metabolic 
profiles were investigated using LC-MS-based 
metabolomics. In total, 1022 fecal metabolites and 580 
hepatic metabolites were detected, and PCA analysis 
indicated non-overlap between the control group and 
antibiotic treatment group (Fig. 3A and 3B). The lack 
of overlap suggests that the metabolites were mostly 
different between the two groups. Analysis of the 
metabolites using Student’s t-test revealed 496 and 
122 differently expressed metabolites (DEMs) in feces 
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and the liver, respectively. A Venn plot of these DEMs 
showed that 21 were altered in both feces and the liver 
(Fig. 3C). In addition, a volcano plot revealed that 
antibiotic treatment significantly reduced DCA levels 
in feces and the liver (Fig. 3D and 3E). KEGG pathway 
enrichment analysis indicated changes in pathways 
related to bile acid secretion and secondary bile acid 
biosynthesis in feces, which were most likely due to 
changes in gut microbes (Fig. 3F). 

Targeted metabolomics shows that secondary 
bile acids are reduced after antibiotic 
treatment 

Primary bile acids including CA, cheno-
deoxycholic acid (CDCA), α-muricholic acid (αMCA) 

and β-muricholic acid (βMCA) are produced via 
cholesterol clearance in the liver in mice. These bile 
acids are then conjugated with taurine or glycine and 
transported to the intestine to be metabolized by gut 
microbes (Fig. 4A). To systematically analyze changes 
in the bile acid pathway, targeted metabolomics of 
serum bile acids was performed. The results showed 
that primary bile acids were upregulated and 
secondary bile acids were downregulated after 
non-absorbable antibiotic treatment (Fig. 4A and 4B, 
Table S1). We then examined whether the use of 
non-absorbable antibiotics shifted bile acid 
biosynthesis from the classical pathway to the 
alternative pathway. The ratio of CA to βMCA was 
increased after antibiotic treatment, which might 

 

 
Figure 4. Metabolomics analysis reveals that DCA is a key metabolite. (A) Bile acid metabolism pathway. The red upward arrow indicates increasing levels of 
metabolites in serum after two weeks of treatment with non-absorbable antibiotics. The green downward arrow indicates decreasing levels of metabolites in serum after two 
weeks of treatment with non-absorbable antibiotics. (B) Ratio of conjugated primary bile acids to primary bile acids. (C) Ratios of primary bile acids. (D) Expression of bile acid 
synthesis-related genes in transcripts per million (TPM). (E) Quantitative PCR analysis of the BaiJ gene of Clostridium XIVa showed that antibiotic treatment significantly reduced 
its expression. (F) Relative expression of bile acid metabolites in mouse fecal samples and (G) liver tissues. *P < 0.05, ** P < 0.01, *** P < 0.001; CA, cholic acid; CDCA, 
chenodeoxycholic acid; αMCA, alpha-muricholic acid; βMCA, beta-muricholic acid; TCA, taurocholic acid; GCA, glycine cholic acid; TCDCA, taurochenodeoxycholic acid; 
GCDCA, glycochenodeoxycholic acid; TαMCA, tauro-α-muricholic acid; TβMCA, tauro-β-muricholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; ωMCA, 
omega-muricholic acid; HDCA, hyodeoxycholic acid; MDCA, murideoxycholic acid. 
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contribute to the feedback mechanism of bile acid 
synthesis (Fig. 4C). To verify that the alteration of 
secondary bile acid production was due to changes in 
gut microbes, we further analyzed the expression 
levels of genes related to primary bile acid synthesis. 
As expected, no significant changes were observed in 
the expression of genes encoding rate-limiting 
enzymes (CYP7A1, CYP27A1, HSD3B7, CYP7B1), 
thus demonstrating that the alteration of bile acids 
was due only to the decrease in gut microbe 
abundance (Fig. 4D). 

DCA is a key metabolite in metabolomics 
results 

To substantiate the decrease in the relative 
abundance of DCA in feces and the liver, real-time 
PCR was used to quantify the expression of BaiJ, a 
gene involved in CA 7α-dehydroxylation by 
Clostridium XIVa, the only bacterial strain in the gut 
that can transform CA to DCA via 
7α-dehydroxylation [17]. As expected, the relative 
expression of BaiJ was remarkably reduced in the 
antibiotic treatment group (Fig. 4E). 

We then analyzed all bile acid-related 
metabolites detected by metabolomics. Among all 
metabolites, DCA exhibited the greatest decrease in 
response to antibiotic treatment in fecal and liver 

samples, while no change in CA was observed (Fig. 4F 
and 4G). Moreover, in targeted metabolomics of bile 
acids, DCA exhibited the greatest change (Table S1). 
Thus, we decided to study the function of DCA in 
tumor proliferation and metastasis. 

DCA promotes cell proliferation and 
metastasis in vitro 

Vahabi et al. found DCA concentrations in serum 
were higher in the high stage (stage Ⅱ, Ⅲ, Ⅳ) 
compared with the low stage (stage 0, Ⅰ) of CRC 
patients [23]. To confirm the clinical DCA level in 
CRC patients, we analyzed the DCA concentration in 
plasma through LC-MS method. Result showed that 
plasma DCA concentrations in metastatic patients (n 
= 7) were significantly higher than in non-metastatic 
patients (n = 7, Fig. 5A). 

To verify the effect of DCA on cancer cells, we 
used the CCK8 assay to examine the proliferation of 
CT26luc and MC38 cells in medium containing DCA. 
Compared with the control group, DCA promoted the 
proliferation of CT26luc and MC38 cells (Fig. 5B-C). 
As a DCA concentration of 100 μM had an obvious 
effect on cell proliferation, we used this concentration 
in Transwell experiments, which showed that DCA 
could enhance the migration of cancer cells (Fig. 
5D-F). 

 

 
Figure 5. DCA promotes cell proliferation and metastasis in vitro. (A) DCA concentration in plasma of CRC patients. CCK8 assays of (B) CT26luc and (C) MC38 
cells. (D) Transwell analysis showed that DCA promoted tumor cell migration. The results were observed under a microscope at 100×. Barplot of Transwell results of (E) 
CT26luc and (F) MC38 cells. *P < 0.05, **P < 0.01, *** P < 0.001. 
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Figure 6. DCA promotes cell proliferation and metastasis in vivo. (A) Flowchart of mouse treatment with DCA. (B) DCA treatment promoted colorectal cancer liver 
metastasis in the mouse model. Analysis of (C) the average number of tumors per liver and (D) metastasis indexes showed that DCA promoted liver metastasis in vivo. (E) 
Schematic illustration of the experimental results. *P < 0.05. 

 

DCA promotes tumor metastasis in vivo 
Next, we verified the effects of DCA on a mouse 

model of hepatic metastasis established by spleen 
injection of MC38 cells (Fig. 6A). Since DCA was 
anticipated to facilitate metastasis in the mouse 
model, fewer cells (1.5×106 MC38 cells) than normal 
(2×106 MC38 cells) were used to construct the hepatic 
metastasis model. As expected, DCA treatment 
promoted liver metastasis of CRC in vivo (Fig. 6B). The 
average number of tumors per liver and the 
metastasis index were increased in the mouse model 
after treatment with DCA (Fig. 6C and 6D). Overall, 
we found that non-absorbable antibiotic treatment 
significantly decreased the abundance of Clostridium 
XIVa and decreased the concentration of DCA, a 
molecule capable of promoting tumor proliferation 
and metastasis (Fig. 6E). 

Discussion 
The colon and rectum are common sites of tumor 

formation and feature a complex system of host cells 
and microbes [24]. In industrialized countries, CRC 
and CRC-related adenomas affect a quarter of the 
population [25, 26]. The cure rate for localized disease 
ranges from 70% to 90%, but the mortality rate for 
advanced CRC is high, making CRC the third leading 
cause of cancer mortality worldwide [2, 27]. The 

occurrence and development of CRC have been 
linked to genetic mutations and environmental effects 
[28, 29]. Microbes, which are present as a large 
population in the intestinal tract and function in 
symbiosis with the body of the host, have been 
reported to play an important role in CRC occurrence 
[30-32]. However, the potential influence of microbes 
on CRC metastasis has been poorly studied [14]. 
Treatment with ABX is often used to alter the 
microbial composition of the gut; however, these 
cocktails contain metronidazole and ampicillin, and 
the systemic bioavailability of these antibiotics from 
the gut may have potential effects on distal organs 
[14]. Therefore, to probe potential links with CRC 
metastasis, it is important to directly target gut 
microbes. In this study, we constructed mouse models 
for treatment with the non-absorbable antibiotics 
gentamicin and amikacin, which have minimal 
bioavailability from the intestine [33, 34]. The 
subsequent systematic analysis of changes in immune 
and metabolite composition demonstrated that 
intestinal microbes promote tumor metastasis by 
modulating DCA metabolism. 

Some microbial species have been shown to have 
direct effects on carcinogenesis and tumor 
development. Pks+ Escherichia coli, Fusobacterium 
nucleatum, and enterotoxigenic Bacteroides fragilis 
could promote the incidence and development of 
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CRC by direct toxic effects on DNA to induce 
mutations or increase carcinoma cell proliferation [8]. 
In addition, orally derived Fusobacterium nucleatum 
has been found to play a potential role in the 
metastasis of breast cancer and CRC. This bacterium 
could colonize to the breast and colon in a Fap2- 
Gal-GalNAc-dependent manner and promote breast 
metastasis by inhibiting T cell aggregation or promote 
CRC metastasis by the KRT7-AS/KRT7 pathway [35, 
36]. Our study aimed to identify specific bacteria that 
promote resistance to CRC metastasis. Our analysis of 
differential microbial abundance at the species level 
based on 16S rRNA sequencing demonstrated that 
Parabacteroides goldsteinii, Bacteroides intestinalis and 
Bacteroides uniformis were significantly upregulated in 
the antibiotic treatment group. These bacteria have 
been previously associated with glucose and lipid 
metabolism in humans as well as obesity [37, 38]. It is 
increasingly evident that adipose tissue supports the 
survival of metastatic cancer cells, allowing tumors to 
form at distant sites [39]. Adipose tissue can promote 
cancer metastasis via multiple routes, including 
secretion of soluble adipokines and inflammatory 
factors, promotion of angiogenic processes, changes in 
metabolism in cancer cells, and alteration of the 
extracellular matrix [39, 40]. In the present study, no 
significant effect of antibiotic treatment on the body 
weight of mice was observed over the two-week 
treatment period. The roles of these bacteria in 
glucose and lipid metabolism and their relationship 
with obesity and cancer require further study. 

Immune cells are closely related to cancer 
metastasis. In addition to cytotoxic T lymphocytes 
and NK cells, which are involved in direct killing of 
tumor cells, infiltrating leukocytes can regulate 
angiogenesis, tissue remodeling and pre-metastasis 
niches to influence the metastasis of neoplastic cells 
[41]. Commensals can modulate the development and 
function of various immune cell populations to 
regulate the primary and adaptive immunity of the 
body through immunostimulatory or immuno-
modulatory effects, highlighting the importance of 
these microbes in the process of cancer development 
and metastasis [42, 43]. To explore the potential 
mechanisms of inhibition of metastasis, we analyzed 
changes in the immune system in the antibiotic 
treatment group. However, no significant changes in 
the body immune state and the microenvironment of 
liver immune cells were observed. Only CD8 T cells in 
the liver increased slightly after non-absorbable 
antibiotic treatment, thus indicating that antibiotic 
treatment likely affects tumor metastasis in our mouse 
model via non-immune-related mechanisms. 

Next, we examined changes in metabolism, as 
intestinal microbes can affect immune cell function 

and regulate cell proliferation and death via 
regulation of host metabolism. In particular, 
short-chain fatty acids and bile acids produced by 
microbes have been shown to be critical in the 
occurrence and development of cancer. According to 
numerous experimental studies, short-chain fatty 
acids protect against the occurrence and development 
of CRC, help maintain colon movement, improve 
visceral blood flow, reduce inflammation and inhibit 
the proliferation and migration of tumor cells [44-46]. 
By contrast, bile acids produced in fat may promote 
the occurrence and development of cancer [47, 48]. 
Recent studies have confirmed the cancer-promoting 
mechanism of bile acids in primary CRC [49, 50]. In 
mice, a high-fat diet or genetic susceptibility and 
obesity promoted CRC development by increasing 
bile acid levels, which led to intestinal barrier 
impairment and enhanced IL-6/STAT3-related 
inflammation [51]. In the present study, using 
non-targeted and targeted metabolomics, we found 
that antibiotic treatment increased primary bile acids 
and decreased secondary bile acids in serum, and 
these alterations were due solely to changes in 
intestinal microbes. The combined results of fecal and 
liver non-targeted metabolomics indicated that DCA 
was the bile acid metabolite most impacted by 
antibiotic treatment. DCA is a secondary bile acid 
formed by the metabolism of the primary bile acid CA 
by intestinal microbes and has been implicated in 
CRC and liver cancer development [17, 52, 53]. In 
human cancer cells, DCA has been found to promote 
proliferation and migration in vitro through activation 
of the β-catenin or protein kinase C pathway [53, 54]. 
We confirmed that the changes in DCA were the 
result of reduced microbial diversity and further 
verified the ability of DCA to promote tumor 
proliferation and metastasis both in vitro and in vivo. 

Taken together, our results indicate that non- 
absorbable antibiotic treatment significantly affect gut 
microbes and decrease DCA concentrations in the 
body, thereby reducing CRC proliferation and 
metastasis. This work revealed that DCA may have 
clinical potential as a biomarker or therapeutic target 
for reducing CRC metastasis. 
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