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Abstracts

Background Recent studies have shown that the short-chain fatty acids (SCFAs) produced by the gut microbiota play a
positive role in the development of colorectal cancer (CRC).

Aims This study aims to elucidate the “food-microorganism-SCFAs” axis and to provide guidance for prevention and inter-
vention in CRC.

Methods The PubMed, Embase and Cochrane databases were searched from their inceptions to August 2018, and 75 articles
and 25 conference abstracts were included and analysed after identification and screening.

Results The concentrations of SCFAs in CRC patients and individuals with a high risk of CRC were higher than those in
healthy individuals. The protective mechanism of SCFAs against CRC has been described in three aspects: epigenetics,
immunology and molecular signalling pathways. Many food and plant extracts that were fermented by microorganisms pro-
duced SCFAs that play positive roles with preventive and therapeutic effects on CRC. The “food-microorganism-SCFAs”
axis was constructed by summarizing the pertinent literature.

Conclusions This study provides insight into the basic research and practical application of SCFAs by assessing the protec-
tive effect of SCFAs on CRC.
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FFAR2 Free fatty acid receptor 2

FFAR3 Free fatty acid receptor 3

FOS Fructo-oligosaccharides

HAMS High-amylose maize starch
HCAR2 Gai-protein-coupled niacin receptor
HDAC Histone deacetylase

HFD High-fat diet

HPD High-protein diet

IDH1 Isocitrate dehydrogenase 1

IDO1 Indoleamine 2,3-dioxygenase 1

IL Interleukin

INF Interferon

LGG Lactobacillus rhamnosus GG
LGT Lateral gene transfer

MAPK Mitogen-Activated Protein Kinase
MLH1 MutL homolog 1

MSH2 MutS protein homolog 2

PDH Pyruvate dehydrogenase

PKC Protein Kinase C

SCFAs Short-chain fatty acids

SLC5A8  Solute Carrier Family 5 Member 8
TET Ten-eleven translocation

Treg cells T regulatory cells

al-AcT al-Antichymotrypsin

o-KG a-Ketoglutarate

Introduction

Colorectal cancer (CRC) is one of the most common malig-
nant tumours worldwide. The incidence of CRC has signifi-
cantly increased in recent years, and it is a serious threat to
human health (Jalaeikhoo et al. 2018; Shuwen et al. 2018).
The intestinal microecosystem consists of abiotic compo-
nents, such as undigested food, and biological components,
such as native bacteria, foreign bacteria, and epithelial cells,
as well as the microorganism metabolites and secretions
from the stomach, intestines, pancreas and liver, such as
hormones, enzymes, mucus, and bile salts (Han et al. 2018;
Li et al. 2017). Intestinal mucosal cells have direct contact
with the microecosystem for a long time, and the interaction
between them has an important impact on the physiological
functions of the intestinal mucosal epithelial cells (Sun et al.
2017; Sinha et al. 2016). In the event of microecological
imbalance, intestinal microorganisms and their metabolites
act on the genetically predisposed host to produce immune
responses and genetic changes, and all three play a “trigger”
role in the formation and development of CRC (Wang et al.
2017a; Rezasoltani et al. 2017).

Recent epidemiological investigations have shown that
high-fat diets, high-protein diets and low-fibre diets are the
causes of CRC (Han et al. 2019; Saetang and Sangkhathat
2017; Tak et al. 2017) Many correlative studies have shown
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that the microbiome is closely related to the occurrence and
development of CRC. For instance, intestinal protective pro-
biotics include Lactobacillus acidophilus, Bifidobacterium,
Lactobacillus rhamnosus and Streptococcus thermophilus
(Dodoo et al. 2017; Quagliariello et al. 2016; Yoon et al.
2014). Some pathogenic microorganisms that cause CRC
include Enterococcus faecalis, Enterotoxigenic bacteroides
fragilis, Streptococcus bovis, Salmonella, Clostridia and
Fusobacterium nucleatum (Adesida et al. 2017; Fukugaiti
et al. 2015; Paritsky et al. 2015). In recent years, studies
have shown that microbial primary metabolites, includ-
ing amino acids, nucleotides, polysaccharides, lipids and
vitamins(Singh et al. 2017), and microbial secondary
metabolites, including short-chain fatty acids (SCFAs),
secondary bile acids, alkaloids, phenols, antibiotics, and
pigments, are involved in the occurrence and development
of colorectal cancer (Han et al. 2018; Shi et al. 2017; Nars-
ing et al. 2017; Wang et al. 2017b). Building a complete
model of CRC from inducement to occurrence will better
explore the pathogenesis, guide diets to prevent CRC and
optimize treatment options for CRC. Thus, we propose the
“food-microorganism-metabolite” axis. In the intestinal
microecosystem associated with colorectal cancer, food and
food residues are the initiators of CRC induction. Intestinal
microorganisms that breakdown the food are the drivers of
CRC. Changes in the metabolites produced by the intesti-
nal microorganisms, which drive the immune responses and
genetic changes in the intestinal mucosa, eventually lead to
colonic carcinogenesis.

Recently, the development and progress of microbiology
and metabolomics have provided technical support for the
elucidation of intestinal microecosystems (Wang et al. 2018;
Cani 2018). Great progress has been made in the study of the
microbiology and metabolites related to CRC (Sinha et al.
2016). However, there is still a long way to go to clarify the
“food-microorganism-metabolite” axis and provide guidance
for the prevention and treatment of CRC. The main problems
include the following three aspects: (1) the complexity from
the enormous number of microorganisms and metabolites,
the variability in the different diets and times and the indi-
viduality of each intestinal microecosystem results in poor
reproducibility and decreased accuracy in the results. (2)
There is a lack of research on the entire “food-microorgan-
isms-metabolites” axis and a lack of translation between
basic research and applied research. (3) The complete net-
works that can clarify the relationships between food and
microorganisms and the relationships between microorgan-
isms and metabolites have not yet been constructed.

There is now an abundance of evidence showing
that SCFAs that are produced by intestinal microorganisms
during the fermentation of partially digestible and nondigest-
ible food are involved in CRC. SCFAs, mainly including ace-
tate, propionate, butyrate and valerate (Kilner et al. 2016),
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are produced from dietary fibre, resistant starch, oligosac-
charides and other sugars that cannot be directly digested by
intestinal digestive enzymes during the fermentation action
of some intestinal microorganisms, such as Clostridium,
Bacteroides, Lactobacillus, and Bifidobacterium (Hester
et al. 2015; Yu et al. 2018; Nowak et al. 2015). High-fibre
diets, low-fat diets and low-protein diets can effectively
increase the SCFAs concentration in the intestinal tract
(Bishehsari et al. 2018; Wu et al. 2018; Chen and Vitetta
2018; Zeng et al. 2018; Mu et al. 2016). SCFAs promote
apoptosis and inhibit the proliferation of CRC cells by induc-
ing epigenetic changes, such as methylation and deacetyla-
tion (Pan et al. 2018), inducing T cell-mediated immune
responses (Zhang et al. 2016) and activating intracellular
signalling pathways (Lim et al. 2009). Thus, the “food-
microorganisms-SCFAs” axis may provide a case of mean-
ingful reference for building the complete network of the
“food-microorganisms-metabolites” axis.

In the present study, we strive to construct a relatively
complete “food-microorganisms-SCFAs” axis via reviewing
and reanalysing the pertinent literature. This work provides
a methodological and theoretical basis for the further con-
struction of a complete “food-microorganisms-metabolites”
axis, clarifies the intestinal microecosystem and provides
guidance for further research, prevention and intervention
in CRC.

Methods
Search strategy

The PubMed, Embase and Cochrane databases were
searched for pertinent literature published from their incep-
tion on August 11, 2018. To achieve maximum sensitivity
with the search strategy and identify all relevant studies,
the following terms were combined: CRC [(“colorectal”
or “colon” or “rectal” or “large intestine” or “large bowel”
or “intestinum crassum”) and (“neoplasms” or “tumor” or
“carcinoma” or “cancer”)] and microorganisms (‘““micro-
flora” or “flora” or “microorganism” or “microbiome” or
“microbiota” or “microbe” or “microbiology” or “germ” or
“bacteria” or “bacterium” or “fungus”) and SCFAs (“short-
chain fatty acids” or “acetic acid” or “propionic acid” or
“methylacetic” or “propanoic acid” or “monoprop, isobu-
tyric acid” or “butyrate, butyric acid” or “propane carbox-
ylic acid” or “ethacetic acid” or “common valeric acid” or
“delphinic acid” or “isopentoic acid” or “isopentanoic acid”
or “pentanoic acid” or “pentoic acid). All relevant abstracts
were retrieved independently by two authors, and the articles
with available information for the present systematic review
were fully reviewed. A total of 75 articles and 25 conference

abstracts were included and analysed after identification and
screening. The detailed search strategy is presented in Fig. 1.

Study selection

Studies with the following criterium were considered for
inclusion: studies that involved intestinal microorganisms
and SCFAs in CRC. The exclusion criteria were as fol-
lows: (1) letters, case reports, reviews and author’s views;
(2) studies not written in English; (3) studies not predomi-
nantly focused on intestinal microorganisms and SCFAs in
CRC; (4) studies that did not involve CRC; and (5) study
results not supported by clear research data. Information
from repeated reports is based on the latest report.

Results

Correlation study assessing the SCFAs produced
by microorganisms in CRC

We conducted an inductive analysis of the studies that did
not involve molecular experiments to clarify the correlation
between SCFAs and CRC. Pertinent literature is listed in
Table 1 in chronological order. CRC patients, individuals
with a high risk of CRC and experimental mice were the
main research subjects. Most studies showed that the SCFA
levels in CRC patients and individuals with a high risk of
CRC were higher than those in healthy individuals.

However, there are also totally different results for the
levels of SCFAs in non-Hispanic African Americans. Panel
No. 1.1 in Table 1 shows that non-Hispanic African Ameri-
cans had higher total levels of SCFAs in stool samples than
Americans of other races and ethnicities; the exact opposite
is shown in Panels No. 1.5, No. 1.13 and No. 1.14. In addi-
tion, African Americans had lower total levels of SCFAs
in stool samples than native Africans (as shown in Panel
No. 1.10). Moreover, several pertinent studies (Panels No.
1.3,1.4,1.5,1.6,1.12 and 1.15) that showed the correlation
between SCFAs and microorganisms in CRC are also listed
in Table 1. The interaction between the microorganisms and
SCFAs is shown in Fig. 3.

Mechanism study assessing the SCFAs in CRC

In recent years, many studies have been conducted on the
molecular mechanisms of SCFA-induced CRC. A total of
31 articles assessing the molecular mechanisms of SCFA-
induced colorectal cancer were included and analysed after
identification and screening. As shown in Table 2, most
studies were on butyrate, and the CRC cell model was
used as the research subject. The experimental results for
the SCFAs assessments in different studies are summarized
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in the results column. As shown in Fig. 2, pertinent litera-
ture was divided into the three aspects including categories
epigenetics, immunology and molecular signalling pathways
through summary and analysis. The specific research results
are shown in Fig. 2 using the form of a route diagram.
Figure 2a shows the mechanism study assessing the role
of butyrate in CRC from the perspective of epigenetics.
Butyrate, as a histone deacetylase (HDAC) inhibitor, can
suppress HDAC expression and enhance the acetylation
of regulatory proteins to suppress proliferation and induce
apoptosis in CRC cells. Moreover, DNA demethylation in
the promoters of regulatory genes is also involved in the epi-
genetic mechanism of butyrate in CRC. Figure 2b shows the
mechanism from the perspective of immunology. SCFAs and
their receptors, including GPR109A, GPR43 and FFAR2,
play a protective role against CRC by regulating immune
cells, including regulatory T cells, dendritic cells, natural
killer cells and macrophages, and immune factors, such as
interleukins (ILs) and interferon-gamma (INF-y), through
various molecular mechanisms. Figure 2¢ shows the mecha-
nism from the perspective of molecular signalling pathways.
The PI3 k/Akt signalling pathway, STAT signalling pathway,
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cytosolic Ca?* signalling pathways, AP-1 signalling path-
way, heregulin/ErbB signalling pathway and several micro-
RNA regulatory signalling pathways are involved in the
molecular regulation of butyrate in CRC. Butyrate-respon-
sive elements, such as the TATA box and proximal CCAAT
box, participate in the regulation at the gene transcription
level. Related molecular mechanisms, such as protein phos-
phorylation regulation, noncoding gene regulation and gene
damage repair mechanisms, were also involved.

Preventive and therapeutic effects of SCFAs on CRC

SCFAs are produced by microorganisms during the fermenta-
tion of food. Microorganisms can produce SCFAs from many
food and plant extracts during fermentation. These SCFAs play
positive roles in the preventive and therapeutic effects on CRC.
As shown in Table 3, pertinent literature describing medicine
and food studies involving SCFAs produced by microorgan-
isms in CRC have been summarized. Mouse models are the
main research approach. A low-fat diet (panel No. 3.1), a
low-protein diet (panel No. 3.14), high-fibre diets (panels No.
3.4, No. 3.19 and No. 3.22) and some foods, including yogurt
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Table 2 (continued)

(5

SCFAs
Butyrate

Microorganism

2002 HT29 cells and Caco?2 cells

Year Object

Authors

2.30 Domon-Dell et al.

No.

Springer

growth and stimulated the
cell differentiation and

apoptosis of CRC cells by
stimulating Cdx2 mRNA

and protein expression as

well as the transcriptional
activity of its promoter

Zeng et al. (2018)

N-butyrate stimulated p21
expression and induced

Butyrate

2001 HCT116 cell

2.31 Mahyar-Roemer et al.

apoptosis independent of

p53 to protect against CRC

cells

(panel No. 3.3), reishi mushroom (panel No. 3.8), nuts (panel
No. 3.13), high-amylose maize starch (panels No. 3.16, No.
3.17, No. 3.25, and No. 3.27), arabinoxylans (panel No. 3.21),
wheat aleurone (panel No. 3.26) and fructans (panel No. 3.28)
can each play a positive role in preventing CRC by increasing
the levels of SCFAs. Some reagents, including sericin (panel
No. 3.23), and plant extracts, including EPS1-1 extracted from
Rhizopus nigricans (panel No. 3.5) and polymethoxyflavones
extracts (panel No. 3.6), play a positive role in inhibiting the
proliferation of CRC cells by influencing the levels of SCFAs.
Lactobacillus (panel No. 3.9, No. 3.10, No. 3.15, No. 3.18,
and No. 3.23) and aloe vera gel endophytic microbiota can
change the intestinal microecosystem and increase the levels of
SCFAs that play a protective role against CRC. Moreover, the
butyrate produced from dietary fibre during microbial fermen-
tation can improve the clinical effect of CPT-11 (irinotecan)
(panel No. 3.7) and reduce CPT-11 toxicity (panel No. 3.20).

Conference abstracts assessing the SCFAs produced
by microorganisms in CRC

Many conference abstracts assessing the SCFAs produced
by microorganisms in CRC have been published. As shown
in Table 4, the relevant conference abstracts were included
after identification and screening according to the inclusion
and exclusion criteria. Most of the conference abstracts have
been reported in the previous literature. Moreover, the fol-
lowing information needs to be added. Several conference
abstracts (panels No. 4.1, No. 4.11, No. 4.15, and No. 4.16)
showed that energy metabolism is involved in the protective
effect of butyric acid on CRC through interference with the
Warburg effect.

Food-microorganisms-SCFAs axis

Pertinent literature have been further analysed to elucidate
the food-microorganisms-SCFAs axis. As shown in Fig. 3,
microorganisms that changed the levels of SCFAs, includ-
ing acetate, propionate and butyrate, are shown in a circular
pattern after further refining with the related content in the
literature. A more concise explanation on how SCFAs are
produced from food and plant extracts through microbial
fermentation in CRC is shown in Fig. 4; the framework of
the food-microorganisms-SCFAs axis in CRC has been pre-
liminarily established.

Discussion

Despite the contradictions among the difference studies on
the levels of SCFAs in non-Hispanic African Americans
compared with Americans of other races and ethnicities,
the general view is that SCFAs are inversely associated with
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Fig.2 Mechanism study
assessing the SCFAs in CRC. A
mechanistic study of the SCFAs
in CRC was divided into three
categories, epigenetics, immu-
nology and molecular signalling
pathways, through summary and
analysis. a—c¢ Are shown from
the perspectives of epigenetics,
immunology and molecular sig-
nalling pathways, respectively.
The specific research results

and research ideas were shown
using the form of a route dia-
gram. Due to differences

in the understanding of the
original articles and the need
for visualization with a figure,
some route diagrams may be not
completely consistent with the
original intention of the author.
The original articles listed in the
figure are taken as the standard.
Relevant references are included
in Supplement 1
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Fig.3 Interaction between microorganisms and SCFAs in CRC.
Microorganisms that changed the levels of SCFAs, including acetate,
propionate and butyrate, are shown in a circular pattern with further

the risk of CRC. An increase in the sample size and applica-
tion of a meta-analysis will contribute to clarify the truth.
We proposed three aspects including epigenetics, immu-
nology and molecular signalling pathways for the mecha-
nistic study of SCFA-induced CRC through the screening,
summary and analysis of the previous literature. Epigenetics,
immunology and molecular signalling pathways were inter-
related with each other. There are studies finding that Lach-
nospiraceae, a family of digestive tract-associated bacteria,
can produce butyrate and possess genes for endospore for-
mation. Butyrate production-related genes were detected
in CRC (Meehan and Beiko 2014). Such evidence suggests
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refining by the related content in the literature. Relevant references
are included in Supplement 2

that lateral gene transfer (LGT) may provide a bridge for
the intraluminal butyrate and mucosal mutation. In future
research, we should start from these three aspects and con-
duct in-depth studies. The entire molecular network should
be assessed by linking the three directions based on previous
research.

Irinotecan is a first-line treatment for advanced colo-
rectal cancer that induces adverse effects with serious life-
threatening toxicities in CRC. The toxic and side effects of
chemotherapy drugs are always a thorny clinical problem in
the treatment of CRC. Increasing the levels of SCFAs used
to reduce chemotherapy drug side effects may open another
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Fig.4 Food-microorganisms-SCFAs axis in CRC. Pertinent literature
have been further analysed to elucidate the food-microorganisms-
SCFAs axis. The framework of the food-microorganisms-SCFAs axis

window for providing solutions to this clinical problem. If
the clinical application of dietary management is used to
increase the efficacy and reduce the side effects of chemo-
therapy, then it will bring many benefits, including reduc-
ing medical expenses, increasing treatment compliance and
improving the quality of life of CRC patients.

As a probiotic, Lactobacillus cannot produce SCFAs by
itself, but it can change the community structure and diver-
sity of the intestinal microbiome to increase the levels of
SCFAs (Ni et al. 2017; Hibberd et al. 2017). Infant faecal
transplantation, which transfers material rich in Lactobacil-
lus, will provide novel ideas for the prevention and treatment
of CRC. This approach is more beneficial than mere supple-
mentation with Lactobacillus (Thirabunyanon and Hongwit-
tayakorn 2013). The study of microbiology and the elucida-
tion of microbial interactions will contribute to increasing
the efficacy and controlling the risks of stool transplantation.

The unusual observation that butyrate can stimulate the
proliferation of normal host cells but inhibit the prolifera-
tion and induce apoptosis in CRC cells has emerged in the
literature; it is called the “butyrate paradox” (Vakhitov et al.
2016). The energy metabolism of cancer cells is different
from that of normal tissue cells. The Warburg effect is
defined as cancer cells that can consume many glucose mol-
ecules but cannot produce energy efficiently. Many studies
have shown that butyrate can interfere with the Warburg
effect and suppress CRC cells (Sebastian and Mostoslavsky
2014). The Warburg effect may provide theoretical support
for the explanation of this phenomenon. However, there is
not enough evidence to support this conclusion at this point.

There are some limitations in the present study. Most
studies have focused on butyrate, and there are relatively
few studies on acetate and propionate. Due to the differences
in the understanding of the original articles and the need for
visualization with a figure, some research route diagrams
may not be completely consistent with the original intention

in CRC has been preliminarily established. Relevant references are
included in Supplement 3

of the authors. Some literature may still be missed despite
keywords plus free words being used to search multiple data-
bases as comprehensively as possible.

Conclusion

Changing dietary habits to prevent CRC is a long-term pro-
cess. Clarifying the “food-microorganisms-metabolites”
axis is of great significance since it could change the diet
of the population and prevent the occurrence of CRC. The
“food-microorganisms-SCFAs” axis, as a constituent part of
the “food-microorganisms-metabolites” axis, plays a posi-
tive role in the prevention and treatment of CRC. This study
provides insight into the basic research and practical applica-
tion of SCFAs by assessing the protective effect of SCFAs
on CRC.
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