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Introduction

Short-chain fatty acids (SCFAs) produced by the gut 
microbiome have been reported to have anti-tumor 
effects in several experimental systems [1-3]. Previously, 
we investigated the inhibitory effects of SCFAs (butyric 
acid, isobutyric acid, and acetic acid) on cell growth and 
proliferation in cultured human colorectal carcinoma (CRC) 
cell lines (DLD-1 cells, WirDr cells), and found that butyric 
acid displayed the strongest inhibitory effect [4]; however, 
the underlying mechanisms have not yet been elucidated. 
To investigate the anti-tumor mechanisms of SCFAs, we 
performed an in silico analysis of their inhibitory mechanism 
on tumor cell growth and proliferation in an experimental 
system in which SCFAs were added to cultured human CRC 
cell lines [5]; the results revealed that SCFAs suppress genes 
and transcription factors that participate in tumor cell growth, 

proliferation, and turnover, but do not affect genes involved 
in carcinogenesis, or genomes and factors associated with 
carcinogenic pathways. 

This motivated our subsequent investigation of the 
gut microbiomes of patients with CRC [6], including the 
functions and roles of the identified microbial species in 
colorectal carcinogenesis and tumor growth and proliferation. 
Metagenomics analysis of the feces and tumor epithelial cells 
of patients with CRC identified common microorganisms in 
tumor epithelia of CRC and elucidated their various functions 
[6].

In the present review, we describe the relationship between 
the pathophysiology of CRC and the gut microbiome of 
patients with CRC, including a discussion of the current 
knowledge base and major focus areas for future research.
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Inhibitory Actions of SCFAs in Human CRC Cell Lines

Although SCFAs have been reported to display anti-tumor 
activities, it is known that these activities differ depending on 
the dose. In a previous study [4], human CRC cell lines (DLD-
1 cells, WirDr cells) were cultured with three different SCFAs 
(butyric acid, isobutyric acid, and acetic acid) at 11 different 
doses to compare their in vitro anti-tumor effects. The cell 
growth inhibitory activity was quantified using a commercial 
WST-8 assay, based on the measurement of spectrophotometric 
absorbance (450 nm) of water-soluble formazan formed via 
reduction by intracellular dehydrogenase. The IC50 value, 
representing the concentration of SCFA that achieved 50% 
inhibition of cell growth, was calculated by plotting the cell 
count of the control culture against the SCFA concentration. 
The IC50 values indicated that the three SCFAs displayed tumor 
growth-inhibitory actions in the descending order of butyric 
acid, isobutyric acid, and acetic acid (Table 1).

Inhibitory Mechanisms of SCFAs against Tumor Cell 
Growth and Proliferation 

An in silico analysis, allows one-time, comprehensive analyses 
of biological functions, genes, molecular networks, and 
biological pathways in a living body, based on various input 
data and tools that form part of the bioinformatics approach, 
such as microarrays, RNA sequencing, metabolomics, and 
proteomics. In particular, the Kyoto Encyclopedia of Genes 
and Genomes and Ingenuity Pathway Analysis (IPA) are 
commonly used as software platforms for in silico analyses 
[7,8]. An in silico approach to genomics research is considered 
an epoch-making innovation as it allows for time- and cost-
efficient analyses using a personal computer. This analysis 
will be upgraded in a timely manner. It is a versatile approach 
that enables visualization of various numerical data, including 
data from tumor pathophysiological analyses [9-11], in 
addition to allowing untargeted analysis of large data sets 
and comprehensive analysis of the interrelationship between 
pathophysiological mechanisms. However, it is essential to 
evaluate and confirm the validity of the results of in silico 
analyses using knowledge obtained from wet-lab experiments 
in vitro and in vivo.

We analyzed the anti-tumor mechanisms of SCFAs in DLD-
1 cells using an in silico approach [5]. DNA microarrays were 
used to identify groups of differentially expressed genes by 

determining and adjusting the total RNA concentration of cells 
treated with acetic acid, butyric acid, and isobutyric acid at 
their IC50 values (Table 1) for 24 h. Gene groups with expression 
levels as 50% of those of untreated cells were subjected to IPA 
analysis. Transcriptome Analysis Console software (version 3.1; 
Applied Biosystems, Waltham, MA, USA) was used to analyze 
the gene expression data. Genes were filtered using microarray 
fold-change (MA_FC) values. The genes that scored MA_FC < 
5 were subsequently analyzed using IPA software to identify 
canonical pathways, biological functions, gene networks, 
and key processes that were enriched and/or modulated 
effectively by SCFAs in DLD-1 cells. The raw microarray data 
files obtained from these analyses were presented to the Gene 
Expression Omnibus.

In the gene group whose expression level was increased by 
50% or more (shown in blue), there was no significant change 
in gene functions based on the results of IPA analyses [5]. On 
the contrary, the change in gene functions was remarkable 
in the gene group (shown in green) whose expression level 
was reduced to 50% or less. We analyzed the effects on the 
cell cycle, proliferation, and DNA replication function of genes 
whose expression levels were reduced to 50% or less after 
24-h treatment with butyric acid in DLD-1 cells (Figure 1A), 
and performed an anti-tumor pathway analysis, as well as heat 
map analyses of disease and function. Similar analyses were 
performed for isobutyric acid and acetic acid (Figures 1B and 
1C). A total of 791 genes, including E2F1, UHRF1, HIST2H3A, 
HIST1H4K, HIST1H4L, HIST1H3B, HIST1H3D, HIST1H3H, and 
FOXM1, participated in the cell cycle, cell proliferation, and 
DNA replication of almost all CRC cells under investigation. 
Furthermore, the results of pathway and heatmap analyses of 
butyric acid (Figures 2A and 3A), isobutyric acid (Figures 2B 
and 3B), and acetic acid (Figures 2C and 3C) indicated that 
butyric acid had the strongest anti-tumor action among the 
three SCFAs [5]. Notably, it was found that the SCFAs scarcely 
suppressed the expression of cancer-related genes, but 
strongly suppressed tumor metabolic molecules (Figure 3), 
including tumor cell cycle, DNA replication, recombination, 
and repair. 

Overall, these finding contributed substantially to our 
general understanding of the anti-tumor mechanism of 
SCFAs, and represented the first comprehensive report on 
the anti-colorectal tumor mechanism of SCFAs, pointing the 
way toward future studies on CRC prevention research. It has 

Table 1: Results of the cell growth-inhibitory activity of short-chain fatty acids in human colorectal carcinoma cell lines (adapted from 
Ohara and Suzutani [4]).

IC50 (nM, mean ± SEM, n=4)

Butyric acid Isobutyric acid Acetic acid

DLD-1 cell 2.89 ± 0.29 12.9 ± 0.80 16.6 ± 1.10

WirDr cell 1.59 ± 0.04 10.2 ± 0.77 15.1 ± 1.25
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Figure 1: Effects of 24-h treatment of DLD-1 cells with three different short-chain fatty acids at IC50 concentrations on the cell cycle, cell 
proliferation, and DNA replication function of genes (reproduced from [5]). A butyric acid; B isobutyric acid; C acetic acid. Shown here are 
genes with an expression level of 50% or less.
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Figure 2: Pathway analysis of the effects of 24-h treatment of DLD-1 cells with different short-chain fatty acids at IC50 concentrations. A. 
butyric acid; B. isobutyric acid; C. acetic acid (reproduced from [5]).
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been reported that butyric acid is produced not only by gut 
microbes but also in colonic mucin layers [12,13]. Therefore, 
future studies should investigate the relationship between 
disease progression in patients with CRC and SCFAs produced 
by the gut microbiome, colonic mucus layers, and exosomes 
secreted by gut microbes. 

Relationship between the Gut Microbiome and CRC 

The relationship between the gut microbiome and cell 
proliferation in colorectal carcinogenesis was explored further. 
We obtained fecal samples and tumor epithelial cells from 
eighteen patients with advanced CRC located at various sites 
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Figure 3: Disease and function heat map analyses of the effects of 24-h treatment of DLD-1 cells with different short-chain fatty acids at IC50 
concentrations. A. butyric acid; B. isobutyric acid; C. acetic acid. A brown color indicates a molecule that promotes gene function, and blue 
indicates a molecule that suppresses gene function. The groups enclosed in red borders represent molecules that participate in cell growth, 
proliferation, and cell turnover. Treatment with butyric acid, isobutyric acid, and acetic acid suppressed molecules involved in cell growth, 
proliferation, and turnover, but butyric acid displayed the strongest inhibitory action (adapted from [5]).
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within the colorectum [6], and extracted genomic DNA from 
each sample for metagenomics analysis. Heat map clustering 
of microbial species identified in different colorectal areas 
was performed using 16S rRNA amplicon sequences (Figure 
4A), while the Quantitative Insights Into Microbial Ecology 
(QIIME) and Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PICRUSt) bioinformatics 

software packages were used for structural and functional 
analyses of the microbiomes, respectively [6]. The structural 
analysis of fecal microbes showed differences depending 
on the tumor site (Figure 4B), but the pathophysiological 
functional analysis of microbes revealed near-uniform 
functional similarities regardless of the tumor site (Figure 4C).
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Figure 4: Fecal microbiomes of patients with colorectal carcinoma (reproduced from [6]). A. Heat map clustering analysis using 16S rRNA 
amplicon sequence data of microbial species in fecal microbiomes of patients with advanced colorectal carcinoma (n=18). The patients 
included three with colorectal carcinoma of the ascending colon, three with transverse colon carcinoma, four with descending colon 
carcinoma, four with sigmoid colon carcinoma, and four with rectal carcinoma. B. Structural analysis of microbial species in feces of patients 
with colorectal carcinoma using the Quantitative Insights Into Microbial Ecology (QIIME) bioinformatics platform. Each color represents 
the structure of an identified microbe; the structures showed considerable variation. C. Functional analysis of identified microbial species 
in feces of patients with colorectal carcinoma using PICRUSt bioinformatics software. Each color represents the function of an identified 
microbe; nearly similar functions were observed among the identified microbes. The numbers at the bottom of B and C represent the fecal 
samples from eighteen patients, corresponding to the numbers on the left in A. Metagenomics analysis of the functions of microbes in the 
feces of patients with colorectal carcinoma revealed no differences between microbes at different tumor sites.
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Among the eighteen patients with CRC, three with 
descending colon carcinoma, three with sigmoid colon 
carcinoma, and three with rectal carcinoma were selected 
for the identification of common microorganisms, including 
analyses of their structures and functions [6]. We performed 

a heat map clustering analysis, as well as QIIME and PICRUSt 
analyses (Figures 5B and 5C, respectively), of the microbial 
species in the fecal microbiomes of patients with advanced 
colorectal carcinoma in different parts of the colorectum. 
The functional analysis using PICRUSt identified genes 
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Figure 5: Structural and functional analysis of fecal microbiomes of patients with colorectal carcinoma (reproduced from [6]). A. Heat map 
clustering analysis using 16S rRNA amplicon sequence data of microbial species in fecal microbiomes of patients with descending colon 
carcinoma (X01; n =3), sigmoid colon carcinoma (X02; n =3), and rectal carcinoma (X03; n =3). B. Structural analysis of microbial species in 
fecal samples using the Quantitative Insights Into Microbial Ecology (QIIME) bioinformatics platform; the structures showed considerable 
variation. C. Functional analysis of microbial species in fecal samples using PICRUSt bioinformatics software; nearly similar functions were 
observed among the identified microbes. D. Venn diagram indicating common microorganisms in fecal samples of patients with colorectal 
carcinoma (01: dark pink, descending colon carcinoma; 02: blue, sigmoid colon carcinoma; 03: green, rectal carcinoma). Circled in red is the 
number of common microorganisms (n=67) in the feces of patients with descending colon carcinoma, sigmoid colon carcinoma, and rectal 
carcinoma.
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involved in several functions and systems: amino acid and 
ATP-binding cassette transporters; phosphotransferase 
system; chaperone system; DNA repair, recombination, 
and replication; transcription factor; ribosome; cysteine, 
methionine, phenylalanine, tyrosine, valine, leucine, 
isoleucine, alanine, aspartic acid, and glutamine metabolism; 
tryptophan affects biosynthesis and metabolism; amino acid-
related enzymes; tricarboxylic acid (TCA) circuit; fructose and 
mannose metabolism; glycolysis and glycation; purine and 
pyrimidine metabolism; pentose phosphate pathway; energy 
metabolism; nitrogen metabolism; methane metabolism; 
and one carbon pool by folic acid. All of these are essential 
molecules or factors that participate in tumor growth and 
proliferation.

The Venn diagram is an analytical method for identifying 
mutual microbes in different groups. Sixty-seven microbial 
species were identified by Venn diagram as common 
microorganisms in the feces of patients with CRC (Figure 5D, 
Table 2).

An evaluation of the microbiomes in tumor epithelia of the 
aforementioned patients using heat map clustering data 
(Figure 6A) indicated that the microbial species differed from 
those observed in the feces of the same patients [6]. However, 
the QIIME analysis of molecular structures (Figure 6B) showed 
results similar to those observed in the fecal samples. Moreover, 
the identified microbes in the tumor epithelia had functions 
similar to those of fecal microbes, based on the PICRUSt 
analysis (Figure 6C). These functions include: amino acid 
transporters; ABC transporters; amino acid-related enzymes; 
leucine, valine, isoleucine, methionine, phenylalanine, and 
tryptophan biosynthesis and metabolism; glycolysis and 
gluconeogenesis; TCA cycle; pentose phosphate pathway; 
and pyruvate metabolism. Furthermore, these microbes also 
had functions that affect purine/pyrimidine metabolism, DNA 
repair/replication, protein exports, RNA degradation, and 
transcription factors. Among the patients that were studied, 
a total of 102 common microorganisms were identified in the 
tumor epithelia (Figure 6D, Table 3) [6].

Table 2: Sixty-seven common microbial species in the feces of patients with advanced carcinoma of the descending colon, sigmoid colon, 
or rectum (reproduced from [6]).
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Figure 6: Structural and functional analysis of tumor epithelial microbiomes of patients with colorectal carcinoma (reproduced from 
[6]). A. Heat map clustering analysis using 16S rRNA amplicon sequencing data of microbial species in tumor epithelial microbiomes of 
patients with descending colon carcinoma (X01; n =3), sigmoid colon carcinoma (X02; n =3), and rectal carcinoma (X03; n =3). B. Structural 
analysis of identified microbial species in tumor epitheliums using the Quantitative Insights Into Microbial Ecology (QIIME) bioinformatics 
platform. The structures showed considerable variation. C. Functional analysis of identified microbial species in fecal samples using PICRUSt 
bioinformatics software; nearly similar functions were observed among the identified microbes. D. Venn diagram indicating common 
microorganisms in fecal samples of patients with colorectal carcinoma (01: dark pink, descending colon carcinoma; 02: blue, sigmoid colon 
carcinoma; 03 green, rectal carcinoma). Circled in red is the number of common microorganisms (n=102) in the tumor epithelia of patients 
with descending colon carcinoma, sigmoid colon carcinoma, and rectal carcinoma.
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According to the functional analysis of mutual microbes 
in fecal and tumor epithelial microbiomes of patients with 
CRC, there were no microbes that activate any carcinogenic 
pathways or cancer-related signals. The identified microbes 
were shown to participate in tumor metabolism and tumor 
growth, including expression of transporters essential 

for amino acid uptake, DNA replication and repair, RNA 
degradation, and modulation of transcription factors [6]. 
Overall, the study suggests that CRC grows and proliferates 
due to crosstalk between the gut microbiota and carcinoma 
epithelial cells. However, the mechanism of colorectal 
carcinogenesis remains unknown. 

Table 3: One hundred-two common microorganism in tumor epithelia of patients with advanced carcinoma of the descending colon, 
sigmoid colon, or rectum (reproduced from [6]).
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We have described that SCFAs suppress factors that 
participate in the growth and proliferation of colorectal 
tumors. Faecalibacterium prausnitzii and Roseburia hominis 
in Clostridium cluster IV, and Clostridium butyricum and 
Eubacterium rectale included in Clostridium cluster XIVa, 
common microorganisms in the feces and tumor epithelia of 
patients with CRC, were not identified. These are representative 
examples of SCFA-producing microbes.

Currently, the relationship between CRC and Fusobacterium 
nucleatum is drawing attention, as this microbe has been 
implicated in colorectal carcinogenesis [14-16]. In particular, it 
has been noted that F. nucleatum, a common microorganism 
in tumor epithelia of patients with CRC (Table 3) [6], has the 
ability to avoid the immune system involved in carcinogenesis 
[17-19]. Recent reports suggest that F. nucleatum participates 
in tumor growth, proliferation, and metastasis rather than in 
carcinogenesis [20-22]. It has been reported that high counts 
of F. nucleatum are detected in the feces of patients with CRC. 
Consequently, a method for screening for CRC by detecting F. 
nucleatum in the feces of CRC has been reported [23,24].

To clarify the relationship between CRC and the gut 
microbiome, large patient cohorts are required to obtain 
robust data, identify common microorganisms CRC, and 
analyze their functions in detail. Furthermore, it is necessary 
to verify the analysis by performing shotgun sequencing 
or long-read sequencing in addition to 16S rRNA amplicon 
sequencing.

Conclusions

We discussed the connections between CRC, the gut 
microbiome, anti-colorectal tumor effects of SCFAs, and 
the underlying mechanisms. Although the mechanisms of 
colorectal carcinogenesis are unknown, it has been suggested 
that CRC grows and proliferates through the crosstalk between 
the gut microbiome and cancer epithelial cells. Metagenomic 
analysis suggested that common microorganisms CRC did 
not influence oncogenes or routes related to carcinogenesis. 
Furthermore, the available data suggest that SCFAs produced 
by gut microflora also exert anti-colorectal tumor effects 
by suppressing pathways associated with tumor growth, 
proliferation, and cell turnover from an in silico analysis 
method. However, no common microorganism that are 
associated with the production of SCFAs were identified in the 
fecal and tumor epithelial microbiomes of CRC. 

Future research should include large numbers of cases and 
analyze the production of SCFAs by the gut microbes as well 
as the colonic mucus layers. Furthermore, a comprehensive 
analysis of the relationship between tumor-infiltrating T 
cell repertoires and nucleic acids in exosomes secreted by 
microbes is also required. Finally, the relationship of CRC 
with the gut virome, including phages, has recently attracted 
attention, and requires further investigation.
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