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ABSTRACT
Cancer is a long-term illness that involves an imbalance in cellular and immune functions. It can be 
caused by a range of factors, including exposure to environmental carcinogens, poor diet, infec
tions, and genetic alterations. Maintaining a healthy gut microbiome is crucial for overall health, 
and short-chain fatty acids (SCFAs) produced by gut microbiota play a vital role in this process. 
Recent research has established that alterations in the gut microbiome led to decreased produc
tion of SCFA’s in lumen of the colon, which associated with changes in the intestinal epithelial 
barrier function, and immunity, are closely linked to colorectal cancer (CRC) development and its 
progression. SCFAs influence cancer progression by modifying epigenetic mechanisms such as 
DNA methylation, histone modifications, and non-coding RNA functions thereby affecting tumor 
initiation and metastasis. This suggests that restoring SCFA levels in colon through microbiota 
modulation could serve as an innovative strategy for CRC prevention and treatment. This review 
highlights the critical relationship between gut microbiota and CRC, emphasizing the potential of 
targeting SCFAs to enhance gut health and reduce CRC risk.
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1. Introduction

Colorectal cancer (CRC) poses a significant health 
challenge worldwide, with substantial economic 
impacts on healthcare systems, patients, and com
munities. These impacts encompass direct medical 
costs, productivity losses, and the intangible effects 
like stress, decreased quality of life.1 Enhancing 
early detection through improved screening pro
grams, developing strategies to overcome treat
ment resistance, managing side effects, and 
reducing disparities in care are critical. Advances 
in personalized medicine, immunotherapy, and 
supportive care hold promise, but require contin
ued research, investment, and commitment to 
make these therapies accessible. Currently available 
therapies are ineffective to cure CRC patients and 
often results in toxicities. Addressing the therapeu
tic challenges in CRC requires a multifaceted 
approach. By tackling these challenges, we can 

improve outcomes and quality of life for CRC 
patients. The gut microbiota, consisting of a wide 
variety of microorganisms that continuously 
evolve, plays a key role in sustaining health and 
affecting disease outcomes.2 Several studies have 
demonstrated that the gut microbiota can have 
a significant effect on the progression of various 
chronic conditions, including inflammatory bowel 
disease (IBD),3 diabetes,4 atherosclerosis,5 and 
CRC.6–8 The gut microbiome composition and its 
metabolic products, like Short-chain fatty acids 
(SCFAs), have emerged as significant contributors 
to CRC pathogenesis.9 SCFAs, one of the many 
metabolites produced by the gut microbiota, are 
increasingly recognized for their potential impact 
on CRC. Understanding the mechanisms by which 
gut microbiota affects these diseases opens new 
avenues for preventive and therapeutic interven
tions. At the same time, modulating the gut 
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microbiota through diet, probiotics, prebiotics, and 
advanced therapies such as fecal microbiota trans
plantation (FMT) holds promise for improving 
health outcomes and managing these complex 
diseases.10

SCFAs, including acetate (60%), propionate 
(20%), and butyrate (20%), are primarily produced 
by the gut microbiota through the fermentation 
of dietary fibers and other indigestible 
carbohydrates.11 The process involves complex 
microbial communities that utilize different meta
bolic pathways to convert carbohydrates into 
SCFAs (Figure 1). Acetate can be produced via 
two distinct pathways. In first pathway, acetate 
production is produced via the acetyl-CoA path
way, where acetyl-CoA is converted into acetate. 
Acetate is produced by a broad range of anaerobic 
bacteria, including members of the genera 
Bacteroides, Bifidobacterium, Clostridium, and 
Ruminococcus.12 Whereas, the Wood-Ljungdahl 
pathway, which acetogenic bacteria utilize to 

convert acetyl-CoA, is not responsible for convert
ing acetyl-CoA into acetate. In this process, carbon 
dioxide is reduced to form carbon monoxide, 
which then combines with a coenzyme A and 
a methyl group to generate acetyl-CoA. This acetyl- 
CoA serves as the precursor in the formation of 
acetate.13 Propionate production occurs through 
three main pathways, succinate pathway, acrylate 
pathway, and propanediol pathway. Succinate 
pathway is commonly undertaken by Bacteroides, 
Prevotella, Alistipes, Ruminococcus, Dialister, and 
Akkermansia, which involves the conversion of 
succinate to propionate via methylmalonyl-CoA 
and propionyl-CoA intermediates. Acrylate path
way is utilized by Clostridium, Megasphaera, and 
Coprococcus, which involves the conversion of lac
tate to acrylate, which subsequently is converted to 
propionate. Propanediol pathway is utilized by 
Roseburia, Eubacterium, Blautia and 
Lachnospiraceae species, which involves the con
version of deoxy sugars such as rhamnose and 

Figure 1. Pathways responsible for the biosynthesis of short-chain fatty acids (SCFAs) derived from indigestible dietary fiber and 
carbohydrate fermentation by gut microbiota. The primary SCFAs include acetate, generated through the wood–Ljungdahl pathway 
or from acetyl-CoA; butyrate, formed from two acetyl-CoA molecules; and propionate, produced from phosphoenolpyruvate via either 
the acrylate or succinate pathway or through propanediol pathway.
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fucose to propionate.14 Butyrate is primarily pro
duced via the butyryl-CoA pathway. Major buty
rate producers include species from the genera 
Clostridium, Faecalibacterium, Eubacterium, 
Roseburia, and Butyrivibrio. Butyrate is synthesized 
from two molecules of acetyl-CoA, forming 
butyryl-CoA as an intermediate, which is then con
verted to butyrate.15 

The biosynthesis of SCFAs is a complex process 
involving multiple microbial pathways and is influ
enced by various dietary and environmental 
factors.9 Understanding these pathways provides 
insight into how dietary interventions and probio
tic therapies can modulate SCFA production, with 
potential implications on various disease states, 
including CRC. However, some potential research 
gaps are poorly understood which need to be 
explored was described in the Table 1. This review 
summarizes the latest evidence from recent studies 
on the relationship between SCFAs produced by 
gut microbiota and CRC.

2. Role of short chain fatty acids as a metabolite 
of probiotic bacteria

Probiotics play a significant role in maintaining 
and enhancing overall health by supporting diges
tive function, boosting the immune system, and 
potentially benefiting mental and metabolic health. 
Probiotics engage directly with gut epithelium and 
immune cells, releasing active metabolites such as 
SCFAs that possess anti-inflammatory and cyto
protective properties.16 These interactions can 
help to alleviate chronic, debilitating gastrointest
inal (GI) disorders, which are characterized by 
symptoms such as inflammatory bowel disease 

and irritable bowel syndrome.17 Certain probiotic 
bacterial strains have been shown to potentially 
prevent or treat various diseases such as obesity/ 
type 2 diabetes,18 necrotizing enterocolitis,19 

inflammatory bowel disease, and autoimmunity in 
both rodent models and humans.20,21 However, the 
mechanisms behind these benefits are not fully 
understood. Despite this, there has been 
a significant increase in demand for probiotic sup
plements over the last decade, leading to the rapid 
development of new probiotic products for the 
consumer market. Most of the health benefits of 
probiotics studies that have explored the link 
between probiotics and gut health, have focused 
on animal models or humans with preexisting 
health issues, leaving the effects of probiotics on 
healthy, disease-free individuals less explored. 
Hemarajata et al.,22 reported that probiotics posi
tively modulate the gut microbiome. Yet the influ
ence of probiotics on the gut microbiome and 
SCFA spectrum in healthy hosts has remained 
a controversial topic,23 because of individual varia
tions, study design limitations, and mechanisms. 
SCFAs are known to influence immune and 
inflammatory progressions by inhibiting the 
nuclear factor kappa B (NF-κB) signaling pathway. 
Furthermore, SFCA-dependent NFkB inhibition 
also impacts cancer cells (where often NFkB signal
ing is constitutive24 by inducing cell cycle arrest 
and cancer cell apoptosis.25 SCFAs also contribute 
to the maintenance of gut barrier integrity, with 
higher butyrate levels possibly enhancing tight 
junctions in the gut epithelium.26

Butyrate, produced through gut microbiota 
mediated fermentation of indigestible carbohy
drates plays a crucial role in the health benefits of 

Table 1. Key gaps in understanding the relationship between short-chain fatty acids (SCFAs) and colorectal cancer (CRC).
S.No. Topic areas Research gap areas

1 Mechanistic pathways To investigate the specific mechanisms through which SCFAs influence CRC development. This could include their effects 
on inflammation, immune modulation, cell proliferation, and apoptosis.

2 Clinical implications To explore the clinical relevance of SCFAs in CRC prevention, progression, or treatment. This might involve studying their 
levels in CRC patients compared to healthy individuals or assessing their potential as biomarkers.

3 Microbiota composition To examine how variations in gut microbiota composition affect SCFAs production and subsequent CRC risk. This could 
involve studying different microbial communities in relation to SCFAs profiles and CRC outcomes.

4 Dietary interventions To investigate how dietary interventions aimed at modifying SCFAs production (e.g., through fiber supplementation or 
probiotics) impact CRC risk or progression.

5 Epigenetic 
modifications

To explore whether SCFAs influence CRC through epigenetic modifications, such as DNA methylation or histone 
acetylation, which regulate gene expression.

6 Interaction with host 
genetics

To study how host genetic factors interact with SCFAs in CRC susceptibility or response to treatment.

7 Microenvironment 
interactions

To investigate how SCFAs influence the tumor microenvironment in CRC, including interactions with immune cells, 
stromal cells, and angiogenesis.
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host.27 Notably, research has revealed sex-based 
differences in the gut microbiota responsible for 
butyrate production.28 A study found distinct 
SCFA profiles in male and female rats, when fed 
them with an oligofructose-rich diet.29 Female rats 
had increased abundance of Bacteroidetes and IL- 
10, whereas male rats had higher levels of fecal 
butyrate, liver IgA, IL-6, and cecal IL-6.29 In 
another study, native African populations had 
higher concentrations of butyrate-producing bac
teria, including Faecalibacterium prausnitzii and 
Clostridium clusters IV and XIVa.30 In contrast, 
Bacteroides was more prevalent in African 
American individuals. The Bacteroides-Prevotella 
group was found to be more abundant in men 
compared to women.31 A few clinical investiga
tions have explored the relationship between gut 
microbiota and functional gastrointestinal disor
ders (FGIDs). For example, a study conducted 
with 277 Japanese participants examined gender 
differences in gut microbiota composition.32 The 
results revealed that men had higher abundance of 
Prevotella, Megamonas, Fusobacterium, and 
Megasphaera, while women had more abundance 
in Bifidobacterium, Ruminococcus, and 
Akkermansia. Among women, 19.4% reported 
hard stools (Bristol stool form types 1 and 2), 
a higher proportion than in men, while loose-to- 
liquid stools (Bristol stool form type 6) were more 
frequent in men.32 Furthermore, tight junction 
proteins, which play a significant role in the devel
opment of irritable bowel syndrome (IBS), interact 
with both the gut microbiota and SCFAs. It was 
reported that Helicobacter pylori associated damage 
of several tight junction proteins, especially clau
din-4 and occludin.33

3. Role of fiber, gut microbiota and SCFAs in the 
gut health

Fiber is commonly divided into two types, soluble 
and insoluble. These types vary in whole grains, 
fruits, vegetables, beans, peas, legumes, nuts, and 
seeds. Soluble fiber helps lower blood cholesterol 
and glucose levels, while insoluble fiber promotes 
the movement of material through the digestive 
system and increases stool bulk, helping with con
stipation and irregular stools. A high-fiber diet 
offers several benefits, including normalizing 

bowel movements, maintaining bowel health, low
ering cholesterol levels, controlling blood sugar 
level, and aiding in achieving a healthy weight. 
The intestinal microbiomes serve as primary pro
ducers of SCFAs by breaking down polysaccharides 
from dietary fibers and indigestible starches. The 
amount of SCFAs production changes throughout 
our lives, mirroring variations in our gut micro
biome composition over the lifespan.34,35 

Furthermore, the diversity of our diet, which varies 
across different stages of life, significantly influ
ences the amount of SCFAs generated in the intes
tine by affecting the substrates available for SCFA- 
producing bacteria.36 Existing research indicates 
that plant foods (vegetables, fruits, herbs, nuts, 
beans, and whole grains), seafood, meat (excluding 
red meat), and those with high dietary fiber content 
could protect against CRC. However, adhering to 
a western diet, which is high in sugar and fat, seems 
to have the opposite effect.37 A high fat and sugar 
diet can lead to the onset of CRC by disrupting gut 
microbiota and metabolomic balance, weakening 
gut barrier integrity, altering immunity and pro
moting CRC development.38 Additionally, obesity 
induced by a high-fat diet can promote the prolif
eration of leucine-rich repeat-containing 
G protein-coupled receptor 5 (Lgr5+) intestinal 
stem cells and increase the initiation of tumorigen
esis through the activation of peroxisome prolif
erator-activated receptor delta (PPAR-δ), as shown 
in murine models.39 Scott et al.,40 reported that 
plant-derived polyphenols help to prevent CRC 
development by increasing abundance of butyrate- 
producing bacteria in the gut, such as Lactobacillus 
and Bifidobacterium resulting in increased SCFAs 
production. The positive impacts of dietary fiber 
are primarily attributed to its fermentable soluble 
components, which result in the production of 
SCFAs within the intestinal microenvironment. 
This process of transforming dietary fiber into 
SCFAs is carried out by diverse gut microbiota. 
Dietary fiber boosts SCFA levels in the intestines 
by increasing Firmicutes and decreasing 
Bacteroides, thereby reducing the progression of 
CRC in mouse models.41,42

Animal studies have shown that dietary fiber 
with certain chemical structures can consistently 
and predictably alter the gut microbiota and its 
metabolic processes. This alteration helps protect 
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against CRC, especially in people whose microbiota 
includes colonic butyrate producers.43,44 The CRC 
patients have a unique gut microbiota profile, when 
compared to that of healthy individuals. In CRC 
patients, there is a significant enrichment of 
Bacteroides fragilis, Fusobacterium nucleatum, and 
Escherichia coli, alongside a decreased abundance of 
SCFA-producing bacteria.45 Previous studies have 
demonstrated that several probiotics bacteria known 
for producing SCFAs include Bifidobacterium, 
Clostridium butyricum, Streptococcus thermophilus, 
Lactobacillus rhamnosus, Lactobacillus acidophilus, 
Lactobacillus reuteri, and Lactobacillus casei.46 

Specifically, Clostridium butyricum can inhibit CRC 
cell proliferation through modulation of Wnt/β- 
catenin signaling pathway by reducing histone deace
tylase (HDAC) activity, which helps to prevent CRC 
tumorigenesis in mouse models.47

One of the common gut commensal organisms, 
Lactobacillus rhamnosus can reduce the tumor bur
den, increase the anti-tumor immune responses in 
CRC, and enhance immunotherapy.48 Treatment 
of CRC tumor models with Lactobacillus acidophi
lus lysates combined with anti-CTLA-4 blocking 
antibody (ipilimumab, tremelimumab), have 
demonstrated that the lysates effectively enhance 
anti-tumor immunity and can inhibit CRC cell 
growth.49 Similarly, Akkermansia muciniphila, 
have the ability to produce SCFAs, and act as 
a potential protective probiotic by promoting the 
augmentation of M1-like macrophages in mice, 
which helps inhibit the development of CRC.50 

Multiple studies have explored the link between 
SCFAs, gut bacteria, and their role in the develop
ment of (CRC),6–8,51,52 (Tables 2 and 3). Existing 
literature on bacterial microbiome-based anti-CRC 
therapy has shown encouraging results. However, 

most studies have been confined to cellular or 
animal models.81 Before such therapies can be 
applied clinically, thorough assessments of effec
tiveness and safety, detailed investigations into the 
mechanisms involved, and extensive clinical testing 
are crucial.

4. SCFAs impact on gut homeostasis

SCFAs helps to maintain the gut homeostasis and 
prevent chronic diseases. SCFAs are most abundant 
in the proximal colon, where they are either 
absorbed and used by enterocytes locally or trans
ported across the gut epithelium into the blood
stream. SCFAs have a major impact on gut 
homeostasis, through mechanisms such as regulat
ing energy metabolism, strengthening the gut bar
rier, modulating immune responses, and 
participating in multiple metabolic processes.82 

Additionally, SCFAs make up about 10% of the 
daily caloric intake.83 Isolated colonic epithelial 
cells show a high rate of CO2 production, suggesting 
that these cells derive 60–70% of their energy from 
SCFA oxidation.84 Colonocytes have higher affinity 
for butyrate over acetate and propionate, primarily 
oxidizing it into ketone bodies and CO2. The mole
cular ratio between acetate, propionate, and butyrate 
in the colonic epithelium is approximately 60:20:20, 
respectively.85 Donohoe et al.,86 demonstrated that 
Butyrivibrio fibrisolvens strain have the potential to 
maintain NADH/NAD+ and ATP levels in the 
colon. Colonocytes utilize butyrate, and butyrate 
produced by this strain serve as a primary energy 
source in the colon. This finding led to the conclu
sion that butyrate rescuing effect is due to its role as 
an energy source rather than as a regulatory agent. 
SCFAs produced by gut bacteria can be transported 

Table 2. Short-chain fatty acids and their intestine gut microbial producers.
Microbial 
metabolites Gut microbes Ref.

Acetate Lactobacillus brevis, Lactobacillus bifermentans, Bacillus amyloliquefaciens, Bifidobacterium indicum, Bifidobacterium 
biavatii, Bifidobacterium animalis, Bifidobacterium asteroides, Bifidobacterium bifidum, Bifidobacterium ruminantium, 
Bifidobacterium merycicum, Bifidobacterium thermacidophilum, Bifidobacterium dentium Bifidobacterium longum, 
Bifidobacterium adolescentis, Bacteroides fragilis, Prevotella melaninogenica, Prevotella intermedia, Akkermansia 
muciniphila, Ruminococcus spp., Blautia hydrogenotrophica, Coprococcus spp., Clostridium spp., Streptococcus spp.

7,8,53–56

Butyrate Lactiplantibacillus plantarum, Coprococcus eutactus, Coprococcus catus, Coprococcus comes, Clostridium butyricum, 
Butyricicoccus pullicaecorum, Eubacterium hallii, Clostridium difficile, Faecalibacterium prausnitzii, Butyricicoccus 
pullicaecorum, Anaerostipes hadrus, Eubacterium rectal, Roseburia faecis, Ruminococcus gnavus, Butyrivibrio fibrisolvens

7,8,56–63

Propionate Streptococcus spp., Bacteroides spp., Salmonella spp., Dialister spp., Phascolarctobacterium succinatutens, Roseburia 
inulinivorans, Megasphaera elsdenii, Veillonella atypica, Coprococcus catus, Ruminococcus obeum, Blautia 
hydrogenotrophica, Lactobacillus rhamnosus, Lactobacillus gasseri, Lactobacillus hallii, Lactobacillus reuteri

7,8,11,56,64
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into colonic epithelial cells in the form of H+ or Na+ 

electrolytes. These electrolytes are directly involved 
in butyrate transport, increasing Na+ and Cl− uptake 
and promoting the release of bicarbonate (HCO3

−) 
into the lumen.87–89 Interestingly, the efficiency of 
electrolyte absorption varies across the different 
regions of the gut due to differences in transporter 
genes expression.90

SCFAs have a wide range of effects on the host, 
including impacts on metabolism, cell differentia
tion, and rapid cellular reproduction, primarily due 
to their influence on gene regulation. Various 
reports have shown that butyrate epigenetically acti
vates expression of 5–20% of human genes.91–93 

Butyrate is more effective than propionate in inhi
biting histone deacetylase and lysine activity in 
cells.94,95 Enhancing histone acetylation (HDAC) 
activity with the help of histone acetyltransferase, 
propagates butyrate metabolism to acetyl-CoA93,96 

(Figure 2). SCFAs plays a significant role in the post- 
translational modification of histones by elevating 
their acetylation levels. This increase in histone 

acetylation enhances the accessibility of transcrip
tion factors to the promoter regions of specific 
genes, thereby influencing their transcription. 
Inhibition of HDAC by butyrate not only increases 
gene transcription but also leads to the suppression 
of several genes, including LHR, XIAP, and 
IDO-1.97,98 In a colonic cell line, 75% of upregulated 
genes rely on ATP citrate lyase (ACLY) activity at 
a 0.5 mm butyrate concentration, whereas 25% are 
independent of this activity. At a higher concentra
tion (5 mm), these proportions are reversed, sug
gesting that gene regulatory mechanisms depend 
on butyrate concentration. Furthermore, butyrate 
has been shown to modify not only histone acetyla
tion levels but also the acetylation of other proteins, 
such as transcription factors SP1 and Foxp3.99,100 

SCFAs generated by the gut microbiota also pro
mote crotonylation through their histone acetylase 
activity.101 This modification is commonly observed 
in the epithelial cells of the small and large intestines 
and in the brain. Presence of Crotonyl-CoA on 
histones is linked to regulation of the cell cycle.102 

Table 3. Key gut microbiota linked to the onset and progression of colorectal cancer (CRC).
Gut microbiota Experimental Development of CRC Ref.

Bacteroides 
fragilis

cloned HT29/C1 cells Releases the B. fragilis enterotoxin, which promotes E-cadherin cleavage and supports the 
spread of CRC

65

Min (Apc±) mouse model Mediates colitis and protected colon carcinogenesis 66
ApcMin mice Bacteroides toxin promotes the development of cancer, multi-step inflammatory process in 

colonic epithelial cells, which depends on IL-17 R, NF-κB, and Stat3 signaling pathways
67

Streptococcus 
gallolyticus

Xenograft model and AOM-induced 
mouse model

Tumor promoting agent and increased rates of β-catenin, c-Myc and PCNA for diagnosis 
and treatment

68

Streptococcus 
bovis

AOM pre-treated rats Promoted the development of early preneoplastic lesions 69

Fusobacterium 
nucleatum

SW480, HCT116, and CRC xenograft 
model

Promotes chemoresistance by targeting TLR4 and MYD88 innate immune autophagy 
signaling

70

ApcMin/+ mouse model Fusobacterium nucleatum enhances the development of intestinal tumors and alters the 
tumor immune microenvironment

71

Endothelial cells Promotes carcinogenesis development by inducing gastrointestinal inflammation and host 
immune response in the CRC microenvironment

72

Eubacterium 
rectale

AOM/DSS-treated mice model Produce butyrate to induce the inflammatory cytokines IL-1β, IL-6, COX2, and TNF-α in 
mice, contributing to inflammation and epigenetic changes that disrupt the homeostasis 
of the intestinal flora

47

Faecalibacterium 
prausnitzii

Murine models Potential next-generation probiotics and inhibit the cancer 73

Lactobacillus 
casei BL23

AOM/DSS-treated mice model Functions as an anti-inflammatory agent by inhibiting cell proliferation and promoting 
apoptosis, while also reducing IL-22 levels, which play a role in immune modulation

74

Escherichia coli 
NC101

AOM/modified microbiota in 
interleukin-10-deficient (Il10−/−) 
mice

Colibactin, a toxin that damages DNA, acts as a tumor-promoting agent and contributes to 
the progression of CRC

75

Escherichia coli BALB/cJ mice DNA damage at the enterocyte level in human intestinal microflora leads to genomic 
instability

76

ApcMin/+/Atg16l1ΔIEC Produced colibactin and inhibited suppress CRC oncogenesis development 77
Enterococcus 

faecalis
Germ-free IL-10−/− and Wt mice Releases metalloprotease gelatinase and enhances chronic inflammation by compromising 

the integrity of the epithelial barrier
78

Wistar rats Production of extracellular free radicals and promotion of chromosomal instability, leading 
to polyps and CRC development

79

Clostridium 
septicum

SupT1 cell line Secretes alpha toxin, which binds specifically to glycophosphatidylinositol receptors on the 
cell surface

80
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Furthermore, studies have shown that butyrate 
affects not only histone acetylation but also impacts 
the levels of DNA and protein methylation and 
phosphorylation. Notably, butyrate exhibits a dual 
function in epithelial cellular metabolism. It also 
acts as the key energy source for healthy intestinal 
epithelial cells (IEC) while also suppressing the 
growth of cancerous cells. This effect, referred to 
as the butyrate paradox or Warburg effect,93 arises 
from a metabolic shift in cancer cells, which prefer 
glucose as their energy source. The inhibition of 
rapid cell growth is typically linked to increased cell 
cycle arrest, DNA damage, and reactive oxygen 
species (ROS) production indicating that SCFAs 
may trigger programmed cell death signaling in 
cancer cells.103–106 Due to the considerable meta
bolic changes in cancer cells, the production and 
availability of various metabolites, including acetyl- 
CoA, are modified. Acetyl-CoA plays a crucial role 

in multiple metabolic pathways and serves as 
a fundamental cofactor for histone acetyltrans
ferases. SCFAs has beneficial effects on gut home
ostasis highlight their potential as therapeutic 
targets for improving gastrointestinal health and 
preventing diseases related to gut dysfunction.

5. SCFAs role in epigenetic regulation of 
colorectal carcinogenesis

Chemotherapy agents like 5-FU and targeted 
immunotherapies such as cetuximab are widely 
used in treating CRC.107 However, these 
approaches often encounter issues related to their 
side effects and low therapeutic effectiveness. The 
butyrate-producing intestinal microbiome has 
attracted attention as a potential target for CRC 
treatment. For example, the proliferation of HT- 
29 cells was inhibited when treated with culture 

Figure 2. SCFAs primarily act on target cells through three mechanisms. (i) The first mechanism involves the binding of SCFAs to 
GPCRs on the cell membrane, such as GPR109A, GPR43, and GPR41. This binding can inhibit downstream pathways, including PLC, 
MAPK, Nf-κB, and others. (ii) SCFAs can enter the cell with the help of transporters on the cell membrane, then move into the cell 
nucleus where they inhibit HDAC and activate HAT. This results in increased histone acetylation, the gradual loosening of dense 
chromosomes, and ultimately, increased gene (LHR, XIAP or IDO-1) expression. (iii) Another mechanism of action is that SCFAs enter 
the cell with the help of AhR, then move to the nucleus. Nuclear receptors, such as AhR and ARNT, can bind to DNA, which suppresses 
gene expression involved in detoxification, metabolism, cell development, and the essential role of cellular sensors for xenobiotics, 
coordinating the body response.
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supernatant containing butyrate from Lactobacillus 
plantarum strains, cyclin D1 acts in the G1-S tran
sition and cyclin B has interest in the transition to 
M phase.108 Furthermore, administering butyrate- 
producing Butyricicoccus pullicaecorum to CRC- 
bearing mouse models resulted in weight gain and 
lower serum carcinoembryonic antigen levels.109 

Treatment with sodium butyrate (NaB) also 
increased the expression of SCFA transporters, 
including solute carrier family 5 member 8 
(SLC5A8) and G protein-coupled receptor 43 
(GPR43), in SW480 and SW620 CRC cell lines.109 

Bacteroides pullicaecorum is a potential butyrate 
producing bacteria that has been shown to sup
press the growth of colon cancer cells by down
regulating the gene expression of chromosome 
segregation 1-like (CSE1L).110 Another butyrate- 
producing bacterium, Clostridium butyricum, was 
found to reduce the development of intestinal 
tumors induced by a high-fat diet (HFD) in 
a mouse model. This effect was achieved by 
decreasing the levels of pathogenic and bile acid- 
biotransforming bacteria, while increasing those of 
SCFA-producing bacteria.47 Additionally, the cul
ture supernatant of C. butyricum and sodium buty
rate (NaB) promoted apoptosis in cells by 
inhibiting the Wnt/β-catenin signaling pathway 
and enhancing the expression of GPR43 and 
GPR109A in the HCT 116 cell line, as observed 
through an analysis of the expression of these 
receptors in CRC tissue compared to normal colo
nic tissue.47 Moreover, the propionate-producing 
bacterium Bacteroides thetaiotaomicron had effects 
comparable to those of NaB in CRC cell lines.107 

Treatment with the culture supernatant from 
B. thetaiotaomicron in combination with sodium 
propionate (NaP) markedly reduced the prolifera
tion of CRC cell lines and increased cell apoptosis 
rates.107 Ohara et al.,111 demonstrated the mechan
ism of anti-tumor effects of SCFAs (butyric acid, 
isobutyric acid, and acetic acid) on CRC cells and 
examined gene expression. The expression levels of 
791 genes involved in DNA replication (main genes 
involved such as E2F1, UHRF1, HIST2H3A, 
HIST1H4K, HIST1H4L, HIST1H3B, HIST1H3D, 
HIST1H3H, FOXM1, etc.) significantly decreased 
less than 50% when compared untreated cells. 
McLoughlin et al.,112 found that meta-analysis 
described the impact of SCFAs, prebiotics and 

probiotic in various conditions, including cancer, 
inflammatory bowel disease, obesity, healthy popu
lation, diabetes, kidney and liver disease. They 
found that SCFAs levels were negatively associated 
with the expression of inflammatory proteins and 
high level of SCFAs associated with downregula
tion of inflammatory cytokines such as C-reactive 
protein (CRP), tumor necrosis factor (TNF), and 
interleukin-6 (IL-6).112 Nomura et al.,113 assessed 
fecal acetic acid, butyric acid, propionic acid, vale
ric acid, and plasma isovaleric acid levels in patents 
with solid tumors treated with PD-1 inhibitors (for 
example, pembrolizumab) and discovered that 
fecal SCFA levels may be linked to the efficacy of 
PD-1 inhibitors, suggesting that SCFAs derived 
from gut microbiota potentially modulates PD-1 
checkpoint blockade effectiveness. Determination 
of SCFA level from fecal materials are noninvasive, 
this could be used for routine patient monitoring to 
assess sensitivity of patients to anti-cancer therapy, 
based on SCFA production through gut micro
biota. Aune et al. examined the relationship 
between dietary fiber, whole grains, and CRC risk. 
Numerous epidemiological studies supported that 
protective role of dietary fiber against CRC through 
various mechanisms, such as bile acids, reabsorp
tion of biogenic substances, fecal transit time, and 
including the formation of SCFAs.114–120

Cancer progresses through multiple step pro
cess, and SCFAs offer the advantage of affecting 
the expression of a wide range of genes and path
ways, including those involved in carcinogenesis 
(Figure 3). This contrasts with conventional anti- 
cancer treatments, which generally focus on target
ing a single molecule or pathway. The process of 
carcinogenesis includes both specific mutations 
and epigenetic modifications that alter gene 
expression.121 Specific genes influence several sig
naling pathways that govern cell fate, survival, and 
genome stability.122 Changes in genes that regulate 
cell fate, such as Wnt, Hedgehog, and Notch,123 can 
upset the balance between differentiation and pro
liferation, leading to sustained cellular growth 
a characteristic feature of cancer cells. Extensive 
changes in the epigenetic landscape, including 
DNA methylation, histone code, non-coding 
RNA, as well as the silencing of tumor suppressor 
genes and the activation of oncogenes, are funda
mental features of cancer.124 Since both genetic and 
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epigenetic alterations in gene expression can be 
passed down through cell divisions, they signifi
cantly contribute to tumor development. SCFAs 
can mitigate many of the epigenetic changes linked 
to cancer, suggesting that administering SCFAs to 
individuals at high risk for tumor development 
could delay or prevent cancer initiation at the 
molecular and cellular levels, before the occurrence 
of specific mutations.

The epidermal growth factor receptor (EGFR) is 
a transmembrane glycoprotein that interacts with 
ligands such as epidermal growth factor (EGF) and 
transforming growth factor alpha (TGFα). When 
activated, its intrinsic tyrosine kinase activity initi
ates a cascade of downstream signaling pathways, 
including mitogen-activated protein kinases 
(MAPK), phosphoinositide 3-kinases (PI3K), pro
tein kinase B (Akt), mammalian target of rapamycin 
(mTOR), and Ras/Raf/MEK/ERK, which promote 
processes like cellular proliferation, angiogenesis, 
and metastasis. EGF signaling may play a crucial 
role in the development of hepatocellular carci
noma, and its inhibition by SCFAs might help 

delay the progression to dysplasia and cancer.125 

Additionally, EGFR (ERBB1) molecules activate sig
naling pathways such as JAK/STAT, Ras/ERK, 
c-Jun, and PI3K/Akt/mTOR, which essentially lead 
to cell proliferation by activating downstream tran
scription factors through these pathways.126 SCFAs 
influence all these pathways by modulating the 
intestinal system, indicating that SCFAs may induce 
apoptosis and inhibit various oncogenic processes, 
such as prolonged cell survival, proliferation, angio
genesis, and metastasis. Wang et al.,126 showed that 
nuclear factor of activated T cells (NFATc) plays 
a significant role in regulating phosphatase and ten
sin homolog (PTEN) expression in intestinal cells. 
Specifically, NFATc1 and NFATc4 might serve as 
crucial modulators of intestinal cell proliferation 
and differentiation by controlling PTEN expression, 
it is a tumor suppressor gene. The reduction or loss 
of PTEN function has been linked to various can
cers, such as breast cancer and CRC, and contributes 
to increased cell proliferation and tumor develop
ment. However, phosphatidylinositol-4,5-bispho
sphate 3-kinase catalytic subunit alpha (PI3KCA) 

Figure 3. The intestinal microbiota contributes to the epigenetic regulation of colorectal cancer by producing SCFAs, which serve as 
both substrates and regulators that influence chromatin-modifying enzymes. The mechanisms by which this occurs is the inhibition of 
histone deacetylase activity, leading to chromatin alterations typically linked to the upregulation of target gene expression in a variety 
of different cancer cell lines.
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and PTEN oncogene proteins have observed to be 
associated with multiple cancers, as both play sig
nificant roles in cell division and growth. 
Downregulation of Akt signaling leads to decreased 
expression of murine double minute 2 (mdm-2), an 
oncogene implicated in CRC carcinogenesis mdm-2 
is responsible for tagging the tumor suppressor p53 
for degradation through ubiquitination. Reduced 
mdm-2 activity stabilizes p53, allowing it to induce 
cell cycle arrest, promote DNA repair, or trigger 
apoptosis. Furthermore, reduced Akt signaling also 
lowers NF-κB activity, increasing cell sensitivity to 
apoptosis.127 Ultimately, SCFAs help to restore bal
ance by normalizing these pathways that are consti
tutively activated in cancer cells, thereby reducing 
the likelihood of tumor development and progres
sion. Early-stage tumors persist and expand in 
hypoxic environments due to the expression of 
hypoxia-inducible factor 1 (HIF-1). This, in turn, 
triggers the transcription of the MET proto- 
oncogene.128 MET/HGFR is a tyrosine protein 
kinase that interacts with hepatocyte growth factor 
(HGF). Upon activation, MET initiates signaling 
pathways involving Ras, STAT3, β-catenin, and 
PI3K, causing to prolonged MAPK activation, 
which supports cell survival, cell growth, angiogen
esis, and metastasis.129 SCFAs epigenetically inhibit 
the FGFR2 and Hippo signaling pathways, including 
PI3K/Akt and Ras/Raf, through HDAC inhibition, 
despite these pathways also being targets for genetic 
alterations in carcinogenesis.122,130 The potential 
anti-cancer agent, valproic acid and HDAC inhibi
tors, both of which strongly suppresses cell prolif
eration in the tumor-stroma. Valproic acid inhibited 
HGF production in connective tissue, influenced by 
various ligands such as fibroblast growth factor, 
EGF, platelet-derived growth factor (PDGF), phor
bol 12-myristate 13-acetate (PMA), prostaglandin 
E2 (PGE2), butyric acid, and trichostatin A (TSA), 
without causing cytotoxic effects. Since HGF acti
vates c-MET signaling, reducing its production 
weakens both MET signaling and HepG2 cell migra
tion in vitro. This implies that HDAC inhibition 
impacts chemoprevention of tumor metastasis.131 

Acetate has been shown to influence programmed 
cell death in CRC by activating caspase 3 and caus
ing DNA fragmentation, ultimately leading to cell 
death.7 Additionally, acetate increases cell surface 
expression of Fas on CD8+ T cells and Fas ligand 

(FasL) on adenocarcinoma epithelial cells, facilitat
ing the induction of tumor cell apoptosis by tumor- 
infiltrating T lymphocytes.132 Butyrate, acetate and 
propionate can suppress NF-κB signaling and 
reduce lipopolysaccharide (LPS) stimulated TNF+ 

human neutrophils.133 Since TNF activates NF-κB, 
this leads to further inhibition of NF-κB 
signaling.134 Propionate induces apoptosis in CRC 
by decreasing the expression of arginine methyl
transferase, however, the precise mechanisms are 
still unclear.7 These data emphasize the diverse 
impact of SCFAs in regulating multiple aspects of 
carcinogenesis and highlight its potential as 
a therapeutic compound capable of targeting multi
ple signaling pathways involved in inflammation 
and cancer. In this regard, SCFA-based therapies 
could counteract the impact of specific oncogenic 
mutations by regulating the same pathways epigen
etically. Existing reports summarizing how gut 
microbiota influences epigenomic changes in CRC 
are listed in Table 4.

6. SCFAs and immunological homeostasis in 
colorectal cancer (CRC)

Overall, existing research suggests that SCFAs 
boost the ability of the immune system to combat 
pathogens. In animal studies, SCFAs have been 
shown to enhance immune responses against 
extracellular bacteria such as Citrobacter rodentium 
and Clostridioides difficile, viruses including influ
enza, respiratory syncytial virus, intracellular bac
teria like Listeria monocytogenes and Salmonella 
typhimurium.146 The gut microbiota plays 
a crucial role in the immune system by influencing 
the differentiation of certain types of immune cells 
and their inflammatory functions in part via the 
regulation of the nuclear factor kappa B (NF-κB) 
pathway.147 Additionally, butyrate and propionate 
are known to exert anti-inflammatory effects by 
affecting immune cell migration, adhesion, and 
cytokine production.148 Furthermore, propionate 
promote the surface expression of natural killer 
group 2D receptor (NKG2D) ligands on cells, 
thereby boosting the immune response in CRC.148

Toll-like receptors (TLRs), a type of bacterial recog
nition receptors, are crucial for the innate immune 
system. They can stimulate the growth of intestinal 
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epithelial cells and enhance the production of antimi
crobial peptides.149 Butyrate and propionate modu
late the activity of various HDAC is an endogenous 
TLR ligand.150 TLR5 is abundantly expressed in the 
colon, it binds to flagellin from gram-negative gut 
bacteria, initiates the activation of several intracellular 
pathways.151 Butyrate has been shown to enhance 
immunomodulatory responses mediated by bacterial 
flagellin in gut epithelial cells through the induction of 
TLR5 expression. Additionally, flagellin stimulates the 
release of anti-inflammatory factors such as IL-10 and 
TGF-β, which diminish inflammation.152 Butyrate, 
a key metabolite produced by Enterobacterium, can 
activate TLR5 transcription through Sp3, which upre
gulates TLR5 and promotes the expression of inflam
matory cytokines like IL-6, IFN-γ, TNF. These 
cytokines improve the colonic inflammation in 

a mouse model of colitis.153 Butyrate has been 
shown to enhance the expression of TLR4 and 
increase the phosphorylation of MAPKs and NF-κB 
in CRC. However, the precise mechanism underlying 
these effects has not yet been fully elucidated.154 

Currently, there is limited research on the mechanistic 
pathways of SCFA-TLR interactions in innate immu
nity, and the relationship between SCFAs and TLR 
signaling pathways remains unclear. Nonetheless, 
existing studies have demonstrated that SCFAs exert 
anti-inflammatory effect by modulating TLR expres
sion, which is crucial for maintaining immune home
ostasis in the body.

Previous studies have demonstrated that SCFAs 
significantly impact neutrophil activity through 
various pathways.155 SCFAs can modulate the 
expression of important genes responsible for 

Table 4. Gut microbiome associated with epigenetic changes in colorectal cancer (CRC).

Microbiome
Epigenetic 

modification Summarized Ref.

Escherichia coli, or Escherichia coli expressing bile salt 
hydrolase (E.coli-BSH), and fecal samples of mice 
or zebra fishes

Non-coding RNAs The lncRNA-based prediction model accurately differentiated between 
various gnotobiotic mice and identified transplanted microbes from 
fecal samples or zebra fish. It achieved high accuracy with fewer 
lncRNAs than protein-coding genes, demonstrating the potential of 
lncRNA profiles for distinguishing gut microbes and aiding in the 
development of lncRNA biomarkers

135

Fusobacterium nucleatum miRNAs F. nucleatum drives CRC chemoresistance to small drug 
chemotherapeutics by targeting and reducing miR-18a* and miR- 
4802, activating the autophagy pathway

70

Gut microbiota miRNAs Microbiota-sensitive miRNA, miR-375-3p, and found that its 
suppression in ex vivo enteroids leads to increased proliferation, 
suggesting how microbiota may regulate intestinal epithelial stem 
cell proliferation in vivo

136

Commensal bacteria miRNAs The expression of commensal microbiome-dependent miR-21-5p in 
IECs regulates intestinal epithelial permeability through ARF4, 
suggesting it as a potential target for addressing intestinal epithelial 
barrier dysfunction

137

Gut microbiota miRNA The expression levels of miRNAs let-7b, miR-141, and miR-200a were 
notably decreased in germ-free mice

138

Gut microbiota miRNA Host gut epithelial cells and Hopx+ cells are the primary sources of 
fecal miRNAs, which enter bacteria to regulate their gene expression 
and growth. These fecal miRNAs are crucial for maintaining 
a healthy gut microbiota

139

Gut microbiota Modifications of 
histone

Histone proteins in adjacent nucleosomes function as poised 
(H3K4me1) or active (H3K27ac) enhancers

140

Intestinal microbiota Histone The microbiota regulates circadian fluctuations in serum metabolites 
and influences the circadian epigenetic and transcriptional 
landscape

141

Gut microbiota Histone Gut microbiota influence host histone acetylation and methylation in 
different tissues. A Western diet decreases SCFA production, and its 
associated chromatin modifications driven by the microbiota, 
whereas SCFAs can replicate these chromatins and transcriptional 
effects

142

Intestinal microbiota Histone methylation Histone H3-lysine 4 trimethylation (H3K4me3) marks was altered upon 
gut microbial colonization

143

Gut microbiota SCFAs enhanced histone H3 lysine 18 crotonylation (H3K18cr) through 
the inhibition of HDACs

101

Lactobacillus acidophilus, Bifidobacterium infantis, 
and Klebsiella species

Methylation Microbiota treatment caused varying methylation alterations in 200 
DNA regions

144

Gut microbiota DNA methylation and 
transcriptome

The frequency of methylation changes in genes increased with the age 
of germ-free mice.

145
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production of cytokines and chemokines, which 
are critical for neutrophil activation and function
ality. This modulation can promote the recruit
ment of neutrophils to the sites of infection or 
inflammation. Additionally, SCFAs can also affect 
the generation of reactive oxygen species (ROS) by 
neutrophils.156 While physiological levels of ROS 
are essential for pathogen elimination, whereas 
excessive ROS production can cause tissue damage. 
SCFAs regulate ROS levels in neutrophils, thus 
supporting a balanced immune response. 
Neutrophils, which express high levels of FFAR2, 
show increased sensitivity to SCFAs.157 For exam
ple, in cases of experimentally induced sterile 
inflammation using dextran sulfate sodium (DSS), 
butyrate treatment has been shown to impede neu
trophil migration to the colon, thereby decreasing 
the local production of cytokines that drive 
inflammation.158 Recent studies also suggested 
that supplementation of butyrate like colonic lumi
nal concentrations, may promote the formation of 
neutrophil extracellular traps (NETs).159,160 

Neutrophils are among the first cells to respond 
to inflammatory signals plays a crucial role in 
detecting and eliminating pathogens like bacteria 
and fungi.161 Neutrophils significantly impact the 
inflammatory process by elevating the number of 
mononuclear cells at the site of inflammation. 
Neutrophils also produces key enzymes, including 
cyclooxygenase (COX), which facilitates the pro
duction of eicosanoids, and inducible nitric oxide 
synthase (iNOS or NOS II). These enzymes induce 
production of soluble factors that regulate various 
aspects of inflammation, such as leukocyte adhe
sion and recruitment.161

Macrophages play a crucial role in preserving 
balance within the gut.162 Chang et al.,163 found 
that butyrate induced suppression of inflammatory 
cytokine production by intestinal macrophages is 
associated with the inhibition of HDAC activity. 
Butyrate and niacin, which are metabolites pro
duced by gut bacteria, promote the production of 
IL-18 in the colon via Gpr109a. Butyrate also 
increases IL-10 and Aldh1a levels in antigen- 
presenting cells (APCs) through a Gpr109a- 
dependent mechanism. Mice deficient in Niacr1 
(Niacr1−/−) are more susceptible to colitis and 
colon cancer. Gpr109a signaling plays a protective 
role in maintaining colon health, particularly when 

gut bacteria and dietary fiber are scarce.164 Single- 
cell RNA sequencing uncovered that the antibac
terial activity induced by butyrate is marked by 
elevated expression of the S100A8 and S100A9 
genes, which code for calprotectin, a protein 
known for its antibacterial effects. Consequently, 
butyrate enhances the antibacterial activity of 
macrophages by inhibiting mTOR.165 

Additionally, SCFAs inhibits M2 polarization in 
alveolar macrophages and potentially activate 
GPR43. Butyrate and propionate enhance H3 acet
ylation and suppress M2 polarization through the 
inhibition of HDAC.166 SCFAs similarly affect con
ditions related to eosinophilia, such as asthma, 
atopic dermatitis, inflammatory bowel diseases, 
and eosinophilic esophagitis.167 Furthermore, pro
pionate and butyrate enhance IgE-mediated baso
phil degranulation.168,169 This indicates that SCFAs 
could play a significant role in regulating alkaline 
granulocyte activation, IL-13 production, and 
degranulation.

T helper (Th17) cells, a crucial subset of CD4+ 
effector T cells, are predominantly present in gut- 
associated tissues. The activation and accumulation 
of these cells in the gut are influenced by their 
interactions with specific gut microbes and exter
nal pathogens.170,171 Propionate is involved in the 
regulation of CD4+ T cell functions, particularly 
affecting Th17 cells. In experimental models of 
colitis and multiple sclerosis, propionate has been 
shown to reduce the production of Th17 cells in the 
small intestine and to mitigate segmented filamen
tous bacteria (SFB)-induced autoimmune inflam
mation in the central nervous system (CNS).172 By 
enhancing the glycolytic activity of active Th17 
cells, propionate promotes IL-10 production, 
which further affects their immunological effect. 
In autoimmune prostatitis mouse model, propio
nate levels are lower, but when supplemented with 
propionate, effectively reduced both Th17 cell 
activity and IL-17 production, leading to improve
ments in the condition.173 In multiple sclerosis 
patients, propionate levels are diminished while 
Th17 cells are elevated; however, propionate sup
plementation has been associated with a decrease 
in Th17 cell levels and a subsequent improvement 
in the diseases course.174 Additionally, supplemen
tation with propionate and butyrate has been found 
to increase the expression of CCL20, a chemokine 
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that recruits Th17 cells to lung endothelial cells. 
This recruitment of Th17 cells contributes to 
a reduction in lung tumor foci and inhibits the 
metastasis of melanoma cells.175 Fusobacterium 
nucleatum strain Fn7–1 has been shown to increase 
the number of colonic Th17 cells, contributing to 
intestinal tumor progression. This effect is depen
dent on the SCFA receptor FFAR. In the absence of 
FFAR, Fn7–1 does not alter the population of 
RORγt+ CD4+ T cells.176 Therefore, SCFAs are 
key regulators of Th17 cell induction and function 
in human diseases. However, further research is 
necessary to determine whether acetate and buty
rate exert similar effects. In additionally, trypto
phan metabolites produced by the gut microbiota 
play a significant role in regulating the immunor
egulatory activities of Th17 cells, especially in the 
context of inflammation. In infant gut, 
Bifidobacteria are more abundant during the first 
month of life, but a decrease in their numbers 
is associated with elevated IL-17A levels and 
systemic inflammation. Supplementation with 
Bifidobacterium EVC001 has been shown to miti
gate these effects by reducing of Th17 and Th2 cell 
populations within the intestine. One of the impor
tant metabolites produced by EVC001, indole- 
3-lactic acid, which enhances the expression of 
galectin-1, an immunoregulatory protein that inhi
bits the activation of Th17 and Th2 cells during 
their polarization.177 In contrast, recent studies 
have demonstrated that retinoic acid (RA) pro
duced by SFB in the gut helps to protect against 
Citrobacter rodentium infection, with IL-17A- 
blocking antibodies unable to prevent this protec
tion. This suggests that RA derived from SFB con
tributes to host defense mechanisms independently 
of Th17 cells.178 Therefore, although microbiota- 
derived metabolites have the potential to activate 
Th17 cells, this response is not always predictable, 
and the exact mechanisms leading to their activa
tion are not yet fully understood.

Bile acids (BAs), important metabolites derived 
from cholesterol, are divided into primary and 
secondary categories. Hepatocytes produce pri
mary BAs, which are stored in the gallbladder and 
subsequently released into the duodenum to aid in 
lipid digestion. Around 95% of these bile acids are 
reabsorbed before they reach the terminal ileum, 
while the remaining 5% enter the intestine, where 

they are converted by gut microbiota into a range 
of secondary BAs.179 Metabolites of bile acids pro
duced by gut microbiota play a key role in regulat
ing the activity of RORγt+ cells and affecting 
disease vulnerability.180 For instance, 3-oxolitho
cholic acid (3-oxoLCA), a secondary bile acid, inhi
bits the differentiation of intestinal Th17 cells by 
binding to the RORγt transcription factor. 
Administration of 3-oxoLCA has been shown to 
lower Th17 cell populations in germ-free (GF) 
mice.181 Likewise, isolithocholic acid (isoLCA), 
another secondary bile acid, also prevents Th17 
differentiation by interacting with RORγt. Both 
3-oxoLCA and isoLCA are negatively correlated 
with the expression of Th17-associated genes and 
are found to be reduced in individuals with IBD.182 

In an inflammatory arthritis model, both isoLCA 
and 3-oxoLCA, produced by the gut bacterium 
Parabacteroides distasonis, directly suppress Th17 
cell differentiation, leading to anti-arthritis 
effects.183

Bifidobacterium species have been discovered in 
high-throughput screenings of human stool as cap
able of converting 3-oxolithocholic acid 
(3-oxoLCA), a bile acid present in the gut, into 
isoallolithocholic acid (isoalloLCA), a secondary 
bile acid known for its immunomodulatory 
effects.184 IsoalloLCA has been shown to enhance 
cellular oxygen consumption, leading to the gen
eration of mitochondrial reactive oxygen species, 
which subsequently upregulates FOXP3 expression 
and promotes the differentiation of Tregs.185 

However, there is limited direct research examin
ing how Bifidobacterium species produce second
ary bile acids and their specific influence on 
immune regulation. Another secondary bile acid, 
3β-hydroxydeoxycholic acid (isoDCA), has been 
found to inhibit TNFα and IL-6 production186 in 
dendritic cells (DCs) while promoting Foxp3 
expression, thereby increasing the number of per
ipheral Tregs. Although Bifidobacterium lacks the 
7α-dihydroxylation enzyme required to convert 
cholic acid into isoDCA,187 they do express bile 
salt hydrolases that deconjugate bile acids, poten
tially leading to the formation of other secondary 
bile acids with similar immune-modulatory 
properties.188,189 Furusawa et al., (2013) showed 
that butyrate treatment significantly increased his
tone H3 acetylation in naive CD4+ T cells, 
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specifically affecting 70 transcription factors. One 
of the most notable targets, Foxp3, exhibited 
enhanced acetylation, which was associated with 
higher gene expression. The study found that buty
rate promoted acetylation at the Foxp3 promoter 
and intragenic enhancer elements, including the 
conserved noncoding sequences CNS1 and 
CNS3.190 Furthermore, Arpaia et al., demonstrated 
that in CNS1-deficient mice, butyrate could not 
induce FOXP3 expression in naive CD4+ T cells. 
Given that CNS1 is necessary for the differentiation 
of peripheral sites (pTreg) cells (but not thymus 
(tTreg) cells, these results suggest that butyrate 
selectively drives pTreg cell differentiation in the 
gut.99

7. Anti-neoplastic effect of butyrate in 
microsatellite instability tumor cells

Butyrate is a potent anti-neoplastic agent in the 
colon, exhibiting properties that promote apopto
sis, inhibit excessive cell growth, induce cell differ
entiation, enhance immune defense, reduce 
angiogenesis, and alleviate inflammation.191 

Notably, butyrate has been shown to have 
a higher anti-neoplastic effect in microsatellite 
instability (MSI) tumor cells than in proficient 
mismatch repair (pMMR) tumor cells.192,193 

Studies have demonstrated that MSI tumor cells, 
such as HCT15, HCT116, and LoVo, are more 
sensitive to butyrate’s anti-proliferative effects 
compared to pMMR cells, including SW480 and 
HT29.194 Further the study found that 1 mm buty
rate exposure significantly reduced MSI tumor cell 
proliferation, with the human mutL homolog 1 
(hMLH1)-defective HCT116 cell line being parti
cularly responsive.194 Further research has con
firmed these findings, showing that butyrate 
induces higher apoptosis rates and stronger inhibi
tion of proliferation in hMLH1-deficient cells com
pared to pMMR cells.194 Twelve -week exposure of 
MMR-deficient CRC cell lines (HCT15, HCT116 
and LoVo) and MMR-proficient lines (SW480 and 
HT29) to 1 mm butyrate significantly reduced cell 
proliferation, with stronger effect observed in the 
MMR-deficient lines. When butyrate treatment 
was discontinued and the cells were returned to 
normal medium, their proliferation rates returned 
to baseline levels.194 Notably, the MMR-deficient 

HCT116 cell line was particularly responsive to 
butyrate. Further studies have shown that hMLH1- 
defective line is more sensitive to butyrate than the 
MMR-proficient SW480 CRC cell line and the 
HCT116+chr3 (chromosome 3) cell line. Both stu
dies indicated stronger inhibition of proliferation 
and induction of apoptosis in the hMLH1-deficient 
cells after exposure to 1 mm butyrate.194

8. Gut-brain axis and the role of hormones, 
neuro-mediators in immune response 
influenced by SCFAs

The gut-brain axis is an interconnected communi
cation network that plays a crucial role in regulat
ing both health and disease.195 CNS influences gut 
function through the hypothalamic-pituitary- 
adrenal (HPA) axis, as well as the sympathetic 
and parasympathetic divisions of the autonomic 
nervous system (ANS). Stress disrupts the normal 
functioning of the HPA axis, triggering the release 
of signaling molecules such as norepinephrine, 
catecholamines, serotonin or 5-hydroxytryptamine 
(5-HT), and cytokines. These molecules, produced 
by neurons, enterochromaffin cells, and immune 
cells, enter the gut lumen and affect the composi
tion and functioning of the gut microbiota.196 

Studies have shown that the stress-induced 
increase in norepinephrine can enhance the growth 
of harmful gut pathogens.197 ANS also plays a role 
in modulating the influence of the CNS on gut 
microbiota. Acute stress leads to changes in para
sympathetic and vagal activity directed at the gut 
and stomach,198 influencing important processes 
such as motility, permeability, acid secretion, and 
immune responses.199 These changes collectively 
impact the gut environment and are linked to 
microbial colonization in the small intestine and 
colon. Enteroendocrine cells (EECs) are specialized 
cells scattered throughout the gastrointestinal tract 
(GIT), comprising approximately 1% of the epithe
lial cells of GIT. These cells play a crucial role in 
regulating gut motility, appetite, and hormone 
secretion by producing a variety of gut hormones 
in response to dietary signals. EECs are classified 
into distinct types, each based on the specific hor
mone they produce, including ghrelin, nesfatin, 
somatostatin, 5-HT, gastrin, cholecystokinin 
(CCK), glucose-dependent insulinotropic 
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polypeptide (GIP), glucagon-like peptide 1 (GLP- 
1), and peptide YY (PYY).200 As sensory cells, EECs 
facilitate communication between the gut contents 
and the host’s physiological responses, influencing 
food intake regulation, insulin release, and beha
vioral adaptations.

Gut hormones serve a range of functions across 
multiple tissues, from the GIT to the CNS. To date, 
more than 20 active gut hormones have been 
identified,201 many of which share overlapping 
actions and targets. While primarily studied for 
their roles in nutrient detection, digestion, and 
insulin regulation, recent research has revealed 
that gut hormones also play a key role in modulat
ing anxiety and depression.202 SCFAs interact with 
FFAR2 and FFAR3 receptors on type-L enteroen
docrine colonocytes,203 triggering the release of 
anorexigenic hormones, including peptide YY 
(PYY) and glucagon-like peptide 1 (GLP-1).204–207 

These hormones are then transported to the brain 
through vagal afferents208 or the bloodstream,209 

where they regulate appetite and food intake.210 

Acetate is known to cross the blood-brain barrier 
(BBB) and affect brain areas involved in satiety by 
enhancing the expression of hypothalamic 
neuropeptides.211 Furthermore, increased colonic 
propionate levels have been linked to a reduced 
preference for high-energy foods, a decrease in 
energy intake, and lower activity in attenuating 
reward-based eating behavior via striatal pathways, 
without changing PYY or GLP-1 levels.212 While 
some studies suggest that SCFAs can increase PYY 
and GLP-1 levels, others have found no 
effect.213,214 The inconsistent findings may be due 
to differences in study design, sample size, or dura
tion of SCFA elevation. While early studies suggest 
that PYY and GLP-1 are expressed in several brain 
regions,215–218 including the nucleus tractus soli
tarius (NTS), a primary projection area for the 
vagus nerve,215 these hormones have been asso
ciated with reward processing, anti-anxiety and 
antidepressant effects, and enhancements in mem
ory and neuroplasticity.219–223 However, further 
research is required to verify whether PYY is pro
duced outside the GIT. Furthermore, the impact of 
SCFA-induced changes in these appetite-regulating 
hormones on anxiety, stress, or depression remains 
uncertain.

Under normal physiological conditions, 
immune cell activation and cytokine production 
have minimal impact on the CNS. However, sys
temic infections can significantly influence cogni
tion, behavior,224,225 and interactions between 
cytokines and neural processes can affect mood 
and motivation.226 Modifications in the micro
biome may alter SCFA production, which could 
subsequently impact peripheral immunity and 
brain function. Improving barrier function could 
help reduce systemic inflammation, with the inter
action of SCFAs and immune cells potentially play
ing a crucial role in this process.227 SCFAs may also 
affect brain function through their influence on 
both the innate and adaptive immune systems. 
For instance, Mohle et al, reported a reduction in 
hippocampal neurogenesis after antibiotic treat
ment, which was reversed by a combination of 
probiotics and microbiota recolonization.228 

Importantly, a study has showed a positive correla
tion between LY6Chi monocyte levels in the brain 
and neurogenesis,228 suggesting a potential role for 
SCFAs in this relationship,229,230 which warrants 
further research. Systemic inflammation is com
monly understood to contribute to 
neuroinflammation,227 though additional research 
is needed to fully determine the role of SCFAs in 
this process. Microglia, which serve as the brain’s 
primary immune cells, are essential for innate 
immune responses and brain development. 
Additionally, the gut microbiome has been shown 
to influence microglial function. Under normal 
conditions, a well-balanced microbiome supports 
the maintenance and maturation of microglia.231 

Notably, in germ-free mice, where microglia are 
typically underdeveloped, the supplementation of 
SCFAs such as acetate, butyrate, and propionate 
help restore microglial maturation, bringing them 
closer to the structure observed in specific patho
gen-free (SPF) mice.231 While the mechanisms 
through which SCFAs influence microglial struc
ture and function remain unclear, FFARs are likely 
involved. Studies have shown that mice lacking 
FFAR2 exhibit microglia with an underdeveloped 
appearance like those of germ-free mice.232 SCFAs 
regulate numerous processes along the microbiota- 
gut-brain axis, acting through both direct and 
indirect pathways, with epigenetic signaling 
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playing a central role. Further exploration of this 
complex interaction could lead to new therapeutic 
approaches for treating central nervous system 
disorders.

9. Medical translation of SCFAs in treating CRC

The medical translation of SCFAs in treating CRC 
is an active area of research. FMT has shown pro
mise in germ-free mouse models of CRC, mimick
ing the immune checkpoint inhibitor (ICI) effects 
observed in the donor.233 Ongoing clinical trials 
(NCT04729322 and NCT04130763) are examining 
these findings in greater detail. Additionally, FMT 
has shown promise in treating refractory ICI- 
induced colitis in patients. Probiotics, such as 
Bifidobacterium and Lactobacillus reuteri, have 
also demonstrated potential in alleviating ICI- 
induced colitis.234,235 Moreover, specific probiotics 
have been found to enhance the efficacy of ICIs in 
mouse models of CRC,236 Lactobacillus rhamnosus 
Probio M9 and blends like guanosine, α- 
ketoglutaric acid (α-KG), 6-hydroxy-3-succinyl
pyridine, N-acetyl-l-glutamic acid, pyridoxine, 
dopaquinone, xanthosine, aldosterone, L-threo- 
3-methylaspartate, 3′-aenylic acid, adenosine 5′- 
diphosphate, oleandolide and terpentedienyl 
diphosphate, have been found to enhance the effi
cacy of ICIs in mouse models of both microsatellite 
instability-high and microsatellite-stable CRC. 
Ongoing clinical trials (NCT04208958) are further 
exploring these effects.236 In vitro studies have 
shown that Lactobacillus species and their metabo
lites could sensitize drug-resistant CRC cells to 
chemotherapy.237,238 Dietary fiber and its metabo
lites, such as butyrate, have been shown to increase 
the effectiveness of anti-PD-1 therapy in CRC allo
graft models.239 Furthermore, genetically engi
neered probiotics and selective bacteriophages 
targeting of Fusobacterium nucleatum have poten
tial in enhancing ICI activity and improving 
chemotherapy outcomes in animal models of 
CRC.239–241 Recent studies have also explored the 
role of SCFAs in modulating the tumor microen
vironment. For instance, butyrate has been shown 
to inhibit the proliferation of CRC cells by inducing 
cell cycle arrest and apoptosis.242 Additionally, pro
pionate has been found to induce apoptosis in 

colon cancer by downregulation of protein argi
nine methyltransferase 1, a key enzyme in epige
netic modification.243

10. Conclusion and future perspectives

Individual variations in gut microbiota composi
tion are influenced by factors such as diet, age, and 
health status, though the overall complexity of the 
human gut microbiota remains relatively stable. 
Specific microbiome changes have been increas
ingly linked to colorectal cancer (CRC). It is sug
gested that CRC may result from intensified 
interactions between pathogenic microbiota and 
a disrupted host response at genomic and epige
nomic levels. Despite significant progress in gut 
microbiota research, there are still challenges to 
address. Current metagenomic annotations of 
microbial taxa typically reach only the genus or 
species level, which is insufficient for identifying 
specific strains involved in CRC pathogenesis and 
their mechanisms. Metabolomics associated with 
various gut microbial organisms has been shown 
to have an interplay with the host, including 
a considerable influence over cancer development 
and prevention. Further research is needed to iden
tify microbial strains using multi-omic approaches 
and data mining algorithms. Additionally, most 
CRC studies are cross-sectional, limiting insights 
into the dynamic changes in gut microbiota and 
their causal relationship with CRC. Thus, integrat
ing multi-omics data across different populations 
for longitudinal microbial profiling is essential to 
better understand the role of gut microbiome in 
development of CRC. The future of microbiota- 
derived short-chain fatty acids (SCFAs) in CRC 
looks promising, with several key areas of potential 
impact. SCFAs such as butyrate, propionate, and 
acetate have demonstrated protective effects 
against CRC by supporting healthy gut microbiota, 
enhancing mucosal barrier function, and regulat
ing inflammation. More research needed on SCFAs 
utilization for dietary or supplemental interven
tions to prevent CRC. Additionally, SCFAs could 
serve as adjunctive treatments in CRC, potentially 
affecting tumor growth, immune responses, as well 
as efficacy of existing therapies. Personalized 
approaches based on individual microbiome 
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profiles and SCFA metabolism may refine CRC 
prevention and treatment strategies. Further inves
tigation is required to understand how SCFAs 
influence CRC development and progression, 
including their effects on epigenetics and cellular 
pathways. Combining SCFAs with other therapies, 
like immunotherapy or targeted treatments, could 
improve overall efficacy and address resistance. 
Strategies to increase SCFA production through 
probiotics, prebiotics, or dietary changes might 
enhance anti-cancer effects and patient outcomes. 
Clinical trials are needed to determine the safety, 
efficacy, and optimal use of SCFA-based therapies 
in CRC. Overall, the field of microbiota-derived 
SCFAs in CRC holds significant promise for 
advancing preventive and therapeutic strategies.

Acknowledgments

The authors would like to thank Susheel Kumar Nethi, PhD, 
for his help in verifying the absence of any instances of unin
tentional plagiarism prior to submission of this text. The 
figures in this article were made using the BioRender toolkit, 
which is available online at www.biorender.com.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

S.R. received funding from the National Institutes of Health/ 
National Cancer Institute [1R01CA247763-01A1]. J.T. 
K. received funding from the Department of Veterans 
Affairs [CX002498-01A2].

ORCID

Kanve N. Suvilesh http://orcid.org/0000-0002-8054-7027
Satyanarayana Rachagani http://orcid.org/0000-0003- 
3949-8566

Author contributions

S.R., J.T.K: Conceptualization and outline of the paper, TB: 
manuscript draft writing and proof reading; SM, JC helped 
drafting of paper to TB; KNS, ETP, EG and YG: review & 
editing.

All authors reviewed the manuscript.

Data availability statement

All data analyzed for this review, if not included in this article 
and its files, are available from the corresponding authors on 
request.

Abbreviations

SCFAs short chain fatty acids
DNA deoxyribonucleic acid
ncRNA non-coding RNA
CRC colorectal cancer
IBD inflammatory bowel disease
FMT fecal microbiota transplantation
NF-κβ nuclear factor kappa B
PPARγ peroxisome proliferator-activated recep

tor gamma
Lgr5+ leucine-rich repeat-containing G protein- 

coupled receptor 5
PPAR-δ peroxisome proliferator-activated recep

tor delta
HDAC histone deacetylase
NADH/NAD+ nicotinamide adenine dinucleotide
ATP adenosine triphosphate
LHR luteinizing hormone receptor
XIAP X-linked inhibitor of apoptosis protein
IDO1 indoleamine 2,3‐dioxygenase 1
FOXP3 forkhead box protein P3
IEC intestinal epithelial cells
ROS reactive oxygen species
5FU fluorouracil
NaB sodium butyrate
SLC5A8 solute carrier family 5 member 8
GPCRs G protein-coupled receptors
GPR109a G protein-coupled receptor 109a
GPR43 G protein-coupled receptor 43
GPR41 G protein-coupled receptor 41
Gαi and Gαq G protein subunit type
CSE1L chromosome segregation 1-like
HFD high-fat diet
CRP C-reactive protein
TNF-α tumor necrosis factor alpha
IL-6 Interleukin-6
PD-1 programmed cell death protein 1
MYC myelocytomatosis
RET proto-oncogene
MET mesenchymal epithelial transition
EGFR epidermal growth factor receptor
TGFRB2 transforming growth factor receptor-β2
PTEN phosphatase
CHEK2 checkpoint kinase 2
CDKN2A cyclin-dependent kinase inhibitor 2A
EGF epidermal growth factor
TGFα transforming growth factor alpha
MAPK mitogen-activated protein kinases

GUT MICROBES 17

http://www.biorender.com


PI3K phosphoinositide 3-kinases
Akt protein kinase B
mTOR mammalian target of rapamycin
NFATc nuclear factor of activated T cells
HIF-1 hypoxia-inducible factor 1
PMA phorbol 12-myristate 13-acetate
TSA trichostatin A
LPS lipopolysaccharide
NKG2D natural killer group 2D receptor
TLRs Toll-like receptors
DSS dextran sulfate sodium
NETs neutrophil extracellular traps
COX cyclooxygenase
iNOS or NOS II inducible nitric oxide synthase
APC adenomatous polyposis coli
IgE immunoglobulin E
AhR aryl hydrocarbon receptor
ARNT aryl hydrocarbon receptor nuclear 

translocator
HAT histone acetyltransferase
K/HDAC lysine/histone deacetylase
PLC phospholipase C
TF transcription factor
XRE xenobiotic response element
SAM S-adenosylmethionine
DNMTs DNA methyltransferases
TET ten-eleven translocation
lncRNA long-noncoding RNAs
miRNAs micro-RNAs
HMTs histone methyltransferases
HDMs demethylases
E2F transcription factor 1
UHRF1 ubiquitin like with PHD and ring finger 

domains 1
HIST2H3A histone cluster 2 h3 family member A
HIST1H4K histone H4 in humans
HIST1H4L histone H4 protein in humans
HIST1H3B the gene that encodes histone H3.1
HIST1H3D the gene that encodes the histone H3.1 

protein in humans
HIST1H3H histone cluster 1, H3h
FOXM1 forkhead box protein M
LHR luteinizing hormone receptor
XIAP X-linked inhibitor of apoptosis protein
IDO-1 indoleamine 2,3-dioxygenase 1
FGIDs functional gastrointestinal disorders
IBS irritable bowel syndrome
Th17 T helper
SFB segmented filamentous bacteria
RA retinoic acid
Bas Bile acids
GF germ-free
IBD Inflammatory Bowel Disease
MSI microsatellite instability
pMMR proficient mismatch repair
hMLH1 human mutL homolog 1
HPA hypothalamic-pituitary-adrenal

ANS autonomic nervous system
EECs Enteroendocrine cells
GIT gastrointestinal tract
5-HT 5-hydroxytryptamine
CCK cholecystokinin
GIP glucose-dependent insulinotropic  

polypeptide
GLP-1 glucagon-like peptide 1
PYY peptide YY
BBB blood-brain barrier
NTS nucleus tractus solitarius
SPF specific pathogen-free
ICI checkpoint inhibitor
α-KG α-ketoglutaric acid

References

1. Bhimani N, Wong GY, Molloy C, Dieng M, Kelly PJ, 
Hugh TJ. Lifetime direct healthcare costs of treating 
colorectal cancer: a systematic review. Eur J Health 
Econ. 2023;24(4):513–537. doi: 10.1007/s10198-022- 
01497-z  .

2. Guinane CM, Cotter PD. Role of the gut microbiota in 
health and chronic gastrointestinal disease: under
standing a hidden metabolic organ. Therap Adv 
Gastroenterol. 2013;6(4):295–308. doi: 10.1177/ 
1756283X13482996  .

3. Jean Wilson E, Sirpu Natesh N, Ghadermazi P, 
Pothuraju R, Prajapati DR, Pandey S, Kaifi JT, 
Dodam JR, Bryan JN, Lorson CL, et al. Red cabbage 
juice-mediated gut microbiota modulation improves 
intestinal epithelial homeostasis and ameliorates 
colitis. Int J Mol Sci. 2023;25(1):539. doi: 10.3390/ 
ijms25010539  .

4. Pham NHT, Joglekar MV, Wong WKM, Nassif NT, 
Simpson AM, Hardikar AA. Short-chain fatty acids 
and insulin sensitivity: a systematic review and 
meta-analysis. Nutr Rev. 2024;82(2):193–209. doi: 10. 
1093/nutrit/nuad042  .

5. Mao Y, Kong C, Zang T, You L, Wang LS, Shen L, 
Ge J-B. Impact of the gut microbiome on 
atherosclerosis. mLife. 2024;3(2):167–175. doi: 10. 
1002/mlf2.12110  .

6. Zhao Y, Wang C, Goel A. Role of gut microbiota in 
epigenetic regulation of colorectal cancer. Biochim 
Biophys Acta Rev Cancer. 2021;1875(1):188490. doi:  
10.1016/j.bbcan.2020.188490  .

7. Fang Y, Yan C, Zhao Q, Xu J, Liu Z, Gao J, Zhu H, 
Dai Z, Wang D, Tang D. The roles of microbial pro
ducts in the development of colorectal cancer: a review. 
Bioengineered. 2021;12(1):720–735. doi: 10.1080/ 
21655979.2021.1889109  .

8. Mirzaei R, Afaghi A, Babakhani S, Sohrabi MR, 
Hosseini-Fard SR, Babolhavaeji K, Khani Ali Akbari S, 
Yousefimashouf R, Karampoor S. Role of 
microbiota-derived short-chain fatty acids in cancer 

18 B. THULASINATHAN ET AL.

https://doi.org/10.1007/s10198-022-01497-z
https://doi.org/10.1007/s10198-022-01497-z
https://doi.org/10.1177/1756283X13482996
https://doi.org/10.1177/1756283X13482996
https://doi.org/10.3390/ijms25010539
https://doi.org/10.3390/ijms25010539
https://doi.org/10.1093/nutrit/nuad042
https://doi.org/10.1093/nutrit/nuad042
https://doi.org/10.1002/mlf2.12110
https://doi.org/10.1002/mlf2.12110
https://doi.org/10.1016/j.bbcan.2020.188490
https://doi.org/10.1016/j.bbcan.2020.188490
https://doi.org/10.1080/21655979.2021.1889109
https://doi.org/10.1080/21655979.2021.1889109


development and prevention. Biomed Pharmacother. 
2021;139:111619. doi: 10.1016/j.biopha.2021.111619  .

9. Feitelson MA, Arzumanyan A, Medhat A, Spector I. 
Short-chain fatty acids in cancer pathogenesis. Cancer 
Metastasis Rev. 2023;42(3):677–698. doi: 10.1007/ 
s10555-023-10117-y  .

10. Ugwu OP, Alum EU, Okon MB, Obeagu EI. 
Mechanisms of microbiota modulation: implications 
for health, disease, and therapeutic interventions. Med 
(Baltim). 2024;103(19):e38088. doi: 10.1097/MD. 
0000000000038088  .

11. Fusco W, Lorenzo MB, Cintoni M, Porcari S, 
Rinninella E, Kaitsas F. Short-chain fatty-acid- 
producing bacteria: key components of the human gut 
microbiota. Nutrients 9. 2023; 15 doi:10.3390/ 
nu15092211  . 37432351

12. Delgado S, Sanchez B, Margolles A, Ruas-Madiedo P, 
Ruiz L. Molecules produced by probiotics and intestinal 
microorganisms with immunomodulatory activity. 
Nutrients. 2020;12(2):12. doi: 10.3390/nu12020391  .

13. Nogal A, Valdes AM, Menni C. The role of short-chain 
fatty acids in the interplay between gut microbiota and 
diet in cardio-metabolic health. Gut Microbes. 2021;13 
(1):1–24. doi: 10.1080/19490976.2021.1897212  .

14. Fernandez-Veledo S, Vendrell J. Gut microbiota- 
derived succinate: friend or foe in human metabolic 
diseases? Rev Endocr Metab Disord. 2019;20(4): 
439–447. doi: 10.1007/s11154-019-09513-z  .

15. Singh V, Lee G, Son H, Koh H, Kim ES, Unno T, 
Shin J-H. Butyrate producers, “the sentinel of gut”: 
their intestinal significance with and beyond butyrate, 
and prospective use as microbial therapeutics. Front 
Microbiol. 2022;13:1103836. doi: 10.3389/fmicb.2022. 
1103836  .

16. Markowiak P, Slizewska K. Effects of probiotics, pre
biotics, and synbiotics on human health. Nutrients. 
2017;9(9):1021. doi: 10.3390/nu9091021  .

17. Saha L. Irritable bowel syndrome: pathogenesis, diag
nosis, treatment, and evidence-based medicine. World 
J Gastroenterol. 2014;20(22):6759–6773. doi: 10.3748/ 
wjg.v20.i22.6759  .

18. Yadav H, Lee JH, Lloyd J, Walter P, Rane SG. Beneficial 
metabolic effects of a probiotic via butyrate-induced 
GLP-1 hormone secretion. J Biol Chem. 2013;288 
(35):25088–25097. doi: 10.1074/jbc.M113.452516  .

19. Chang HY, Chen JH, Chang JH, Lin HC, Lin CY, 
Peng CC, Hills RK. Multiple strains probiotics appear 
to be the most effective probiotics in the prevention of 
necrotizing enterocolitis and mortality: an updated 
meta-analysis. PLOS ONE. 2017;12(2):e0171579. doi:  
10.1371/journal.pone.0171579  .

20. Ganji-Arjenaki M, Rafieian-Kopaei M. Probiotics are 
a good choice in remission of inflammatory bowel dis
eases: a meta analysis and systematic review. J Cell 
Physiol. 2018;233(3):2091–2103. doi: 10.1002/jcp. 
25911  .

21. Uusitalo U, Liu X, Yang J, Aronsson CA, Hummel S, 
Butterworth M, Lernmark Å, Rewers M, Hagopian W, 
She J-X, et al. Association of early exposure of probio
tics and islet autoimmunity in the TEDDY study. 
JAMA Pediatr. 2016;170(1):20–28. doi: 10.1001/jamape 
diatrics.2015.2757  .

22. Hemarajata P, Versalovic J. Effects of probiotics on gut 
microbiota: mechanisms of intestinal immunomodula
tion and neuromodulation. Therap Adv Gastroenterol. 
2013;6(1):39–51. doi: 10.1177/1756283X12459294  .

23. Nikbakht E, Khalesi S, Singh I, Williams LT, West NP, 
Colson N. Effect of probiotics and synbiotics on blood 
glucose: a systematic review and meta-analysis of con
trolled trials. Eur J Nutr. 2018;57(1):95–106. doi: 10. 
1007/s00394-016-1300-3  .

24. Li Y, Huang Y, Liang H, Wang W, Li B, Liu T, Huang Y, 
Zhang Z, Qin Y, Zhou X, et al. The roles and applica
tions of short-chain fatty acids derived from microbial 
fermentation of dietary fibers in human cancer. Front 
Nutr. 2023;10:1243390. doi: 10.3389/fnut.2023.1243390  .

25. Tan J, McKenzie C, Potamitis M, Thorburn AN, 
Mackay CR, Macia L. The role of short-chain fatty 
acids in health and disease. Adv Immunol. 
2014;121:91–119.

26. Bach Knudsen KE, Laerke HN, Hedemann MS, 
Nielsen TS, Ingerslev AK, Gundelund Nielsen DS, 
Theil PK, Purup S, Hald S, Schioldan AG, et al. 
Impact of diet-modulated butyrate production on 
intestinal barrier function and inflammation. 
Nutrients. 2018;10(10):10. doi: 10.3390/nu10101499  .

27. Encarnacao JC, Abrantes AM, Pires AS, Botelho MF. 
Revisit dietary fiber on colorectal cancer: butyrate and 
its role on prevention and treatment. Cancer Metastasis 
Rev. 2015;34(3):465–478. doi: 10.1007/s10555-015- 
9578-9  .

28. Vemuri R, Sylvia KE, Klein SL, Forster SC, Plebanski M, 
Eri R, Flanagan KL. The microgenderome revealed: sex 
differences in bidirectional interactions between the 
microbiota, hormones, immunity and disease 
susceptibility. Semin Immunopathol. 2019;41 
(2):265–275. doi: 10.1007/s00281-018-0716-7  .

29. Shastri P, McCarville J, Kalmokoff M, Brooks SP, 
Green-Johnson JM. Sex differences in gut fermentation 
and immune parameters in rats fed an 
oligofructose-supplemented diet. Biol Sex Differ. 
2015;6(1):13. doi: 10.1186/s13293-015-0031-0  .

30. Ou J, Carbonero F, Zoetendal EG, DeLany JP, Wang M, 
Newton K, Gaskins HR, O’Keefe SJ. Diet, microbiota, 
and microbial metabolites in colon cancer risk in rural 
Africans and African Americans. Am J Clin Nutr. 
2013;98(1):111–120. doi: 10.3945/ajcn.112.056689  .

31. Mueller S, Saunier K, Hanisch C, Norin E, Alm L, 
Midtvedt T, Cresci A, Silvi S, Orpianesi C, 
Verdenelli MC, et al. Differences in fecal microbiota 
in different European study populations in relation to 
age, gender, and country: a cross-sectional study. Appl 

GUT MICROBES 19

https://doi.org/10.1016/j.biopha.2021.111619
https://doi.org/10.1007/s10555-023-10117-y
https://doi.org/10.1007/s10555-023-10117-y
https://doi.org/10.1097/MD.0000000000038088
https://doi.org/10.1097/MD.0000000000038088
https://doi.org/10.3390/nu15092211
https://doi.org/10.3390/nu15092211
https://doi.org/10.3390/nu12020391
https://doi.org/10.1080/19490976.2021.1897212
https://doi.org/10.1007/s11154-019-09513-z
https://doi.org/10.3389/fmicb.2022.1103836
https://doi.org/10.3389/fmicb.2022.1103836
https://doi.org/10.3390/nu9091021
https://doi.org/10.3748/wjg.v20.i22.6759
https://doi.org/10.3748/wjg.v20.i22.6759
https://doi.org/10.1074/jbc.M113.452516
https://doi.org/10.1371/journal.pone.0171579
https://doi.org/10.1371/journal.pone.0171579
https://doi.org/10.1002/jcp.25911
https://doi.org/10.1002/jcp.25911
https://doi.org/10.1001/jamapediatrics.2015.2757
https://doi.org/10.1001/jamapediatrics.2015.2757
https://doi.org/10.1177/1756283X12459294
https://doi.org/10.1007/s00394-016-1300-3
https://doi.org/10.1007/s00394-016-1300-3
https://doi.org/10.3389/fnut.2023.1243390
https://doi.org/10.3390/nu10101499
https://doi.org/10.1007/s10555-015-9578-9
https://doi.org/10.1007/s10555-015-9578-9
https://doi.org/10.1007/s00281-018-0716-7
https://doi.org/10.1186/s13293-015-0031-0
https://doi.org/10.3945/ajcn.112.056689


Environ Microbiol. 2006;72(2):1027–1033. doi: 10. 
1128/AEM.72.2.1027-1033.2006  .

32. Takagi T, Naito Y, Inoue R, Kashiwagi S, Uchiyama K, 
Mizushima K, Tsuchiya S, Dohi O, Yoshida N, 
Kamada K, et al. Correction to: differences in gut 
microbiota associated with age, sex, and stool consis
tency in healthy Japanese subjects. J Gastroenterol. 
2019;54(1):96–98. doi: 10.1007/s00535-018-1504-9  .

33. Lee JY, Kim N, Choi YJ, Park JH, Ashktorab H, 
Smoot DT, Lee DH. Expression of tight junction pro
teins according to functional dyspepsia subtype and sex. 
J Neurogastroenterol Motil. 2020;26(2):248–258. doi:  
10.5056/jnm19208  .

34. Selma-Royo M, Tarrazo M, Garcia-Mantrana I, 
Gomez-Gallego C, Salminen S, Collado MC. Shaping 
microbiota during the first 1000 days of life. Adv Exp 
Med Biol. 2019;1125:3–24.

35. Garcia-Mantrana I, Selma-Royo M, Alcantara C, 
Collado MC. Shifts on gut microbiota associated to 
mediterranean diet adherence and specific dietary 
intakes on general adult population. Front Microbiol. 
2018;9:890. doi: 10.3389/fmicb.2018.00890  .

36. Wong JM, de Souza R, Kendall CW, Emam A, 
Jenkins DJ. Colonic health: fermentation and short 
chain fatty acids. J Clin Gastroenterol. 2006;40 
(3):235–243. doi: 10.1097/00004836-200603000-00015  .

37. Veettil SK, Wong TY, Loo YS, Playdon MC, Lai NM, 
Giovannucci EL, Chaiyakunapruk N. Role of diet in 
colorectal cancer incidence: umbrella review of 
meta-analyses of prospective observational studies. 
JAMA Netw Open. 2021;4(2):e2037341. doi: 10.1001/ 
jamanetworkopen.2020.37341  .

38. Yang J, Wei H, Zhou Y, Szeto CH, Li C, Lin Y, 
Coker OO, Lau HCH, Chan AWH, Sung JJY, et al. 
High-fat diet promotes colorectal tumorigenesis 
through modulating gut microbiota and metabolites. 
Gastroenterology. 2022;162(1):135–49 e2. doi: 10. 
1053/j.gastro.2021.08.041  .

39. Beyaz S, Mana MD, Roper J, Kedrin D, Saadatpour A, 
Hong SJ, Bauer-Rowe KE, Xifaras ME, Akkad A, 
Arias E, et al. High-fat diet enhances stemness and 
tumorigenicity of intestinal progenitors. Nature. 
2016;531(7592):53–58. doi: 10.1038/nature17173  .

40. Scott TA, Quintaneiro LM, Norvaisas P, Lui PP, 
Wilson MP, Leung KY, Herrera-Dominguez L, 
Sudiwala S, Pessia A, Clayton PT, et al. Host-microbe 
Co-metabolism dictates cancer drug efficacy in C. 
elegans. Cell. 2017;169(3):442–456.e18. doi: 10.1016/j. 
cell.2017.03.040  .

41. Hou K, Wu ZX, Chen XY, Wang JQ, Zhang D, Xiao C, 
Zhu D, Koya JB, Wei L, Li J, et al. Microbiota in health 
and diseases. Signal Transduct Target Ther. 2022;7 
(1):135. doi: 10.1038/s41392-022-00974-4  .

42. Loke YL, Chew MT, Ngeow YF, Lim WWD, Peh SC. 
Colon carcinogenesis: the interplay between diet and 
gut microbiota. Front Cell Infect Microbiol. 
2020;10:603086. doi: 10.3389/fcimb.2020.603086  .

43. Donohoe DR, Holley D, Collins LB, Montgomery SA, 
Whitmore AC, Hillhouse A, Curry KP, Renner SW, 
Greenwalt A, Ryan EP, et al. A gnotobiotic mouse 
model demonstrates that dietary fiber protects against 
colorectal tumorigenesis in a microbiota- and 
butyrate-dependent manner. Cancer Discov. 2014;4 
(12):1387–1397. doi: 10.1158/2159-8290.CD-14-0501  .

44. Deehan EC, Yang C, Perez-Munoz ME, Nguyen NK, 
Cheng CC, Triador L, Zhang Z, Bakal JA, Walter J. 
Precision microbiome modulation with discrete dietary 
fiber structures directs short-chain fatty acid 
production. Cell Host Microbe. 2020;27(3):389–404. 
e6. doi: 10.1016/j.chom.2020.01.006  .

45. Song M, Chan AT, Sun J. Influence of the gut micro
biome, diet, and environment on risk of colorectal 
cancer. Gastroenterology. 2020;158(2):322–340. doi:  
10.1053/j.gastro.2019.06.048  .

46. Eslami M, Yousefi B, Kokhaei P, Hemati M, Nejad ZR, 
Arabkari V, Namdar A. Importance of probiotics in the 
prevention and treatment of colorectal cancer. J Cell 
Physiol. 2019;234(10):17127–17143. doi: 10.1002/jcp. 
28473  .

47. Chen D, Jin D, Huang S, Wu J, Xu M, Liu T, Dong W, 
Liu X, Wang S, Zhong W, et al. Clostridium butyricum, 
a butyrate-producing probiotic, inhibits intestinal 
tumor development through modulating wnt signaling 
and gut microbiota. Cancer Lett. 2020;469:456–467. 
doi: 10.1016/j.canlet.2019.11.019  .

48. Owens JA, Saeedi BJ, Naudin CR, Hunter-Chang S, 
Barbian ME, Eboka RU, Askew L, Darby TM, 
Robinson BS, Jones RM. Lactobacillus rhamnosus GG 
orchestrates an antitumor immune response. Cell Mol 
Gastroenterol Hepatol. 2021;12(4):1311–1327. doi: 10. 
1016/j.jcmgh.2021.06.001  .

49. Zhuo Q, Yu B, Zhou J, Zhang J, Zhang R, Xie J, 
Wang Q, Zhao S. Lysates of Lactobacillus acidophilus 
combined with CTLA-4-blocking antibodies enhance 
antitumor immunity in a mouse colon cancer model. 
Sci Rep. 2019;9(1):20128. doi: 10.1038/s41598-019- 
56661-y  .

50. Fan L, Xu C, Ge Q, Lin Y, Wong CC, Qi Y, Ye B, Lian Q, 
Zhuo W, Si J, et al. A. Muciniphila suppresses colorectal 
tumorigenesis by inducing TLR2/NLRP3-mediated 
M1-like TAMs. Cancer Immunol Res. 2021;9 
(10):1111–1124. doi: 10.1158/2326-6066.CIR-20-1019  .

51. Yang T, Owen JL, Lightfoot YL, Kladde MP, 
Mohamadzadeh M. Microbiota impact on the epige
netic regulation of colorectal cancer. Trends Mol Med. 
2013;19(12):714–725. doi: 10.1016/j.molmed.2013.08. 
005  .

52. Tilg H, Adolph TE, Gerner RR, Moschen AR. The 
intestinal microbiota in colorectal cancer. Cancer Cell. 
2018;33(6):954–964. doi: 10.1016/j.ccell.2018.03.004  .

53. Xu R, Li M, Wang T, Zhao YW, Shan CJ, Qiao F. Bacillus 
amyloliquefaciens ameliorates high-carbohydrate diet- 
induced metabolic phenotypes by restoration of 

20 B. THULASINATHAN ET AL.

https://doi.org/10.1128/AEM.72.2.1027-1033.2006
https://doi.org/10.1128/AEM.72.2.1027-1033.2006
https://doi.org/10.1007/s00535-018-1504-9
https://doi.org/10.5056/jnm19208
https://doi.org/10.5056/jnm19208
https://doi.org/10.3389/fmicb.2018.00890
https://doi.org/10.1097/00004836-200603000-00015
https://doi.org/10.1001/jamanetworkopen.2020.37341
https://doi.org/10.1001/jamanetworkopen.2020.37341
https://doi.org/10.1053/j.gastro.2021.08.041
https://doi.org/10.1053/j.gastro.2021.08.041
https://doi.org/10.1038/nature17173
https://doi.org/10.1016/j.cell.2017.03.040
https://doi.org/10.1016/j.cell.2017.03.040
https://doi.org/10.1038/s41392-022-00974-4
https://doi.org/10.3389/fcimb.2020.603086
https://doi.org/10.1158/2159-8290.CD-14-0501
https://doi.org/10.1016/j.chom.2020.01.006
https://doi.org/10.1053/j.gastro.2019.06.048
https://doi.org/10.1053/j.gastro.2019.06.048
https://doi.org/10.1002/jcp.28473
https://doi.org/10.1002/jcp.28473
https://doi.org/10.1016/j.canlet.2019.11.019
https://doi.org/10.1016/j.jcmgh.2021.06.001
https://doi.org/10.1016/j.jcmgh.2021.06.001
https://doi.org/10.1038/s41598-019-56661-y
https://doi.org/10.1038/s41598-019-56661-y
https://doi.org/10.1158/2326-6066.CIR-20-1019
https://doi.org/10.1016/j.molmed.2013.08.005
https://doi.org/10.1016/j.molmed.2013.08.005
https://doi.org/10.1016/j.ccell.2018.03.004


intestinal acetate-producing bacteria in Nile Tilapia. Br 
J Nutr. 2022;127:653–665.

54. Fukuda S, Toh H, Taylor TD, Ohno H, Hattori M. 
Acetate-producing bifidobacteria protect the host 
from enteropathogenic infection via carbohydrate 
transporters. Gut Microbes. 2012;3(5):449–454. doi:  
10.4161/gmic.21214  .

55. Nogal A, Louca P, Zhang X, Wells PM, Steves CJ, 
Spector TD, Falchi M, Valdes AM, Menni C. 
Circulating levels of the short-chain fatty acid acetate 
mediate the effect of the gut microbiome on visceral fat. 
Front Microbiol. 2021;12:711359. doi: 10.3389/fmicb. 
2021.711359  .

56. Hou H, Chen D, Zhang K, Zhang W, Liu T, Wang S. 
Gut microbiota-derived short-chain fatty acids and col
orectal cancer: ready for clinical translation? Cancer 
Lett. 2022;526:225–235.

57. Alessi AM, Gray V, Farquharson FM, Flores-Lopez A, 
Shaw S, Stead D, Wegmann U, Shearman C, Gasson M, 
Collie‐Duguid ESR, et al. β-Glucan is a major growth 
substrate for human gut bacteria related to coprococcus 
eutactus. Environ Microbiol. 2020;22(6):2150–2164. 
doi: 10.1111/1462-2920.14977  .

58. Kullberg RFJ, Wikki I, Haak BW, Kauko A, 
Galenkamp H, Peters-Sengers H, Butler JM, 
Havulinna AS, Palmu J, McDonald D, et al. 
Association between butyrate-producing gut bacteria 
and the risk of infectious disease hospitalisation: results 
from two observational, population-based microbiome 
studies. Lancet Microbe. 2024;5(9):100864. doi: 10. 
1016/S2666-5247(24)00079-X  .

59. Intarajak T, Udomchaiprasertkul W, Khoiri AN, 
Sutheeworapong S, Kusonmano K, Kittichotirat W, 
Thammarongtham C, Cheevadhanarak S. Distinct gut 
microbiomes in Thai patients with colorectal polyps. 
World J Gastroenterol. 2024;30(27):3336–3355. doi: 10. 
3748/wjg.v30.i27.3336  .

60. Zhu LB, Zhang YC, Huang HH, Lin J. Prospects for 
clinical applications of butyrate-producing bacteria. 
World J Clin Pediatr. 2021;10(5):84–92. doi: 10.5409/ 
wjcp.v10.i5.84  .

61. Geirnaert A, Calatayud M, Grootaert C, Laukens D, 
Devriese S, Smagghe G, De Vos M, Boon N, Van de 
Wiele T. Butyrate-producing bacteria supplemented 
in vitro to Crohn’s disease patient microbiota increased 
butyrate production and enhanced intestinal epithelial 
barrier integrity. Sci Rep. 2017;7(1):11450. doi: 10.1038/ 
s41598-017-11734-8  .

62. Juge N. Microbe profile: ruminococcus gnavus: the yin 
and yang of human gut symbionts. Microbiol (Read). 
2023;169(8):169. doi: 10.1099/mic.0.001383  .

63. Duncan SH, Barcenilla A, Stewart CS, Pryde SE, Flint HJ. 
Acetate utilization and butyryl coenzyme a (CoA): 
acetate-CoA transferase in butyrate-producing bacteria 
from the human large intestine. Appl Environ Microbiol. 
2002;68(10):5186–5190. doi: 10.1128/AEM.68.10.5186- 
5190.2002  .

64. Gross K, Santiago M, Krieger JM, Hagele AM, 
Zielinska K, Scheiman J, Jäger R, Kostic A, 
Kerksick CM. Impact of probiotic Veillonella atypica 
FB0054 supplementation on anaerobic capacity and 
lactate. iScience. 2024;27(1):108643. doi: 10.1016/j.isci. 
2023.108643  .

65. Wu S, Powell J, Mathioudakis N, Kane S, Fernandez E, 
Sears CL. Bacteroides fragilis enterotoxin induces 
intestinal epithelial cell secretion of interleukin-8 
through mitogen-activated protein kinases and 
a tyrosine kinase-regulated nuclear factor-kappaB 
pathway. Infect Immun. 2004;72(10):5832–5839. doi:  
10.1128/IAI.72.10.5832-5839.2004  .

66. Housseau F, Sears CL. Enterotoxigenic Bacteroides fra
gilis (ETBF)-mediated colitis in min (Apc±) mice: 
a human commensal-based murine model of colon 
carcinogenesis. Cell Cycle. 2010;9:3–5.

67. Chung L, Thiele Orberg E, Geis AL, Chan JL, Fu K, 
DeStefano Shields CE, Dejea CM, Fathi P, Chen J, 
Finard BB. Bacteroides fragilis toxin coordinates a 
pro-carcinogenic inflammatory cascade via targeting 
of colonic epithelial cells. Cell Host Microbe. 2018;23 
(2):203–214.e5. doi: 10.1016/j.chom.2018.01.007  .

68. Kumar R, Herold JL, Schady D, Davis J, Kopetz S, 
Martinez-Moczygemba M. Streptococcus gallolyticus 
subsp. gallolyticus promotes colorectal tumor 
development. PLOS Pathog. 2017;13:e1006440.

69. Ellmerich S, Scholler M, Duranton B, Gosse F, 
Galluser M, Klein JP. Promotion of intestinal carcino
genesis by Streptococcus bovis. Carcinogenesis. 
2000;21:753–756.

70. Yu T, Guo F, Yu Y, Sun T, Ma D, Han J, Qian Y, 
Kryczek I, Sun D, Nagarsheth N, et al. Fusobacterium 
nucleatum promotes chemoresistance to colorectal can
cer by modulating autophagy. Cell. 2017;170(3):548– 
563.e16. doi: 10.1016/j.cell.2017.07.008  .

71. Kostic AD, Chun E, Robertson L, Glickman JN, 
Gallini CA, Michaud M. Fusobacterium nucleatum 
potentiates intestinal tumorigenesis and modulates the 
tumor-immune microenvironment. Cell Host Microbe. 
2013;14:207–215.

72. Wu J, Li Q, Fu X. Fusobacterium nucleatum contributes 
to the carcinogenesis of colorectal cancer by inducing 
inflammation and suppressing host immunity. Transl 
Oncol. 2019;12:846–851.

73. Martin R, Miquel S, Benevides L, Bridonneau C, 
Robert V, Hudault S, Chain F, Berteau O, Azevedo V, 
Chatel JM, et al. Functional characterization of novel 
faecalibacterium prausnitzii strains isolated from 
healthy volunteers: a step forward in the use of 
F. prausnitzii as a next-generation probiotic. Front 
Microbiol. 2017;8:1226. doi: 10.3389/fmicb.2017.01226  .

74. Jacouton E, Chain F, Sokol H, Langella P, Bermudez- 
Humaran LG. Probiotic strain Lactobacillus casei BL23 
prevents colitis-associated colorectal cancer. Front 
Immunol. 2017;8:1553.

GUT MICROBES 21

https://doi.org/10.4161/gmic.21214
https://doi.org/10.4161/gmic.21214
https://doi.org/10.3389/fmicb.2021.711359
https://doi.org/10.3389/fmicb.2021.711359
https://doi.org/10.1111/1462-2920.14977
https://doi.org/10.1016/S2666-5247(24)00079-X
https://doi.org/10.1016/S2666-5247(24)00079-X
https://doi.org/10.3748/wjg.v30.i27.3336
https://doi.org/10.3748/wjg.v30.i27.3336
https://doi.org/10.5409/wjcp.v10.i5.84
https://doi.org/10.5409/wjcp.v10.i5.84
https://doi.org/10.1038/s41598-017-11734-8
https://doi.org/10.1038/s41598-017-11734-8
https://doi.org/10.1099/mic.0.001383
https://doi.org/10.1128/AEM.68.10.5186-5190.2002
https://doi.org/10.1128/AEM.68.10.5186-5190.2002
https://doi.org/10.1016/j.isci.2023.108643
https://doi.org/10.1016/j.isci.2023.108643
https://doi.org/10.1128/IAI.72.10.5832-5839.2004
https://doi.org/10.1128/IAI.72.10.5832-5839.2004
https://doi.org/10.1016/j.chom.2018.01.007
https://doi.org/10.1016/j.cell.2017.07.008
https://doi.org/10.3389/fmicb.2017.01226


75. Kahrstrom CT. Bacterial pathogenesis: E. coli claims 
the driving seat for cancer. Nat Rev Microbiol. 
2012;10:670.

76. Cuevas-Ramos G, Petit CR, Marcq I, Boury M, 
Oswald E, Nougayrede JP. Escherichia coli induces 
DNA damage in vivo and triggers genomic instabil
ity in mammalian cells. Proc Natl Acad Sci USA. 
2010;107(25):11537–11542. doi: 10.1073/pnas. 
1001261107  .

77. Lucas C, Salesse L, Hoang MHT, Bonnet M, Sauvanet P, 
Larabi A. Autophagy of intestinal epithelial cells inhi
bits colorectal carcinogenesis induced by 
colibactin-producing Escherichia coli in Apc(Min/+) 
mice. Gastroenterology. 2020;158:1373–1388.

78. Steck N, Hoffmann M, Sava IG, Kim SC, Hahne H, 
Tonkonogy SL, Mair K, Krueger D, Pruteanu M, 
Shanahan F, et al. Enterococcus faecalis metalloprotease 
compromises epithelial barrier and contributes to 
intestinal inflammation. Gastroenterology. 2011;141 
(3):959–971. doi: 10.1053/j.gastro.2011.05.035  .

79. Huycke MM, Abrams V, Moore DR. Enterococcus fae
calis produces extracellular superoxide and hydrogen 
peroxide that damages colonic epithelial cell DNA. 
Carcinogenesis. 2002;23(3):529–536. doi: 10.1093/car 
cin/23.3.529  .

80. Melton-Witt JA, Bentsen LM, Tweten RK. 
Identification of functional domains of Clostridium 
septicum alpha toxin. Biochemistry. 2006;45 
(48):14347–14354. doi: 10.1021/bi061334p  .

81. Zhao LY, Mei JX, Yu G, Lei L, Zhang WH, Liu K, 
Chen X-L, Kołat D, Yang K, Hu J-K. Role of the gut 
microbiota in anticancer therapy: from molecular 
mechanisms to clinical applications. Signal Transduct 
Target Ther. 2023;8(1):201. doi: 10.1038/s41392-023- 
01406-7  .

82. Portincasa P, Bonfrate L, Vacca M, De Angelis M, 
Farella I, Lanza E, Khalil M, Wang DQH, 
Sperandio M, Di Ciaula A. Gut microbiota and short 
chain fatty acids: implications in glucose homeostasis. 
Int J Mol Sci. 2022;23(3):23. doi: 10.3390/ijms23031105  .

83. Bergman EN. Energy contributions of volatile fatty 
acids from the gastrointestinal tract in various species. 
Physiol Rev. 1990;70(2):567–590. doi: 10.1152/physrev. 
1990.70.2.567  .

84. Roediger WE. Utilization of nutrients by isolated epithe
lial cells of the rat colon. Gastroenterology. 1982;83 
(2):424–429. doi: 10.1016/S0016-5085(82)80339-9  .

85. Ktsoyan ZA, Mkrtchyan MS, Zakharyan MK, 
Mnatsakanyan AA, Arakelova KA, Gevorgyan ZU, 
Sedrakyan AM, Hovhannisyan AI, Arakelyan AA, 
Aminov RI. Systemic concentrations of short chain 
fatty acids are elevated in Salmonellosis and exacerba
tion of familial Mediterranean fever. Front Microbiol. 
2016;7:776. doi: 10.3389/fmicb.2016.00776  .

86. Donohoe DR, Garge N, Zhang X, Sun W, 
O’Connell TM, Bunger MK, Bultman S. The micro
biome and butyrate regulate energy metabolism and 

autophagy in the mammalian colon. Cell Metab. 
2011;13(5):517–526. doi: 10.1016/j.cmet.2011.02.018  .

87. Sivaprakasam S, Bhutia YD, Yang S, Ganapathy V. 
Short-chain fatty acid transporters: role in colonic 
homeostasis. Compr Physiol. 2017;8:299–314.

88. McNeil NI, Cummings JH, James WP. Rectal absorp
tion of short chain fatty acids in the absence of chloride. 
Gut. 1979;20:400–403.

89. Binder HJ, Mehta P. Short-chain fatty acids stimulate 
active sodium and chloride absorption in vitro in the rat 
distal colon. Gastroenterology. 1989;96(4):989–996. 
doi: 10.1016/0016-5085(89)91614-4  .

90. Lutz T, Scharrer E. Effect of short-chain fatty acids on 
calcium absorption by the rat colon. Exp Physiol. 1991;76 
(4):615–618. doi: 10.1113/expphysiol.1991.sp003530  .

91. Basson MD, Liu YW, Hanly AM, Emenaker NJ, 
Shenoy SG, Gould Rothberg BE. Identification and 
comparative analysis of human colonocyte short-chain 
fatty acid response genes. J Gastrointest Surg. 2000;4 
(5):501–512. doi: 10.1016/S1091-255X(00)80093-1  .

92. Rada-Iglesias A, Enroth S, Ameur A, Koch CM, 
Clelland GK, Respuela-Alonso P, Wilcox S, 
Dovey OM, Ellis PD, Langford CF, et al. Butyrate med
iates decrease of histone acetylation centered on tran
scription start sites and down-regulation of associated 
genes. Genome Res. 2007;17(6):708–719. doi: 10.1101/ 
gr.5540007  .

93. Donohoe DR, Collins LB, Wali A, Bigler R, Sun W, 
Bultman SJ. The Warburg effect dictates the mechan
ism of butyrate-mediated histone acetylation and cell 
proliferation. Mol Cell. 2012;48(4):612–626. doi: 10. 
1016/j.molcel.2012.08.033  .

94. Candido EP, Reeves R, Davie JR. Sodium butyrate inhi
bits histone deacetylation in cultured cells. Cell. 1978;14 
(1):105–113. doi: 10.1016/0092-8674(78)90305-7  .

95. Sealy L, Chalkley R. The effect of sodium butyrate on 
histone modification. Cell. 1978;14(1):115–121. doi: 10. 
1016/0092-8674(78)90306-9  .

96. Donohoe DR, Bultman SJ. Metaboloepigenetics: inter
relationships between energy metabolism and epige
netic control of gene expression. J Cell Physiol. 
2012;227(9):3169–3177. doi: 10.1002/jcp.24054  .

97. Martin-Gallausiaux C, Larraufie P, Jarry A, Beguet- 
Crespel F, Marinelli L, Ledue F, Reimann F, 
Blottière HM, Lapaque N. Butyrate produced by com
mensal bacteria down-regulates indolamine 
2,3-dioxygenase 1 (IDO-1) expression via a dual 
mechanism in human intestinal epithelial cells. Front 
Immunol. 2018;9:2838. doi: 10.3389/fimmu.2018.02838  .

98. Bose P, Dai Y, Grant S. Histone deacetylase inhibitor 
(HDACI) mechanisms of action: emerging insights. 
Pharmacol Ther. 2014;143(3):323–336. doi: 10.1016/j. 
pharmthera.2014.04.004  .

99. Arpaia N, Campbell C, Fan X, Dikiy S, van der 
Veeken J, deRoos P, deRoos P, Liu H, Cross JR, 
Pfeffer K, et al. Metabolites produced by commensal 
bacteria promote peripheral regulatory T-cell 

22 B. THULASINATHAN ET AL.

https://doi.org/10.1073/pnas.1001261107
https://doi.org/10.1073/pnas.1001261107
https://doi.org/10.1053/j.gastro.2011.05.035
https://doi.org/10.1093/carcin/23.3.529
https://doi.org/10.1093/carcin/23.3.529
https://doi.org/10.1021/bi061334p
https://doi.org/10.1038/s41392-023-01406-7
https://doi.org/10.1038/s41392-023-01406-7
https://doi.org/10.3390/ijms23031105
https://doi.org/10.1152/physrev.1990.70.2.567
https://doi.org/10.1152/physrev.1990.70.2.567
https://doi.org/10.1016/S0016-5085(82)80339-9
https://doi.org/10.3389/fmicb.2016.00776
https://doi.org/10.1016/j.cmet.2011.02.018
https://doi.org/10.1016/0016-5085(89)91614-4
https://doi.org/10.1113/expphysiol.1991.sp003530
https://doi.org/10.1016/S1091-255X(00)80093-1
https://doi.org/10.1101/gr.5540007
https://doi.org/10.1101/gr.5540007
https://doi.org/10.1016/j.molcel.2012.08.033
https://doi.org/10.1016/j.molcel.2012.08.033
https://doi.org/10.1016/0092-8674(78)90305-7
https://doi.org/10.1016/0092-8674(78)90306-9
https://doi.org/10.1016/0092-8674(78)90306-9
https://doi.org/10.1002/jcp.24054
https://doi.org/10.3389/fimmu.2018.02838
https://doi.org/10.1016/j.pharmthera.2014.04.004
https://doi.org/10.1016/j.pharmthera.2014.04.004


generation. Nature. 2013;504(7480):451–455. doi: 10. 
1038/nature12726  .

100. Thakur BK, Dasgupta N, Ta A, Das S. Physiological 
TLR5 expression in the intestine is regulated by differ
ential DNA binding of Sp1/Sp3 through simultaneous 
Sp1 dephosphorylation and Sp3 phosphorylation by 
two different PKC isoforms. Nucleic Acids Res. 
2016;44(12):5658–5672. doi: 10.1093/nar/gkw189  .

101. Fellows R, Denizot J, Stellato C, Cuomo A, Jain P, 
Stoyanova E, Balázsi S, Hajnády Z, Liebert A, 
Kazakevych J, et al. Microbiota derived short chain 
fatty acids promote histone crotonylation in the colon 
through histone deacetylases. Nat Commun. 2018;9 
(1):105. doi: 10.1038/s41467-017-02651-5  .

102. Ntorla A, Burgoyne JR. The regulation and function of 
histone crotonylation. Front Cell Dev Biol. 
2021;9:624914. doi: 10.3389/fcell.2021.624914  .

103. Ba K, Madhavan A, Thomas S, Nisha P, Nisha P. Short 
chain fatty acids enriched fermentation metabolites of 
soluble dietary fibre from Musa paradisiaca drives 
HT29 colon cancer cells to apoptosis. PLOS ONE. 
2019;14(5):e0216604. doi: 10.1371/journal.pone. 
0216604  .

104. Matthews GM, Howarth GS, Butler RN. Short-chain 
fatty acids induce apoptosis in colon cancer cells asso
ciated with changes to intracellular redox state and 
glucose metabolism. Chemotherapy. 2012;58 
(2):102–109. doi: 10.1159/000335672  .

105. Okabe S, Okamoto T, Zhao CM, Chen D, Matsui H. 
Acetic acid induces cell death: an in vitro study using 
normal rat gastric mucosal cell line and rat and human 
gastric cancer and mesothelioma cell lines. 
J Gastroenterol Hepatol. 2014;29(Suppl 4):65–69.

106. Verma SP, Agarwal A, Das P. Sodium butyrate induces 
cell death by autophagy and reactivates a tumor sup
pressor gene DIRAS1 in renal cell carcinoma cell line 
UOK146. Vitro Cell Dev Biol Anim. 2018;54:295–303.

107. Ryu TY, Kim K, Han TS, Lee MO, Lee J, Choi J. Human 
gut-microbiome-derived propionate coordinates pro
teasomal degradation via HECTD2 upregulation to 
target EHMT2 in colorectal cancer. ISME J. 
2022;16:1205–1221.

108. Botta C, Spyridopoulou K, Bertolino M, Rantsiou K, 
Chlichlia K, Cocolin L. Lactiplantibacillus plantarum 
inhibits colon cancer cell proliferation as function of 
its butyrogenic capability. Biomed Pharmacother. 
2022;149:112755.

109. Chang SC, Shen MH, Liu CY, Pu CM, Hu JM, 
Huang CJ. A gut butyrate‑producing bacterium butyr
icicoccus pullicaecorum regulates short‑chain fatty acid 
transporter and receptor to reduce the progression of 
1,2‑dimethylhydrazine‑associated colorectal cancer. 
Oncol Lett. 2020;20(6):327. doi: 10.3892/ol.2020.12190  .

110. Chang CC, Kao WY, Liu CY, Su HH, Kan YA, Lin PY, 
Ku W-C, Chang K-W, Yang R-N, Huang C-J. Butyrate 
supplementation regulates expression of chromosome 
segregation 1‑like protein to reverse the genetic 

distortion caused by p53 mutations in colorectal cancer. 
Int J Oncol. 2022;60(6):60. doi: 10.3892/ijo.2022.5354  .

111. Ohara T, Mori T. Antiproliferative effects of 
short-chain fatty acids on human colorectal cancer 
cells via gene expression inhibition. Anticancer Res. 
2019;39:4659–4666.

112. McLoughlin RF, Berthon BS, Jensen ME, Baines KJ, 
Wood LG. Short-chain fatty acids, prebiotics, synbio
tics, and systemic inflammation: a systematic review 
and meta-analysis. Am J Clin Nutr. 2017;106 
(3):930–945. doi: 10.3945/ajcn.117.156265  .

113. Nomura M, Nagatomo R, Doi K, Shimizu J, Baba K, 
Saito T, Matsumoto S, Inoue K, Muto M. Association of 
short-chain fatty acids in the gut microbiome with 
clinical response to treatment with nivolumab or pem
brolizumab in patients with solid cancer tumors. JAMA 
Netw Open. 2020;3(4):e202895. doi: 10.1001/jamanet 
workopen.2020.2895  .

114. Howe GR, Benito E, Castelleto R, Cornee J, Esteve J, 
Gallagher RP, Iscovich JM, Deng-Ao J, Kaaks R, 
Kune GA, et al. Dietary intake of fiber and decreased 
risk of cancers of the colon and rectum: evidence from 
the combined analysis of 13 case-control studies. J Natl 
Cancer Inst. 1992;84(24):1887–1896. doi: 10.1093/jnci/ 
84.24.1887  .

115. Trock B, Lanza E, Greenwald P. Dietary fiber, vegeta
bles, and colon cancer: critical review and 
meta-analyses of the epidemiologic evidence. J Natl 
Cancer Inst. 1990;82:650–661.

116. Heilbrun LK, Nomura A, Hankin JH, 
Stemmermann GN. Diet and colorectal cancer with 
special reference to fiber intake. Int J Cancer. 1989;44 
(1):1–6. doi: 10.1002/ijc.2910440102  .

117. Terry P, Giovannucci E, Michels KB, Bergkvist L, 
Hansen H, Holmberg L. Fruit, vegetables, dietary 
fiber, and risk of colorectal cancer. J Natl Cancer Inst. 
2001;93:525–533.

118. Mai V, Flood A, Peters U, Lacey JV Jr., Schairer C, 
Schatzkin A. Dietary fibre and risk of colorectal cancer 
in the breast cancer detection demonstration project 
(BCDDP) follow-up cohort. Int J Epidemiol. 2003;32 
(2):234–239. doi: 10.1093/ije/dyg052  .

119. Bingham SA, Day NE, Luben R, Ferrari P, Slimani N, 
Norat T, Clavel-Chapelon F, Kesse E, Nieters A, 
Boeing H, et al. Dietary fibre in food and protection against 
colorectal cancer in the European prospective investiga
tion into cancer and nutrition (EPIC): an observational 
study. Lancet. 2003;361(9368):1496–1501. doi: 10.1016/ 
S0140-6736(03)13174-1  .

120. Sanjoaquin MA, Appleby PN, Thorogood M, Mann JI, 
Key TJ. Nutrition, lifestyle and colorectal cancer incidence: 
a prospective investigation of 10998 vegetarians and 
non-vegetarians in the United Kingdom. Br J Cancer. 
2004;90(1):118–121. doi: 10.1038/sj.bjc.6601441  .

121. Martinez-Jimenez F, Muinos F, Sentis I, Deu-Pons J, 
Reyes-Salazar I, Arnedo-Pac C, Mularoni L, Pich O, 
Bonet J, Kranas H, et al. A compendium of mutational 

GUT MICROBES 23

https://doi.org/10.1038/nature12726
https://doi.org/10.1038/nature12726
https://doi.org/10.1093/nar/gkw189
https://doi.org/10.1038/s41467-017-02651-5
https://doi.org/10.3389/fcell.2021.624914
https://doi.org/10.1371/journal.pone.0216604
https://doi.org/10.1371/journal.pone.0216604
https://doi.org/10.1159/000335672
https://doi.org/10.3892/ol.2020.12190
https://doi.org/10.3892/ijo.2022.5354
https://doi.org/10.3945/ajcn.117.156265
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://doi.org/10.1093/jnci/84.24.1887
https://doi.org/10.1093/jnci/84.24.1887
https://doi.org/10.1002/ijc.2910440102
https://doi.org/10.1093/ije/dyg052
https://doi.org/10.1016/S0140-6736(03)13174-1
https://doi.org/10.1016/S0140-6736(03)13174-1
https://doi.org/10.1038/sj.bjc.6601441


cancer driver genes. Nat Rev Cancer. 2020;20 
(10):555–572. doi: 10.1038/s41568-020-0290-x  .

122. Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, 
Diaz LA Jr., Kinzler KW. Cancer genome landscapes. 
Science. 2013;339(6127):1546–1558. doi: 10.1126/ 
science.1235122  .

123. Hanahan D, Weinberg RA. Hallmarks of cancer: the 
next generation. Cell. 2011;144:646–674.

124. Sharma S, Kelly TK, Jones PA. Epigenetics in cancer. 
Carcinogenesis. 2010;31:27–36.

125. McBrearty N, Arzumanyan A, Bichenkov E, Merali S, 
Merali C, Feitelson M. Short chain fatty acids delay the 
development of hepatocellular carcinoma in HBx trans
genic mice. Neoplasia. 2021;23(5):529–538. doi: 10. 
1016/j.neo.2021.04.004  .

126. Kumagai S, Koyama S, Nishikawa H. Antitumour 
immunity regulated by aberrant ERBB family 
signalling. Nat Rev Cancer. 2021;21:181–197.

127. Chalhoub N, Baker SJ. PTEN and the PI3-kinase path
way in cancer. Annu Rev Pathol. 2009;4(1):127–150. 
doi: 10.1146/annurev.pathol.4.110807.092311  .

128. Pennacchietti S, Michieli P, Galluzzo M, Mazzone M, 
Giordano S, Comoglio PM. Hypoxia promotes invasive 
growth by transcriptional activation of the met 
protooncogene. Cancer Cell. 2003;3(4):347–361. doi:  
10.1016/S1535-6108(03)00085-0  .

129. Fu J, Su X, Li Z, Deng L, Liu X, Feng X. HGF/c-met 
pathway in cancer: from molecular characterization to 
clinical evidence. Oncogene. 2021;40:4625–4651.

130. Remon J, Hendriks LEL, Mountzios G, Garcia- 
Campelo R, Saw SPL, Uprety D. MET alterations in 
NSCLC-Current perspectives and future challenges. 
J Thorac Oncol. 2023;18:419–435.

131. Matsumoto Y, Motoki T, Kubota S, Takigawa M, 
Tsubouchi H, Gohda E. Inhibition of tumor–stromal 
interaction through HGF/Met signaling by valproic 
acid. Biochem Biophys Res Commun. 2008;366 
(1):110–116. doi: 10.1016/j.bbrc.2007.11.089  .

132. Xia Y, Zhang XL, Jin F, Wang QX, Xiao R, Hao ZH. 
Apoptotic effect of sodium acetate on a human gastric 
adenocarcinoma epithelial cell line. Genet Mol Res. 
2016;15 15048375 doi:10.4238/gmr.15048375  . 27808354

133. Tedelind S, Westberg F, Kjerrulf M, Vidal A. Anti- 
inflammatory properties of the short-chain fatty acids 
acetate and propionate: a study with relevance to 
inflammatory bowel disease. World J Gastroenterol. 
2007;13:2826–2832.

134. Wang S, Liu Z, Wang L, Zhang X. Nf-kappaB signaling 
pathway, inflammation and colorectal cancer. Cell Mol 
Immunol. 2009;6:327–334.

135. Liang L, Ai L, Qian J, Fang JY, Xu J. Long noncoding 
RNA expression profiles in gut tissues constitute mole
cular signatures that reflect the types of microbes. Sci 
Rep. 2015;5:11763.

136. Peck BC, Mah AT, Pitman WA, Ding S, Lund PK, 
Sethupathy P. Functional transcriptomics in diverse 
intestinal epithelial cell types reveals robust 

MicroRNA sensitivity in intestinal stem cells to micro
bial status. J Biol Chem. 2017;292(7):2586–2600. doi:  
10.1074/jbc.M116.770099  .

137. Nakata K, Sugi Y, Narabayashi H, Kobayakawa T, 
Nakanishi Y, Tsuda M, Hosono A, Kaminogawa S, 
Hanazawa S, Takahashi K. Commensal 
microbiota-induced microRNA modulates intestinal 
epithelial permeability through the small GTPase 
ARF4. J Biol Chem. 2017;292(37):15426–15433. doi:  
10.1074/jbc.M117.788596  .

138. Moloney GM, Viola MF, Hoban AE, Dinan TG, 
Cryan JF. Faecal microRnas: indicators of imbalance 
at the host-microbe interface? Benef Microbes. 2018;9 
(2):175–184. doi: 10.3920/BM2017.0013  .

139. Liu S, da Cunha AP, Rezende RM, Cialic R, Wei Z, 
Bry L, Comstock L, Gandhi R, Weiner H. The host 
shapes the gut microbiota via fecal MicroRNA. Cell 
Host Microbe. 2016;19(1):32–43. doi: 10.1016/j.chom. 
2015.12.005  .

140. Creyghton MP, Cheng AW, Welstead GG, Kooistra T, 
Carey BW, Steine EJ. Histone H3K27ac separates active 
from poised enhancers and predicts developmental 
state. Proc Natl Acad Sci USA. 2010;107:21931–21936.

141. Thaiss CA, Levy M, Korem T, Dohnalova L, Shapiro H, 
Jaitin DA. Microbiota diurnal rhythmicity programs 
host transcriptome oscillations. Cell. 2016;167:1495– 
510 e12.

142. Krautkramer KA, Kreznar JH, Romano KA, Vivas EI, 
Barrett-Wilt GA, Rabaglia ME, Keller MP, Attie AD, 
Rey FE, Denu JM. Diet-Microbiota Interactions 
Mediate Global Epigenetic Programming in Multiple 
Host Tissues. Mol Cell. 2016;64(5):982–992. doi: 10. 
1016/j.molcel.2016.10.025  .

143. Kelly D, Kotliar M, Woo V, Jagannathan S, Whitt J, 
Moncivaiz J, Aronow BJ, Dubinsky MC, Hyams JS, 
Markowitz JF, et al. Microbiota-sensitive epigenetic 
signature predicts inflammation in Crohn’s disease. 
JCI Insight. 2018;3(18):3. doi: 10.1172/jci.insight. 
122104  .

144. Cortese R, Lu L, Yu Y, Ruden D, Claud EC. Epigenome- 
microbiome crosstalk: a potential new paradigm influ
encing neonatal susceptibility to disease. Epigenetics. 
2016;11(3):205–215. doi: 10.1080/15592294.2016. 
1155011  .

145. Pan WH, Sommer F, Falk-Paulsen M, Ulas T, Best L, 
Fazio A, Kachroo P, Luzius A, Jentzsch M, Rehman A, 
et al. Exposure to the gut microbiota drives distinct 
methylome and transcriptome changes in intestinal 
epithelial cells during postnatal development. Genome 
Med. 2018;10(1):27. doi: 10.1186/s13073-018-0534-5  .

146. Kim CH. Control of lymphocyte functions by gut 
microbiota-derived short-chain fatty acids. Cell Mol 
Immunol. 2021;18:1161–1171.

147. Xing C, Du Y, Duan T, Nim K, Chu J, Wang HY, 
Wang R-F. Interaction between microbiota and immu
nity and its implication in colorectal cancer. Front 

24 B. THULASINATHAN ET AL.

https://doi.org/10.1038/s41568-020-0290-x
https://doi.org/10.1126/science.1235122
https://doi.org/10.1126/science.1235122
https://doi.org/10.1016/j.neo.2021.04.004
https://doi.org/10.1016/j.neo.2021.04.004
https://doi.org/10.1146/annurev.pathol.4.110807.092311
https://doi.org/10.1016/S1535-6108(03)00085-0
https://doi.org/10.1016/S1535-6108(03)00085-0
https://doi.org/10.1016/j.bbrc.2007.11.089
https://doi.org/10.4238/gmr.15048375
https://doi.org/10.1074/jbc.M116.770099
https://doi.org/10.1074/jbc.M116.770099
https://doi.org/10.1074/jbc.M117.788596
https://doi.org/10.1074/jbc.M117.788596
https://doi.org/10.3920/BM2017.0013
https://doi.org/10.1016/j.chom.2015.12.005
https://doi.org/10.1016/j.chom.2015.12.005
https://doi.org/10.1016/j.molcel.2016.10.025
https://doi.org/10.1016/j.molcel.2016.10.025
https://doi.org/10.1172/jci.insight.122104
https://doi.org/10.1172/jci.insight.122104
https://doi.org/10.1080/15592294.2016.1155011
https://doi.org/10.1080/15592294.2016.1155011
https://doi.org/10.1186/s13073-018-0534-5


Immunol. 2022;13:963819. doi: 10.3389/fimmu.2022. 
963819  .

148. Hogh RI, Moller SH, Jepsen SD, Mellergaard M, 
Lund A, Pejtersen M. Metabolism of short-chain fatty 
acid propionate induces surface expression of NKG2D 
ligands on cancer cells. FASEB J. 2020;34:15531–15546.

149. Abreu MT. Toll-like receptor signalling in the intestinal 
epithelium: how bacterial recognition shapes intestinal 
function. Nat Rev Immunol. 2010;10(2):131–144. doi:  
10.1038/nri2707  .

150. Lin MY, de Zoete Mr, van Putten Jp, Strijbis K, de 
Zoete MR, van Putten JPM. Redirection of epithelial 
immune responses by short-chain fatty acids through 
inhibition of histone deacetylases. Front Immunol. 
2015;6:554. doi: 10.3389/fimmu.2015.00554  .

151. Gay NJ, Symmons MF, Gangloff M, Bryant CE. 
Assembly and localization of toll-like receptor signal
ling complexes. Nat Rev Immunol. 2014;14:546–558.

152. Kulkarni NN, Yi Z, Huehnken C, Agerberth B, 
Gudmundsson GH. Phenylbutyrate induces cathelici
din expression via the vitamin D receptor: linkage to 
inflammatory and growth factor cytokines pathways. 
Mol Immunol. 2015;63:530–539.

153. Ruan G, Chen M, Chen L, Xu F, Xiao Z, Yi A. Roseburia 
intestinalis and its metabolite butyrate inhibit colitis 
and upregulate TLR5 through the SP3 signaling 
pathway. Nutrients 15. 2022; 14 doi:10.3390/ 
nu14153041  . 35893896

154. Xiao T, Wu S, Yan C, Zhao C, Jin H, Yan N. Butyrate 
upregulates the TLR4 expression and the phosphoryla
tion of MAPKs and Nk-kappaB in colon cancer cell in 
vitro. Oncol Lett. 2018;16:4439–4447.

155. Vinolo MA, Hatanaka E, Lambertucci RH, 
Newsholme P, Curi R. Effects of short chain fatty 
acids on effector mechanisms of neutrophils. Cell 
Biochem Funct. 2009;27(1):48–55. doi: 10.1002/cbf. 
1533  .

156. Miller A, Fantone KM, Tucker SL, Gokanapudi N, 
Goldberg JB, Rada B. Short chain fatty acids reduce 
the respiratory burst of human neutrophils in response 
to cystic fibrosis isolates of staphylococcus aureus. 
J Cyst Fibros. 2023;22(4):756–762. doi: 10.1016/j.jcf. 
2023.04.022  .

157. Kamp ME, Shim R, Nicholls AJ, Oliveira AC, Mason LJ, 
Binge L, Mackay CR, Wong CHY. G protein-coupled 
receptor 43 modulates neutrophil recruitment during 
acute inflammation. PLOS ONE. 2016;11(9):e0163750. 
doi: 10.1371/journal.pone.0163750  .

158. Correa RO, Vieira A, Sernaglia EM, Lancellotti M, 
Vieira AT, Avila-Campos MJ, Rodrigues H, Vinolo M. 
Bacterial short-chain fatty acid metabolites modulate 
the inflammatory response against infectious bacteria. 
Cell Microbiol. 2017;19(7):e12720. doi: 10.1111/cmi. 
12720  .

159. Chen S, Guo H, Xie M, Zhou C, Zheng M. Neutrophil: 
an emerging player in the occurrence and progression 

of metabolic associated fatty liver disease. 
Int Immunopharmacol. 2021;97:107609.

160. Cedervall J, Olsson AK. Immunity gone astray - NETs 
in cancer. Trends Cancer. 2016;2:633–634.

161. Vinolo MA, Rodrigues HG, Hatanaka E, Sato FT, 
Sampaio SC, Curi R. Suppressive effect of short-chain 
fatty acids on production of proinflammatory media
tors by neutrophils. J Nutr Biochem. 2011;22 
(9):849–855. doi: 10.1016/j.jnutbio.2010.07.009  .

162. Bain CC, Mowat AM. Macrophages in intestinal home
ostasis and inflammation. Immunol Rev. 2014;260 
(1):102–117. doi: 10.1111/imr.12192  .

163. Chang PV, Hao L, Offermanns S, Medzhitov R. The 
microbial metabolite butyrate regulates intestinal 
macrophage function via histone deacetylase 
inhibition. Proc Natl Acad Sci USA. 2014;111 
(6):2247–2252. doi: 10.1073/pnas.1322269111  .

164. Singh N, Gurav A, Sivaprakasam S, Brady E, Padia R, 
Shi H, Thangaraju M, Prasad PD, Manicassamy S, 
Munn DH, et al. Activation of Gpr109a, receptor for 
niacin and the commensal metabolite butyrate, sup
presses colonic inflammation and carcinogenesis. 
Immunity. 2014;40(1):128–139. doi: 10.1016/j.immuni. 
2013.12.007  .

165. Flemming A. Butyrate boosts microbicidal 
macrophages. Nat Rev Immunol. 2019;19(3):135. doi:  
10.1038/s41577-019-0132-9  .

166. Huang C, Du W, Ni Y, Lan G, Shi G. The effect of 
short-chain fatty acids on M2 macrophages polariza
tion in vitro and in vivo. Clin Exp Immunol. 2022;207 
(1):53–64. doi: 10.1093/cei/uxab028  .

167. Sturm EM, Knuplez E, Marsche G. Role of short chain 
fatty acids and apolipoproteins in the regulation of 
eosinophilia-associated diseases. Int J Mol Sci 9. 2021; 
22 doi:10.3390/ijms22094377  . 33922158

168. Shi Y, Xu M, Pan S, Gao S, Ren J, Bai R, Li H, He C, 
Zhao S, Shi Z, et al. Induction of the apoptosis, degra
nulation and IL-13 production of human basophils by 
butyrate and propionate via suppression of histone 
deacetylation. Immunology. 2021;164(2):292–304. doi:  
10.1111/imm.13370  .

169. Kurimoto Y, De Weck AL, Dahinden CA. The effect of 
interleukin 3 upon IgE-dependent and 
IgE-independent basophil degranulation and leuko
triene generation. Eur J Immunol. 1991;21 
(2):361–368. doi: 10.1002/eji.1830210217  .

170. Atarashi K, Tanoue T, Ando M, Kamada N, Nagano Y, 
Narushima S, Suda W, Imaoka A, Setoyama H, 
Nagamori T, et al. Th17 cell induction by adhesion of 
microbes to intestinal epithelial cells. Cell. 2015;163 
(2):367–380. doi: 10.1016/j.cell.2015.08.058  .

171. Krebs CF, Paust HJ, Krohn S, Koyro T, Brix SR, 
Riedel JH, Bartsch P, Wiech T, Meyer-Schwesinger C, 
Huang J, et al. Autoimmune renal disease is exacer
bated by S1P-Receptor-1-dependent intestinal Th17 
cell migration to the kidney. Immunity. 2016;45 
(5):1078–1092. doi: 10.1016/j.immuni.2016.10.020  .

GUT MICROBES 25

https://doi.org/10.3389/fimmu.2022.963819
https://doi.org/10.3389/fimmu.2022.963819
https://doi.org/10.1038/nri2707
https://doi.org/10.1038/nri2707
https://doi.org/10.3389/fimmu.2015.00554
https://doi.org/10.3390/nu14153041
https://doi.org/10.3390/nu14153041
https://doi.org/10.1002/cbf.1533
https://doi.org/10.1002/cbf.1533
https://doi.org/10.1016/j.jcf.2023.04.022
https://doi.org/10.1016/j.jcf.2023.04.022
https://doi.org/10.1371/journal.pone.0163750
https://doi.org/10.1111/cmi.12720
https://doi.org/10.1111/cmi.12720
https://doi.org/10.1016/j.jnutbio.2010.07.009
https://doi.org/10.1111/imr.12192
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1016/j.immuni.2013.12.007
https://doi.org/10.1038/s41577-019-0132-9
https://doi.org/10.1038/s41577-019-0132-9
https://doi.org/10.1093/cei/uxab028
https://doi.org/10.3390/ijms22094377
https://doi.org/10.1111/imm.13370
https://doi.org/10.1111/imm.13370
https://doi.org/10.1002/eji.1830210217
https://doi.org/10.1016/j.cell.2015.08.058
https://doi.org/10.1016/j.immuni.2016.10.020


172. Luu M, Pautz S, Kohl V, Singh R, Romero R, Lucas S. 
The short-chain fatty acid pentanoate suppresses auto
immunity by modulating the metabolic-epigenetic 
crosstalk in lymphocytes. Nat Commun. 2019;10:760.

173. Du HX, Yue SY, Niu D, Liu C, Zhang LG, Chen J. Gut 
microflora modulates Th17/Treg cell differentiation in 
experimental autoimmune prostatitis via the 
short-chain fatty acid propionate. Front Immunol. 
2022;13:915218.

174. Duscha A, Gisevius B, Hirschberg S, Yissachar N, 
Stangl GI, Dawin E. Propionic acid shapes the multiple 
sclerosis disease course by an immunomodulatory 
mechanism. Cell. 2020;180:1067–80 e16.

175. Chen L, Zhou X, Wang Y, Wang D, Ke Y, Zeng X. 
Propionate and butyrate produced by gut microbiota 
after probiotic supplementation attenuate lung metas
tasis of melanoma cells in mice. Mol Nutr Food Res. 
2021;65:e2100096.

176. Brennan CA, Clay SL, Lavoie SL, Bae S, Lang JK, 
Fonseca-Pereira D, Rosinski KG, Ou N, Glickman JN, 
Garrett WS. Fusobacterium nucleatum drives a 
pro-inflammatory intestinal microenvironment 
through metabolite receptor-dependent modulation of 
IL-17 expression. Gut Microbes. 2021;13(1):1987780. 
doi: 10.1080/19490976.2021.1987780  .

177. Henrick BM, Rodriguez L, Lakshmikanth T, Pou C, 
Henckel E, Arzoomand A. Bifidobacteria-mediated 
immune system imprinting early in life. Cell. 
2021;184:3884–98 e11.

178. Woo V, Eshleman EM, Hashimoto-Hill S, Whitt J, 
Wu SE, Engleman L, Rice T, Karns R, Qualls JE, 
Haslam DB, et al. Commensal segmented filamentous 
bacteria-derived retinoic acid primes host defense to 
intestinal infection. Cell Host Microbe. 2021;29 
(12):1744–56 e5. doi: 10.1016/j.chom.2021.09.010  .

179. Wahlstrom A, Sayin SI, Marschall HU, Backhed F. 
Intestinal crosstalk between bile acids and microbiota 
and its impact on Host metabolism. Cell Metab. 
2016;24(1):41–50. doi: 10.1016/j.cmet.2016.05.005  .

180. Song X, Sun X, Oh SF, Wu M, Zhang Y, Zheng W. 
Microbial bile acid metabolites modulate gut 
RORgamma(+) regulatory T cell homeostasis. Nature. 
2020;577:410–415.

181. Hang S, Paik D, Yao L, Kim E, Trinath J, Lu J, Ha S, 
Nelson BN, Kelly SP, Wu L, et al. Author correction: 
bile acid metabolites control T(H)17 and T(reg) cell 
differentiation. Nature. 2020;579(7798):E7. doi: 10. 
1038/s41586-020-2030-5  .

182. Paik D, Yao L, Zhang Y, Bae S, D’Agostino GD, 
Zhang M, Kim E, Franzosa EA, Avila-Pacheco J, 
Bisanz JE, et al. Human gut bacteria produce τη17- 
modulating bile acid metabolites. Nature. 2022;603 
(7903):907–912. doi: 10.1038/s41586-022-04480-z  .

183. Sun H, Guo Y, Wang H, Yin A, Hu J, Yuan T. Gut 
commensal parabacteroides distasonis alleviates 
inflammatory arthritis. Gut. 2023;72:1664–1677.

184. Li W, Hang S, Fang Y, Bae S, Zhang Y, Zhang M. 
A bacterial bile acid metabolite modulates T(reg) activ
ity through the nuclear hormone receptor NR4A1. Cell 
Host Microbe. 2021;29:1366–77 e9.

185. Hang S, Paik D, Yao L, Kim E, Trinath J, Lu J, Ha S, 
Nelson BN, Kelly SP, Wu L, et al. Bile acid metabolites 
control T(H)17 and T(reg) cell differentiation. Nature. 
2019;576(7785):143–148. doi: 10.1038/s41586-019- 
1785-z  .

186. Campbell C, McKenney PT, Konstantinovsky D, 
Isaeva OI, Schizas M, Verter J. Bacterial metabolism 
of bile acids promotes generation of peripheral regula
tory T cells. Nature. 2020;581:475–479.

187. Takahashi T, Morotomi M. Absence of cholic acid 7 
alpha-dehydroxylase activity in the strains of 
Lactobacillus and Bifidobacterium. J Dairy Sci. 
1994;77:3275–3286.

188. Kriaa A, Bourgin M, Potiron A, Mkaouar H, Jablaoui A, 
Gerard P. Microbial impact on cholesterol and bile acid 
metabolism: current status and future prospects. J Lipid 
Res. 2019;60:323–332.

189. Begley M, Hill C, Gahan CG. Bile salt hydrolase activity 
in probiotics. Appl Environ Microbiol. 
2006;72:1729–1738.

190. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, 
Takahashi D, Nakanishi Y, Uetake C, Kato K, Kato T, 
et al. Commensal microbe-derived butyrate induces the 
differentiation of colonic regulatory T cells. Nature. 
2013;504(7480):446–450. doi: 10.1038/nature12721  .

191. Williams EA, Coxhead JM, Mathers JC. Anti-cancer 
effects of butyrate: use of micro-array technology to 
investigate mechanisms. Proc Nutr Soc. 
2003;62:107–115.

192. Menzel T, Schauber J, Kreth F, Kudlich T, Melcher R, 
Gostner A, Scheppach W, Lührs H. Butyrate and 
aspirin in combination have an enhanced effect on 
apoptosis in human colorectal cancer cells. Eur 
J Cancer Prev. 2002;11(3):271–281. doi: 10.1097/ 
00008469-200206000-00011  .

193. Zhang ZH, Ouyang Q, Gan HT. Targeting 
cyclooxygenase-2 with sodium butyrate and NSAIDs 
on colorectal adenoma/carcinoma cells. World 
J Gastroenterol. 2004;10:2954–2957.

194. Coxhead JM, Williams EA, Mathers JC. DNA mismatch 
repair status may influence anti-neoplastic effects of 
butyrate. Biochem Soc Trans. 2005;33:728–729.

195. Zheng P, Zeng B, Liu M, Chen J, Pan J, Han Y, Liu Y, 
Cheng K, Zhou C, Wang H, et al. The gut microbiome 
from patients with schizophrenia modulates the 
glutamate-glutamine-gaba cycle and 
schizophrenia-relevant behaviors in mice. Sci Adv. 
2019;5(2):eaau8317. doi: 10.1126/sciadv.aau8317  .

196. Lyte M. Microbial endocrinology in the 
microbiome-gut-brain axis: how bacterial production 
and utilization of neurochemicals influence behavior. 
PLOS Pathog. 2013;9:e1003726.

26 B. THULASINATHAN ET AL.

https://doi.org/10.1080/19490976.2021.1987780
https://doi.org/10.1016/j.chom.2021.09.010
https://doi.org/10.1016/j.cmet.2016.05.005
https://doi.org/10.1038/s41586-020-2030-5
https://doi.org/10.1038/s41586-020-2030-5
https://doi.org/10.1038/s41586-022-04480-z
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1038/nature12721
https://doi.org/10.1097/00008469-200206000-00011
https://doi.org/10.1097/00008469-200206000-00011
https://doi.org/10.1126/sciadv.aau8317


197. Hughes DT, Sperandio V. Inter-kingdom signalling: 
communication between bacteria and their hosts. Nat 
Rev Microbiol. 2008;6:111–120.

198. Mayer EA, Ryu HJ, Bhatt RR. The neurobiology of 
irritable bowel syndrome. Mol Psychiatry. 
2023;28:1451–1465.

199. Mayer EA, Tillisch K, Gupta A. Gut/Brain axis and the 
microbiota. J Clin Invest. 2015;125(3):926–938. doi: 10. 
1172/JCI76304  .

200. Gribble FM, Reimann F. Enteroendocrine cells: chemo
sensors in the intestinal epithelium. Annu Rev Physiol. 
2016;78:277–299.

201. Cho H, Lim J. The emerging role of gut hormones. Mol 
Cells. 2024;47:100126.

202. Lach G, Schellekens H, Dinan TG, Cryan JF. Anxiety, 
depression, and the microbiome: a role for Gut 
Peptides. Neurotherapeutics. 2018;15:36–59.

203. Leeuwendaal NK, Cryan JF, Schellekens H. Gut pep
tides and the microbiome: focus on ghrelin. Curr Opin 
Endocrinol Diabetes Obes. 2021;28(2):243–252. doi: 10. 
1097/MED.0000000000000616  .

204. Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, 
Diakogiannaki E, Cameron J, Grosse J, Reimann F, 
Gribble FM. Short-chain fatty acids stimulate glucagon- 
like peptide-1 secretion via the G-Protein–coupled 
receptor FFAR2. Diabetes. 2012;61(2):364–371. doi:  
10.2337/db11-1019  .

205. Psichas A, Sleeth ML, Murphy KG, Brooks L, 
Bewick GA, Hanyaloglu AC. The short chain fatty 
acid propionate stimulates GLP-1 and PYY secretion 
via free fatty acid receptor 2 in rodents. Int J Obes 
(Lond). 2015;39:424–429.

206. Cani PD, Lecourt E, Dewulf EM, Sohet FM, 
Pachikian BD, Naslain D. Gut microbiota fermentation 
of prebiotics increases satietogenic and incretin gut 
peptide production with consequences for appetite sen
sation and glucose response after a meal. Am J Clin 
Nutr. 2009;90:1236–1243.

207. Larraufie P, Martin-Gallausiaux C, Lapaque N, Dore J, 
Gribble FM, Reimann F, Blottiere HM. SCFAs strongly 
stimulate PYY production in human enteroendocrine 
cells. Sci Rep. 2018;8(1):74. doi: 10.1038/s41598-017- 
18259-0  .

208. Goswami C, Iwasaki Y, Yada T. Short-chain fatty acids 
suppress food intake by activating vagal afferent 
neurons. J Nutr Biochem. 2018;57:130–135. doi: 10. 
1016/j.jnutbio.2018.03.009  .

209. Freeland KR, Wolever TM. Acute effects of intravenous 
and rectal acetate on glucagon-like peptide-1, peptide 
YY, ghrelin, adiponectin and tumour necrosis factor-α. 
Br J Nutr. 2010;103(3):460–466. doi: 10.1017/ 
S0007114509991863  .

210. De Silva A, Bloom SR. Gut hormones and appetite 
control: a focus on PYY and GLP-1 as therapeutic 
targets in obesity. Gut Liver. 2012;6:10–20.

211. Frost G, Sleeth ML, Sahuri-Arisoylu M, Lizarbe B, 
Cerdan S, Brody L, Anastasovska J, Ghourab S, 

Hankir M, Zhang S, et al. The short-chain fatty acid 
acetate reduces appetite via a central homeostatic 
mechanism. Nat Commun. 2014;5(1):3611. doi: 10. 
1038/ncomms4611  .

212. Byrne CS, Chambers ES, Alhabeeb H, Chhina N, 
Morrison DJ, Preston T, Tedford C, Fitzpatrick J, 
Irani C, Busza A, et al. Increased colonic propionate 
reduces anticipatory reward responses in the human 
striatum to high-energy foods. Am J Clin Nutr. 
2016;104(1):5–14. doi: 10.3945/ajcn.115.126706  .

213. Rahat-Rozenbloom S, Fernandes J, Cheng J, 
Wolever TMS. Acute increases in serum colonic 
short-chain fatty acids elicited by inulin do not increase 
GLP-1 or PYY responses but may reduce ghrelin in lean 
and overweight humans. Eur J Clin Nutr. 
2017;71:953–958.

214. Chambers ES, Viardot A, Psichas A, Morrison DJ, 
Murphy KG, Zac-Varghese SE, MacDougall K, 
Preston T, Tedford C, Finlayson GS, et al. Effects of 
targeted delivery of propionate to the human colon on 
appetite regulation, body weight maintenance and 
adiposity in overweight adults. Gut. 2015;64 
(11):1744–1754. doi: 10.1136/gutjnl-2014-307913  .

215. Trapp S, Richards JE. The gut hormone glucagon-like 
peptide-1 produced in brain: is this physiologically 
relevant? Curr Opin Pharmacol. 2013;13(6):964–969. 
doi: 10.1016/j.coph.2013.09.006  .

216. Alvarez E, Martinez MD, Roncero I, Chowen JA, 
Garcia-Cuartero B, Gispert JD. The expression of 
GLP-1 receptor mRNA and protein allows the effect 
of GLP-1 on glucose metabolism in the human 
hypothalamus and brainstem. J Neurochem. 
2005;92:798–806.

217. Morimoto R, Satoh F, Murakami O, Totsune K, 
Saruta M, Suzuki T, Sasano H, Ito S, Takahashi K. 
Expression of peptide YY in human brain and pituitary 
tissues. Nutrition. 2008;24(9):878–884. doi: 10.1016/j. 
nut.2008.06.011  .

218. Katsurada K, Yada T. Neural effects of gut- and 
brain-derived glucagon-like peptide-1 and its receptor 
agonist. J Diabetes Investig. 2016;7(Suppl 1):64–69. doi:  
10.1111/jdi.12464  .

219. van Bloemendaal L, Ij RG, Ten Kulve JS, Barkhof F, 
Konrad RJ, Drent ML. GLP-1 receptor activation mod
ulates appetite- and reward-related brain areas in 
humans. Diabetes. 2014;63:4186–4196.

220. Anderberg RH, Richard JE, Hansson C, Nissbrandt H, 
Bergquist F, Skibicka KP. GLP-1 is both anxiogenic and 
antidepressant; divergent effects of acute and chronic 
GLP-1 on emotionality. Psychoneuroendocrinology. 
2016;65:54–66.

221. Gil-Lozano M, Perez-Tilve D, Alvarez-Crespo M, 
Martis A, Fernandez AM, Catalina PA, Gonzalez- 
Matias LC, Mallo F. GLP-1(7-36)-amide and 
exendin-4 stimulate the HPA axis in rodents and 
humans. Endocrinology. 2010;151(6):2629–2640. doi:  
10.1210/en.2009-0915  .

GUT MICROBES 27

https://doi.org/10.1172/JCI76304
https://doi.org/10.1172/JCI76304
https://doi.org/10.1097/MED.0000000000000616
https://doi.org/10.1097/MED.0000000000000616
https://doi.org/10.2337/db11-1019
https://doi.org/10.2337/db11-1019
https://doi.org/10.1038/s41598-017-18259-0
https://doi.org/10.1038/s41598-017-18259-0
https://doi.org/10.1016/j.jnutbio.2018.03.009
https://doi.org/10.1016/j.jnutbio.2018.03.009
https://doi.org/10.1017/S0007114509991863
https://doi.org/10.1017/S0007114509991863
https://doi.org/10.1038/ncomms4611
https://doi.org/10.1038/ncomms4611
https://doi.org/10.3945/ajcn.115.126706
https://doi.org/10.1136/gutjnl-2014-307913
https://doi.org/10.1016/j.coph.2013.09.006
https://doi.org/10.1016/j.nut.2008.06.011
https://doi.org/10.1016/j.nut.2008.06.011
https://doi.org/10.1111/jdi.12464
https://doi.org/10.1111/jdi.12464
https://doi.org/10.1210/en.2009-0915
https://doi.org/10.1210/en.2009-0915


222. During MJ, Cao L, Zuzga DS, Francis JS, 
Fitzsimons HL, Jiao X. Glucagon-like peptide-1 recep
tor is involved in learning and neuroprotection. Nat 
Med. 2003;9:1173–1179.

223. Isacson R, Nielsen E, Dannaeus K, Bertilsson G, 
Patrone C, Zachrisson O, Wikström L. The 
glucagon-like peptide 1 receptor agonist exendin-4 
improves reference memory performance and 
decreases immobility in the forced swim test. Eur 
J Pharmacol. 2011;650(1):249–255. doi: 10.1016/j. 
ejphar.2010.10.008  .

224. Nutma E, Willison H, Martino G, Amor S. 
Neuroimmunology – the past, present and future. 
Clin Exp Immunol. 2019;197(3):278–293. doi: 10. 
1111/cei.13279  .

225. Cruz-Pereira JS, Rea K, Nolan YM, O’Leary OF, 
Dinan TG, Cryan JF. Depression’s unholy trinity: dys
regulated stress, immunity, and the microbiome. Annu 
Rev Psychol. 2020;71(1):49–78. doi: 10.1146/annurev- 
psych-122216-011613  .

226. Capuron L, Miller AH. Immune system to brain signal
ing: neuropsychopharmacological implications. 
Pharmacol Ther. 2011;130(2):226–238. doi: 10.1016/j. 
pharmthera.2011.01.014  .

227. Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The 
role of short-chain fatty acids in microbiota–gut–brain 
communication. Nat Rev Gastroenterol Hepatol. 
2019;16(8):461–478. doi: 10.1038/s41575-019-0157-3  .

228. Mohle L, Mattei D, Heimesaat MM, Bereswill S, 
Fischer A, Alutis M. Ly6C(hi) monocytes provide 
a link between antibiotic-induced changes in gut micro
biota and adult hippocampal neurogenesis. Cell Rep. 
2016;15:1945–1956.

229. Nastasi C, Candela M, Bonefeld CM, Geisler C, 
Hansen M, Krejsgaard T, Biagi E, Andersen MH, 
Brigidi P, Ødum N, et al. The effect of short-chain 
fatty acids on human monocyte-derived dendritic 
cells. Sci Rep. 2015;5:16148. doi: 10.1038/srep16148  .

230. Correa-Oliveira R, Fachi JL, Vieira A, Sato FT, 
Vinolo MA. Regulation of immune cell function by 
short-chain fatty acids. Clin Transl Immunol. 2016;5 
(4):e73. doi: 10.1038/cti.2016.17  .

231. Erny D, Hrabe de Angelis AL, Jaitin D, Wieghofer P, 
Staszewski O, David E. Host microbiota constantly 
control maturation and function of microglia in the 
CNS. Nat Neurosci. 2015;18:965–977.

232. Gautier EL, Shay T, Miller J, Greter M, Jakubzick C, 
Ivanov S. Gene-expression profiles and transcriptional 
regulatory pathways that underlie the identity and 
diversity of mouse tissue macrophages. Nat Immunol. 
2012;13:1118–1128.

233. Yang Y, An Y, Dong Y, Chu Q, Wei J, Wang B, Cao H. 
Fecal microbiota transplantation: no longer cinderella 

in tumour immunotherapy. EBioMedicine. 
2024;100:104967. doi: 10.1016/j.ebiom.2024.104967  .

234. Sivan A, Corrales L, Hubert N, Williams JB, Aquino- 
Michaels K, Earley ZM, Benyamin FW, Man Lei Y, 
Jabri B, Alegre M-L, et al. Commensal bifidobacterium 
promotes antitumor immunity and facilitates anti–PD- 
L1 efficacy. Science. 2015;350(6264):1084–1089. doi: 10. 
1126/science.aac4255  .

235. Wang T, Zheng N, Luo Q, Jiang L, He B, Yuan X, 
Shen L. Probiotics Lactobacillus reuteri abrogates 
immune checkpoint blockade-associated colitis by inhi
biting group 3 innate lymphoid cells. Front Immunol. 
2019;10:1235. doi: 10.3389/fimmu.2019.01235  .

236. Gao G, Shen S, Zhang T, Zhang J, Huang S, Sun Z, 
Zhang H. Lacticaseibacillus rhamnosus probio-M9 
enhanced the antitumor response to anti-PD-1 therapy 
by modulating intestinal metabolites. EBioMedicine. 
2023;91:104533. doi: 10.1016/j.ebiom.2023.104533  .

237. Doublier S, Cirrincione S, Scardaci R, Botta C, 
Lamberti C, Giuseppe FD, Angelucci S, Rantsiou K, 
Cocolin L, Pessione E. Putative probiotics decrease 
cell viability and enhance chemotherapy effectiveness 
in human cancer cells: role of butyrate and secreted 
proteins. Microbiol Res. 2022;260:127012. doi: 10. 
1016/j.micres.2022.127012  .

238. Li S, Zhu S, Yu J. The role of gut microbiota and 
metabolites in cancer chemotherapy. J Adv Res. 
2024;64:223–235. doi: 10.1016/j.jare.2023.11.027  .

239. Kang X, Liu C, Ding Y, Ni Y, Ji F, Lau HCH, Jiang L, 
Sung JJ, Wong SH, Yu J. Roseburia intestinalis gener
ated butyrate boosts anti-PD-1 efficacy in colorectal 
cancer by activating cytotoxic CD8 + T cells. Gut. 
2023;72(11):2112–2122. doi: 10.1136/gutjnl-2023- 
330291  .

240. Canale FP, Basso C, Antonini G, Perotti M, Li N, 
Sokolovska A. Metabolic modulation of tumours with 
engineered bacteria for immunotherapy. Nature. 
2021;598:662–666.

241. Griffin ME, Hang HC. Improving immunotherapy 
response through the use of designer bacteria. Cancer 
Cell. 2021;39(12):1576–1577. doi: 10.1016/j.ccell.2021.11. 
009  .

242. Li Q, Cao L, Tian Y, Zhang P, Ding C, Lu W, Jia C, 
Shao C, Liu W, Wang D, et al. Butyrate suppresses the 
proliferation of colorectal cancer cells via targeting pyr
uvate kinase M2 and metabolic reprogramming. Mol 
Cell Proteomics. 2018;17(8):1531–1545. doi: 10.1074/ 
mcp.RA118.000752  .

243. Ryu TY, Kim K, Son MY, Min JK, Kim J, Han TS, 
Kim D-S, Cho H-S. Downregulation of PRMT1, 
a histone arginine methyltransferase, by sodium propio
nate induces cell apoptosis in colon cancer. Oncol Rep. 
2019;41:1691–1699. doi: 10.3892/or.2018.6938.

28 B. THULASINATHAN ET AL.

https://doi.org/10.1016/j.ejphar.2010.10.008
https://doi.org/10.1016/j.ejphar.2010.10.008
https://doi.org/10.1111/cei.13279
https://doi.org/10.1111/cei.13279
https://doi.org/10.1146/annurev-psych-122216-011613
https://doi.org/10.1146/annurev-psych-122216-011613
https://doi.org/10.1016/j.pharmthera.2011.01.014
https://doi.org/10.1016/j.pharmthera.2011.01.014
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.1038/srep16148
https://doi.org/10.1038/cti.2016.17
https://doi.org/10.1016/j.ebiom.2024.104967
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aac4255
https://doi.org/10.3389/fimmu.2019.01235
https://doi.org/10.1016/j.ebiom.2023.104533
https://doi.org/10.1016/j.micres.2022.127012
https://doi.org/10.1016/j.micres.2022.127012
https://doi.org/10.1016/j.jare.2023.11.027
https://doi.org/10.1136/gutjnl-2023-330291
https://doi.org/10.1136/gutjnl-2023-330291
https://doi.org/10.1016/j.ccell.2021.11.009
https://doi.org/10.1016/j.ccell.2021.11.009
https://doi.org/10.1074/mcp.RA118.000752
https://doi.org/10.1074/mcp.RA118.000752
https://doi.org/10.3892/or.2018.6938

	Abstract
	1. Introduction
	2. Role of short chain fatty acids as a metabolite of probiotic bacteria
	3. Role of fiber, gut microbiota and SCFAs in the gut health
	4. SCFAs impact on gut homeostasis
	5. SCFAs role in epigenetic regulation of colorectal carcinogenesis
	6. SCFAs and immunological homeostasis in colorectal cancer (CRC)
	7. Anti-neoplastic effect of butyrate in microsatellite instability tumor cells
	8. Gut-brain axis and the role of hormones, neuro-mediators in immune response influenced by SCFAs
	9. Medical translation of SCFAs in treating CRC
	10. Conclusion and future perspectives
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Author contributions
	Data availability statement
	Abbreviations
	References

