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1 | INTRODUCTION

The human microbiota refers to the collection of microorganisms that
reside on or within our bodies, acquired through vertical transmis-
sion and established from birth. Among the microbial communities
in the human body, the gut microbiota is the most diverse. The dy-
namic interaction between the gut microbiota and the host is crucial
for host health, as they have coevolved over time. The host provides
a relatively stable growth environment for the gut microbiota, and
the gut microbiota provides a wide range of functions for the host,
including the digestion of complex dietary nutrients, maintenance of
intestinal barrier integrity, modulation of the immune system, and
improvement of host metabolism.! Increasing evidence suggests
that an imbalance in the gut microbiota can lead to the development
of various diseases. The production of harmful or beneficial metab-
olites by the gut microbiota associated with disease progression or
alleviation is one of the important mechanisms by which it influences
overall health or disease.? The abundance and availability of these
metabolites depend on the composition of the gut microbiota, while
dietary behaviors and habits are key factors in modulating the gut
microbiota composition and driving microbial metabolism. The types
and quantities of short-chain fatty acids (SCFAs) produced in the gut
are influenced by fermentation substrates, gut microbial communi-
ties, and host physiological status. Studies have shown that feeding
mice a high-fat diet induces obesity, leading to significant changes
in the composition and quantity of gut microbial communities com-
pared to those of mice fed a normal diet, as well as a decrease in
the production of SCFAs in their feces. However, cohousing obese
mice with mice on a normal diet resulted in an increase in SCFA pro-
duction compared to that in individually housed obese mice.® These

SCFAs Metabolic pathway Bacterial strain

Acetic Pyruvate Acetyl-CoA pathway Ackermann's

findings suggest a direct link between the production of SCFAs in
the gut and the gut microbiota ecosystem, and indicate that the
metabolic products of the gut microbiota play a crucial role as key
mediators of the impact of the gut microbiota on the host based on
dietary habits. SCFAs, as major metabolites, play important roles in
regulating energy metabolism homeostasis and the immune system,

among other functions.

2 | SYNTHESIS AND METABOLISM OF
SCFAS

SCFAs are also known as volatile fatty acids and are a collective
term for saturated organic fatty acids with one to six carbon atoms.
The SCFAs generated through the metabolism of the gut microbiota
are primarily composed of acetic acid, propionic acid, and butyric
acid, with the majority existing in the form of salt ions.* The main
bacterial groups involved in the production of SCFAs in the gut
microbiota include Ruminococcus, Akkermansia, Bifidobacterium,
Lactobacillus, Succinivibrio, Roseburia, Clostridium, and Eubacterium.
The related metabolic pathways can be found in Table 1. Some gut
bacteria can utilize lactate and acetate to synthesize butyrate, which
effectively prevents the accumulation of lactate and stabilizes the
gut environment. Researchers used Escherichia coli as a model and
found through targeted gene deletions and overexpression that
most bacteria in the gut contain the synthesis genes pta-ackA for
SCFAs and the lactate synthesis gene Idh.

At the same time, it was discovered that some uncommon
genes, including thioesterase genes (yciA, tesA, tesB, and menl),
can promote the formation of acetate/butyrate. Metagenomic data

TABLE 1 Intestinal microbiota and

S metabolic pathways producing SCFAs.

(5,6]

Wood Ljungdahl pathway

Succinate pathway

Propionic Succinate pathway

Acrylate pathway

Propylene Glycol pathway
Butyric Phosphate butyrylase/butyrate

kinase pathway

Butyl CoA Acetate CoA Trans-
ferase pathway

bacteria, Bacteroides,
Bifidobacterium, Prevotella,
Ruminococcus

Hydrophilic Bacillus,
Clostridium, Streptococcus

Bacteroides, Succinate Flake
Bacilli, Micrococcus, and
Vibriococcus

Escherichia coli, Deinococcus
defecalis

Salmonella, Roseburia
inurinivorans, Roseburia
hominis, Ruminococcus ovale

Veillonella

Coprococcus comes,
Coprococcus eutactus

Anaerobic bacteria,
Coprococcus catus,
Escherichia coli, Escherichia
coli, Clostridium pullulatum,
Roseburia hominis

[7.8]

(5.9]
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analysis also indicated that butyrate can be synthesized from pro-
teins through the lysine pathway, further illustrating that the gut mi-
crobiota can adapt to nutrient conversion to maintain the synthesis
of essential metabolic products such as SCFAs.'° The identification
of these genes potentially involved in SCFA synthesis provides new
insights and gene targets for the discovery of novel bacterial strains
in the gut microbiota. Additionally, dietary fiber has a beneficial im-
pact on the gut microbiota and its metabolic products. Researchers
have shown that type IV resistant starch from corn selectively
enriches Eubacterium rectale and increases butyrate production,
while type IV resistant starch from cassava selectively enriches
Parabacteroides distasonis and increases propionate levels. Subtle
structural differences in dietary fiber may precisely regulate the gut
microbiota, especially its metabolic activities.!! In summary, to ef-
fectively and quantitatively increase the content of short-chain fatty
acids in the body, on the one hand, microecological preparations of
short-chain fatty acid-producing bacteria (Table 1) or fecal bacteria
can be taken orally to increase the relative content of these strains
in the body, while on the other hand, intake of dietary fiber, such as
long-chain prebiotics and resistant starch, can be increased.

The concentration of SCFAs varies along the length of the in-
testine, with the highest concentrations found in the cecum and
proximal colon, while the content decreases in the distal colon.
Under physiological conditions, the concentration of SCFAs in the
colon is approximately 100 mmol/L, with a ratio of acetate to pro-
pionate to butyrate of 4:1.7:1. Approximately 95% of these SCFAs
are rapidly absorbed by colon cells, while the remaining 5% are
excreted in the feces. Decreases in SCFA concentration may be
attributed to increased SCFAs absorption through the sodium-
coupled monocarboxylate transporter SLC5A8 and the proton-
coupled monocarboxylate transporter SLC16A1.3? Butyrate is the
preferred energy source for colonic cells and is locally consumed.
The remaining butyrate salts flow into the portal vein. Propionate
is metabolized in the liver and can serve as a substrate for gluco-
neogenesis after absorption from the colon. It also inhibits the
activity of 3-hydroxy-3-methylglutaryl-CoA reductase, reducing
cholesterol synthesis and therefore is present in peripheral circula-
tion only at low concentrations. Acetate is the most abundant SCFA
in the peripheral circulation. In peripheral blood, the concentration
of acetate is approximately 100-150pmol/L, that of propionate is
approximately 4-5pumol/L, and that of butyrate is approximately
1-3pmol/L1

3 | THE MECHANISM OF ACTION OF
SCFAS

3.1 | SCFAs affect the epigenetics of hosts

SCFAs are important mediators between the gut microbiota and
epigenetic states.’* Epigenetics refers to changes in gene expression
levels based on nongenetic sequence alterations, such as DNA
methylation and chromatin remodeling. Histone modifications during

chromatin remodeling are important mechanisms for regulating DNA
replication, transcription, etc.!® Acetylation of histones can affect
the affinity between histones and double-stranded DNA, thereby
altering the chromatin state (loose or condensed), subsequently
influencing the binding of transcription factors and other regulatory
proteins to chromatin, thus regulating gene expression. Acetyl
groups are added to histone tails by histone acetyltransferases
(HATs) and removed by histone deacetylases (HDACs).*¢ Mutations
in acetyltransferases can lead to arrested expression of normal genes
(tumor suppressor genes), while mutations in deacetylases or some
related proteins can result in the overactivation of proto-oncogenes,
leading to tumor-producing diseases.” Numerous studies have
shown that SCFAs can inhibit HDACs to varying degrees, with
butyrate being the most effective inhibitor.'®'? By inhibiting the
activity of HDACs, SCFAs play important roles in suppressing cancer
cell proliferation and differentiation,?° regulating insulin secretion,?!
and maintaining immune homeostasis.?? In addition to HDAC
inhibition, recent research has revealed a new mechanism by which
SCFAs influence host epigenetics. Specifically, SCFAs can activate
acetyltransferase p300, inducing highly acetylated histones.

3.2 | Activation of G protein-coupled receptors

In addition to serving as an energy source and influencing histone
acetylation, SCFAs also act as key signaling molecules, playing
important roles in regulating various cellular physiological processes
and functions.** G protein-coupledreceptors (GPCRs)arealarge class
of membrane protein receptors. When they bind to their respective
ligands, they can rapidly activate intracellular signaling pathways and
trigger a series of cellular responses. GPCRs that serve as ligands
for SCFAs include GPR43/FFAR2, GPR41/FFAR3, GPCR109A,
and PSGR.?* These GPCRs are widely expressed in cells such as
white adipocytes, enteroendocrine cells, intestinal epithelial cells,
pancreatic cells, immune cells, and peripheral neurons. They interact
with SCFAs and play crucial roles in regulating intestinal hormone
secretion, glucagon-like peptide-1, lipid synthesis and accumulation,
anti-inflammatory effects, and stimulation of the peripheral nervous
system.25 One study has shown that when diabetic mice lacking the
gene encoding the G protein-coupled receptor GPR43 or GPR109A
were fed different concentrations of dietary fiber, the mice fed a
high-fiber diet were significantly less likely to develop diabetic
kidney disease.?% In the mice that showed less proteinuria, but not in
the absence of GPR43 or GPR109A, dietary fiber prevented diabetic
nephropathy by regulating the gut microbiota, enriching SCFA-
producing bacteria, and increasing SCFA production, and GPR43
and GPR109A are essential for protection against SCFA-mediated
diabetic nephropathy. Other studies have shown that microbial-
derived short-chain fatty acids (SCFAs) promote IL-22 production
by CD4+ T cells and ILCs through G protein receptor 41 (GPR41)
and the inhibition of histone deacetylase (HDAC). SCFAs upregulate
the production of IL-22 by promoting the expression of aromatic
hydrocarbon receptor (AhR) and hypoxia-inducing factor 1« (HIF1a),
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thereby protecting the intestine from inflammatory damage and

maintaining intestinal homeostasis.*®

3.3 | Inhibition of pathogenic microbial infections

SCFAs not only help maintain the immune system and combat
inflammation but also have the ability to inhibit pathogenic microbial
infections and promote gut health. Researchers have found that
SCFAs can acylate toxin factors of pathogenic bacteria. For example,
butyrate can acylate specific lysine sites in the transcription
regulatory factor HilA, thereby reducing the invasion and infectivity
of Salmonella enterica.?’ It was found that feeding animals with rye
bran could increase the content of short-chain fatty acids in their
intestines, and the OD value of Salmonella in the experimental group
with the high rye bran diet was significantly lower than that in the
control group.28 The colonic acidification and cellular acidification
mediated by SCFAs can disrupt the environment favorable for the
growth of drug-resistant pathogens, helping to eradicate drug-
resistant pathogens such as Escherichia coli, Klebsiella pneumoniae,
and Pseudomonas aeruginosa in the gut.29 Furthermore, SCFAs can
directly inhibit the growth and colonization of pathogenic microbes
by perturbing the intracellular pH homeostasis of these microbes.
For example, propionic acid produced by bacteria of the genus
Bacteroides can disrupt the acid-base balance within Salmonella
enterica cells, inhibiting Salmonella enterica infection in the intestinal
tract of experimental mice.*° In poultry, SCFAs have been reported
to have broad-spectrum activity against gram-positive and
gram-negative pathogens such as Salmonella, Escherichia coli and
Clostridium and can moderately reduce the use of antibiotics.3"%?
SCFAs can also activate peroxisome proliferator-activated receptor-
gamma in colonic cells, inducing p-oxidation of SCFAs and consuming
oxygen, thereby reducing the oxygen content in the intestines and

inhibiting the proliferation of aerobic pathogenic bacteria.%®

4 | SCFAS AND HOST PHYSIOLOGY
4.1 | SCFAs and intestinal health
4.1.1 | Protecting the intestinal mucosal barrier

Metabolites derived from the gut microbiota have been shown to
play a crucial role in communication between microbes and their
hosts, with SCFAs receiving significant attention. SCFAs maintain
intestinal integrity by regulating pH and mucin secretion, providing
fuel for epithelial cells and impacting mucosal immune function.®*
Butyrate is the main and preferred metabolic substrate for colo-
nocytes, providing 60%-70% of the energy required for prolifera-
tion and differentiation,®> and in the intestinal epithelium, SCFAs,
especially butyrate, regulate stem cell proliferation, the expression
of antimicrobial molecules and tight junction proteins, and the pro-
duction of cytokines and chemokines, thereby promoting intestinal

mucosal health and integrity.3® The intestinal mucosal barrier con-
sists of absorptive intestinal epithelial cells (IECs), goblet cells secret-
ing mucus, enteroendocrine cells secreting hormones, antimicrobial
peptides, and Paneth cells secreting defensins and lectins. Adding
SCFAs to cultured intestinal epithelial cell lines increases local oxy-
gen consumption, stabilizes hypoxia-inducible factor, and improves
intestinal epithelial barrier function.®” Butyrate activates inflammas-
omes in IECs, promoting the production of the anti-inflammatory
cytokine IL-18, which is involved in the production of mucins and
antimicrobial peptides and controls the composition of the gut mi-
crobiota.®®% It also promotes crypt IEC differentiation by inhibiting
stem cell proliferation, regulating the expression of tight junction
proteins, and enhancing intestinal barrier function,*® and in addition
induces the expression of TGF-p in IECs, which indirectly induces
B-cell class switching to produce IgA.41 In summary, SCFAs play a

crucial role in protecting the intestinal mucosal barrier.

4.1.2 | Regulating intestinal immunity

Immunosuppression

The intestinal immune system must maintain a delicate balance
between tolerance of commensal organisms and immunity against
pathogens, maintaining low reactivity toward commensals in the
steady state. Therefore, immunosuppressive mechanisms are es-
sential for intestinal homeostasis.*?> SCFAs, particularly butyrate,
act as HDAC inhibitors (Figure 1), suppressing the production of
proinflammatory mediators (such as TNF-«, IL-6, and neutrophil
chemokine-2) mediated by macrophages, neutrophils, and mast

Antimicrobials 1

/ Peptide YY 1

GPCRS (GPCR43/FFAR2 ...)

Intestinal microflora

i \/ ;‘ >
,,,,,,,,,,,,, J\'\r r—Y 4 u

AALAAAMARAASRMAAREARMAAARAAIMAARADAMARAARRAAMARGANAAT

Butyrate

SCFAs

‘ mac | TNFov
e inhibition| 1L-6 ¥
Macrophage

IL-12 ¥

FIGURE 1 SCFAs produced by the intestinal flora inhibit HADC
and activate GPCRs. Intestinal flora metabolizes dietary fiber to
form short-chain fatty acids, which can activate GPCRS (GCPR43/
FFAR2) and further regulate intestinal secretion of antimicrobial
peptide YY. Butyric acid, one of the short-chain fatty acids is an
inhibitor of HDAC, and can inhibit macrophages and reduce the
production of TNF-a, IL-6, and IL-12.
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cells both in vivo and in vitro, thereby reducing their phagocytic
capacity and cytotoxicity.43'44 Butyrate induces apoptosis in mac-
rophages and neutrophils, reducing the number of proinflamma-
tory M1 macrophages and neutrophils in the body.** Dendritic
cells are involved in driving the inflammatory T-cell response in
the intestine, and butyrate decreases the activity of costimulatory
molecules on dendritic cells, reducing their activation and inhib-
iting the production of Th1 cell cytokines (such as TNF-a, IL-1p,
and IL-8).) By inhibiting HDAC activity, butyrate blocks the G1
phase of the cell cycle, suppresses T-cell cycle progression, and
inhibits the proliferation of CD4+ and CD8+ T cells.*® It also inhib-
its the signal transducer and activator of transcription 1 (STAT1)
and STATS signaling pathways in activated CD4+ T cells and sup-
presses the production of Thl and Th17 cell cytokines. These
findings suggest that SCFAs, especially butyrate, exert immuno-
suppressive effects on the intestinal immune system by modu-
lating immune cells. However, further research is still needed to
determine the underlying mechanisms involved.

Immune activation

If the host is in a state of fighting against pathogens, SCFAs
activate the immune response and promote the secretion and
expression of anti-inflammatory factors to alleviate inflammation.
In vitro, SCFAs can directly increase the generation of Foxp3+
cells in mice and humans, increase the population of pTregs in the
colonic lamina propria of mice, promote pTreg differentiation, and
reduce the severity of experimental colitis.*’ Butyrate increases
the number of anti-inflammatory M2 macrophages by inhibiting
HDAC*® and indirectly exerts anti-inflammatory effects by
inducing pTregs and producing Th2 cell cytokines (such as IL-10
and IL-5).% Colitis is an inflammatory bowel disease induced by
multiple factors, and its incidence is increasing annually. SCFAs,
especially butyrate, can alleviate colitis in mice. By activating
GPR41/FFA3 receptors on innate lymphoid cells (ILCs) and CD4+ T
cells, butyrate promotes the expression of hypoxia-inducible factor
1o (HIF1a). HIF1a binds to the HRE region of the IL-22 promoter,
and butyrate induces histone acetylation in the HRE region of
the IL-22 promoter by inhibiting HDAC, thereby enhancing IL-22
expression and alleviating colitis in mice.'® SCFAs bind to GPR43/
FFA2 receptors on effector T cells, activate the STAT3 and mTOR
pathways, upregulate the expression of the transcription factor
Blimp-1, and promote the production of IL-10 by Th1 cells, thereby
alleviating colitis in mice.® SCFAs also bind to GPR43/FFA2
receptors on intestinal epithelial cells, activate the mTOR and
STAT3 pathways, and stimulate the expression of antimicrobial
peptides such as Regllly and certain defensins (Figure 1).°!
Hexokinase 2 (HK2) in intestinal epithelial cells is upregulated
during colitis in mice and in patients with inflammatory bowel
disease. Butyrate inhibits the expression of HDACS8, which inhibits
HK2 expression, reduces mitochondrial respiration, and alleviates
colitis in mice.’? The intestine is a unigue immune site where

microbiota-host interactions occur. The intestinal immune system

needs to tolerate self-antigens and harmless nonself antigens,
such as the commensal gut microbiota, while also maintaining
its ability to recognize pathogenic microorganisms and induce
strong proinflammatory responses. SCFAs have various regulatory
effects on intestinal immunity.

4.2 | SCFAs and cancer

Colorectal cancer (CRC) is the third most common cancer
worldwide and the second leading cause of cancer-related death.
Chronicinflammationis arecognizedrisk factor for CRC. Numerous
clinical studies have suggested that short-chain fatty acids (SCFAs)
can regulate intestinal immune homeostasis, alleviate chronic
inflammation, and have a protective effect on the occurrence and
development of CRC.>® Researchers have found through systematic
reviews and meta-analyses that concentrations of acetate,
propionate, and butyrate are significantly lower in individuals at
high risk of CRC than in healthy individuals, and individuals with
lower SCFA levels have a greater incidence of CRC. This suggests
that fecal SCFAs can serve as potential noninvasive biomarkers
for predicting CRC.>* Holdemanella biformis, found in the human
intestinal tract, can inhibit the growth of tumor cell lines or patient
tumor samples in vitro by releasing SCFAs, and its abundance is
decreased in fecal samples of patients with advanced adenoma.>®
In a mouse model of colorectal cancer, SCFAs (butyrate and
propionate) act as HDAC inhibitors, overcoming inflammatory
reactions by inhibiting the activation of nuclear factor-kappa B
(NF-xB) and the production of proinflammatory mediators, thus
alleviating CRC. Additionally, supplementation with butyrate-
producing probiotics, such as Faecalibacterium prausnitzii, can
inhibit the Wnt/p-catenin protein signaling pathway and inhibit
tumor cell proliferation by activating GPR43/FFAR2.%¢ Loss of
GPR43/FFAR2 leads to increased intestinal permeability in mice
with colorectal cancer, decreased expression of E-cadherin,
significantly increased spontaneous colon tumors, increased
bacterial burden in colon tumors, increased secretion of IL-27 by
dendritic cells, and increased depletion/death of T cells. Targeting
IL-27 with antibodies can inhibit colon tumor formation.?
Furthermore, GPR43/FFAR2 is critically important for butyrate
salt-induced inhibition of HDAC expression and induction of
inflammation-inhibiting genes by hypermethylation, suggesting
that GPR43/FFAR2 is an epigenetic tumor suppressor. SCFAs such
as butyrate salt activate the GPR43/FFAR2 receptor and regulate
colonic inflammation and may represent a potential strategy for
treating colorectal cancer.

Butyrate salts can enhance the antitumor cytotoxicity of
CD8+ T cells in mice by inducing the expression of inhibitor of
differentiation 2 (ID2) and promoting the IL-12 signaling pathway,
thereby enhancing the anticancer efficacy of the chemotherapeu-
tic drug oxaliplatin.57 SCFAs (and propionate) can significantly en-

hance the antitumor activity of cytotoxic T lymphocytes (CTLs)
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and chimeric antigen receptor (CAR) T cells through metabolic and
epigenetic reprogramming, showing potential for adoptive T-cell
immunotherapy in human cancer.’® On the other hand, the tra-
ditional ‘butyrate paradox’ suggests that the effects of butyrate
depend on its concentration: low butyrate doses promote tumor
development, while high butyrate doses inhibit tumor develop-
ment. However, recent research has shown that the production
of butyrate by Bilophila wadsworthia induces colorectal tumor
formation, and inhibiting the synthesis of butyrate in the bacte-
ria suppresses its protumorigenic effect.>’ Therefore, the impact
of SCFAs on host physiological health needs to be analyzed on a
case-by-case basis.

4.3 | SCFAs and obesity

SCFAs play an important role in regulating host energy
metabolism through interactions with GPCRs on intestinal
endocrine cells, pancreatic cells, and adipocytes. A high-fat high-
fructose diet (HFFD) can reduce the weight of cecal chyme and the
concentration of SCFAs in rats. There was a negative correlation
between SCFA concentrations and rat abdominal circumference
and the Lee index, indicating the potential role of SCFAs in the
incidence of obesity and metabolic diseases.* Butyrate and
propionate stimulate intestinal enteroendocrine L cells to promote
the secretion of GLP-1 and the appetite-regulating hormone PYY.
GLP-1 and PYY can exert a gut-mediated insulinotropic effect
(enhancing insulin secretion), reduce food intake, and inhibit
gastric emptying.éo However, recent studies have shown that
double knockout of GLP-1 and PYY receptor genes does not
eliminate the effects of a high-fat diet and weight loss surgery
on mice. The mechanisms underlying obesity, metabolic disease
occurrence, and improvement may involve more complex
pathways.®! In addition to gastrointestinal hormones, growth
hormone (GH) is a pulsatile hormone secreted from the pituitary
gland that controls energy metabolism homeostasis by stimulating
fat breakdown and protein preservation. In rat pituitary tumor
cell lines, butyrate can promote GH secretion induced by basal
hormones and GH-releasing hormone, improving lipolysis and
oxidative metabolism.?

In addition, in vitro experiments have shown that butyrate
can activate lysine-specific demethylase 1 (LSD1) through the
transporter MCT1 and the decomposing enzyme ACSM3. Normal
expression of LSD1 can restore the impaired thermogenic cycle
in antibiotic-treated mice, promoting energy storage in white adi-
pose tissue and energy burning in brown and beige adipose tissue,
thus reducing diet-induced obesity.® SCFAs can stimulate various
organs and tissues in the body to produce large amounts of hor-
mones and neural signals, which inhibit short-term appetite and
energy intake. Acetate can directly regulate appetite in the cen-
tral nervous system.64 Propionate and butyrate can also serve as
intestinal gluconeogenic substrates, exerting beneficial metabolic
effects.®

4.4 | SCFAs and diabetes

A decrease in the intestinal SCFA concentration is associated
with various chronic autoimmune and inflammatory diseases.
SCFAs have beneficial anti-inflammatory effects and contribute
to maintaining a stable intestinal environment, which may be an
important mechanism for alleviating type 1 diabetes (T1D).%° In
newly diagnosed pediatric patients with T1D, there is a reduction
in SCFAs produced by the gut microbiota, accompanied by
changes in the microbiota-mediated IgA immune response. In
nonobese diabetic (NOD) model mice, acetate and butyrate levels
in blood and feces are negatively correlated with key indicators
of T1D. Long-term acetate treatment can reduce the binding of
bacteria to IgA, inhibit the formation of germinal center B cells,
and alleviate pancreatic inflammation in NOD mice. Additionally,
acetate significantly reduces the frequency of self-reactive
T cells in lymphoid tissues through its effects on B cells, while
butyrate exerts protective effects by increasing the quantity and
function of Treg cells. Even in situations where immune tolerance
is disrupted, feeding NOD mice a high-fiber diet rich in SCFAs can
still alleviate T1D-related symptoms.67 Human studies have shown
that dietary supplementation with SCFA-based supplements
(acetate- and butyrate-modified high-amylose maize-resistant
starch) increases SCFA levels in feces and plasma, effectively
controls blood glucose levels, and leads to the detection of
predominant metabolic producers, such as long bifidobacteria
and adolescent bifidobacteria, in the gut microbiota. Furthermore,
there is an increase in blood B and T cells, a significant decrease
in proinflammatory marker levels, and an improvement in immune
status.®® Although SCFAs inhibit T1D in NOD mice, further
research is needed to determine whether SCFAs play arole in other
animal models and in human diabetes and whether their effects on
the immune system are indirect results of inhibiting autoimmune
reactions or the primary mechanism of T1D protection.

Unlike T1D, poor dietary habits and obesity are key factors in the
development of type 2 diabetes (T2D). A prospective cohort study
involving 8750 adult participants revealed that a southern dietary
pattern characterized by the consumption of high-fat, fried foods,
eggs, organ meats, processed meats, and sugary beverages showed
the strongest positive correlation with T2D.%8 On the other hand, a
randomized clinical study using a diet rich in dietary fiber and fecal
shotgun metagenomics analysis revealed that dietary fiber pro-
moted SCFA production, leading to greater improvement in partici-
pants' hemoglobin Alc levels, partially due to increased production
of GLP-1. The targeted restoration of these SCFA producers through
ecological interventions may provide a new approach for managing
T2D.%? Individuals with an obesity-prone (OP) phenotype exhibit
distinct gut microbiota compositions with significantly reduced lev-
els of SCFAs but increased levels of propionate. Propionate specif-
ically induces high methylation at the cg26345888 site, inhibiting
the expression of the target gene DAB1. DAB1 is closely associated
with clinical vitamin D deficiency, which further impacts the occur-
rence and progression of diabetes.”® Therefore, the gut microbiota
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and SCFAs may serve as targets for the clinical treatment and pre-

vention of diabetes.

4.5 | SCFAs and the gut-brain axis

The gut-brain axis refers to the bidirectional signaling mechanism
between the gastrointestinal tract and the central nervous system.
Through a complex neural-humoral pathway, signals originating from
the gastrointestinal tract can regulate brain function, and signals
from the brain can alter the sensation, motility, and secretion of the
intestines.”! Due to the neuroactivity of SCFAs and their impact
on other gut-brain signaling pathways, including the immune and
endocrine systems, SCFAs may directly or indirectly participate in
the microbiota-gut-brain axis.”?

The interaction between the central nervous system and cy-
tokines affects neural processes, thereby influencing the function
of neural circuits involved in regulating emotions, among others.”
Microglia are tissue macrophages in the central nervous system and
are key innate immune cells in the brain. Their characteristics and
functions are influenced by the gut microbiota. Dysregulation of mi-
crogliahasbeenreportedinarange of psychiatricdisorders, including
major depression, schizophrenia, autism, and obsessive-compulsive
disorder.”* SCFAs may regulate the differentiation and maturation of
immune cells (neutrophils, dendritic cells, macrophages, monocytes,
and T cells), affect systemic inflammatory responses, influence the
structure and functional integrity of microglia, and activate mi-
croglial cell activities related to neuroinflammation through HDAC
inhibition and activation of G protein-coupled receptors.”® In germ-
free mice, metabolic genes of immature microglia exhibit epigenetic
imprints resulting from the enrichment of acetylation and methyla-
tion marks (H3K4me3 and H3K9%ac). This leads to phenotypic and
functional defects such as changes in metabolic pathways, increased
mitochondrial quantity and quality, and impaired respiratory chain
complex Il function. Acetate can be taken up by microglia, and sup-
plementation with acetate can reverse defects in gene expression,
cell morphology, metabolic features, mitochondria, and other as-
pects in germ-free mice.”

SCFAs can also exert their effects on the gut-brain axis by
regulating the secretion of intestinal hormones. SCFAs activate G
protein-coupled receptors and stimulate enteroendocrine L cells to
release glucagon-like peptide 1 (GLP-1) and peptide YY (PYY), and
this process may, in turn, activate a signaling cascade that affects
brain circuits through systemic circulation or the vagus nerve path-
way.77 In mice, GLP-1isinvolved inimproving learning and memory,78
promoting neuroprotection and neuroplasticity in the hippocam-
pus,”’ and reducing beta-amyloid plaques and microglial activation
in an Alzheimer's disease animal model. Knockout of the PYY gene
exacerbates depressive and anxiety-related behaviors in mice,®°
while in another study, it exacerbated depressive-related behaviors
rather than anxiety.81 Enhanced Y2 receptor knockout enhances the
ability of mice to cope with stress, while increased receptor stimu-
lation increases depressive and anxiety-related behaviors.®? Other

metabolic hormones that affect brain function and are influenced by
SCFAs include insulin, leptin, and ghrelin (growth hormone-releasing
peptide). Insulin can act on the central nervous system to regulate
behavior and systemic metabolism. In different mouse models of
Alzheimer's disease, a high-fat diet can promote the deposition of
amyloid proteins and amyloid pathology in the mouse brain by caus-
ing insulin resistance,®® while improving brain insulin resistance may
provide a new approach for the prevention and treatment of meta-
bolic and cognitive diseases.®* Disruption of leptin signaling is as-
sociated with Alzheimer's disease, depression, bipolar disorder, and
schizophrenia.®> Ghrelin is a major appetite-stimulating hormone
that acts as a neuropeptide in the central nervous system. Ghrelin
regulates stress, depression, and anxiety and enhances learning and
memory abilities through the hypothalamic-pituitary-adrenal (HPA)
axis, the serotonin system, and the sympathetic nervous system.86
However, further research is needed to elucidate the interaction be-
tween SCFAs and leptin and ghrelin.

In conclusion, the effects of SCFAs are not limited to the in-
testines. They may directly or indirectly influence brain function
through immune and endocrine pathways. However, more research
is needed to uncover the underlying principles and precise mecha-
nisms of microbiota-gut-brain axis signaling in both healthy and dis-
eased states.

4.6 | SCFAs and the gut-lung axis

With the discovery of the role of the gut microbiota and its
metabolites in initiating immune responses against allergic and
infectious reactions in the airways, the concept of the gut-lung
axis has received great attention. SCFAs have been found to be
key signaling molecules that play important roles in inflammation
and protective immune responses in the gut and lungs. SCFAs have
a protective effect on individuals with airway inflammation by
upregulating the fatty acid p-oxidation pathway in colonic epithelial
cells and promoting the accumulation of thymus-derived peripheral
Treg cells associated with allergic airway diseases.®” High levels of
SCFAs, particularly acetate and butyrate in feces, stimulate dendritic
cell differentiation and proliferation, allowing the lungs to have high
phagocytic capacity and inhibiting the effector function of Th2 cells,
which is associated with reduced atopic sensitization and decreased
risk of asthma later in life.%®

SCFAs from the gut microbiota reach the lungs through the cir-
culation and affect bone marrow hematopoietic precursors, thereby
reducing lung inflammation. Therefore, SCFAs may influence the
host immune response to viral infections.®? Acetate supplementa-
tion can regulate the type | interferon response in lung epithelial
cells by activating the GPR43/FFAR2 receptor, enhancing the de-
fense of the lung against secondary pneumococcal infection, and
effectively preventing recurrent infections caused by influenza virus
and RSV. Butyrate can inhibit viral infection by regulating the expres-
sion of SARS-CoV-2-related genes and enhancing antiviral immunity
in rats, and a lack of butyrate negatively impacts antiviral immune
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function.”® Researchers have also found that SCFAs can induce the
secretion of IgA and neutralizing antibodies (NAbs) that prevent
SARS-CoV-2 infection by enhancing the intracellular synthesis of
ATP, acetyl-CoA, and plasmablast-derived lipids. They also regulate
immune responses.”! SCFAs are absorbed in the intestinal mucosa
and tend to adhere to immune cell receptors in the respiratory tract,
thereby enhancing antiviral responses in the lungs through the mod-
ulation of mucosal immunity. These studies contribute to a deeper
understanding of the role of the gut-lung axis in antiviral infections

and the development of novel antiviral therapeutic approaches.

4.7 | SCFAs and bone health

SCFAs impact local and systemic immune function, and their role
as important mediators links the gut microbiota to bone health.”?
Skeletal muscle, the largest organ in the human body, contains a
significant number of SCFA receptors (such as GPR41 and GPR43).
SCFAs participate in glucose, lipid, and protein metabolism in skel-
etal muscle, affecting muscle mass and function and playing a cru-

cial role in endurance exercise performa\nce.93 SCFAs are important

regulators of osteoclast metabolism and bone mass. Treatment
with SCFAs or a high-fiber diet significantly increases bone mass
in mice and effectively prevents bone loss in postmenopausal or
inflammation-induced models. Propionate and butyrate induce
metabolic reprogramming in osteoclasts, enhancing glycolysis at the
cost of oxidative phosphorylation, which downregulates key osteo-
clast genes (TRAF6 and NFATc1), inhibiting osteoclast differentia-
tion and bone resorption.”* A decrease in fecal butyrate levels has
been observed in patients with rheumatoid arthritis and in mouse
models of arthritis. Supplementation with butyrate can promote the
production of the microbial metabolite indole-3-acetic acid, which
activates the aryl hydrocarbon receptor on regulatory B cells (Bregs)
capable of secreting IL-10. This enhances the immunosuppressive

function of Bregs and alleviates arthritis in mice.”

5 | PROSPECTS

The growing understanding of host-microbiota interactions em-
phasizes the crucial role of microbiota-derived metabolites, such

as short-chain fatty acids (SCFAs), in maintaining metabolic and

Inhibition colorectal cancer

Protecting the intestinal
mucosal barrier
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Regulates bone cell metabolism
and bonc mass

Regulate energy metabolism

Anti-inflammatory
stabilize the intestinal
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diabetes

Regulate intestinal
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gut brain } -~
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FIGURE 2 Mechanisms by which SCFAs are associated with different hosts conditions. SCFAs protect the intestinal mucosa barrier to
promote intestinal health; SCFAs can inhibition colorectal cancer; SCFAs regulate energy metabolism to inhibit obesity; SCFAs can alleviate
diabetes by being anti-inflammatory and stabilizing the intestinal environment; SCFAs regulate intestinal hormone secretion and stabilize the
gut-brain axis; SCFAs regulate the gut-brain axis by anti-inflammatory and antiviral action; SCFAs regulate bone cell metabolism and bone
mass to protect bone health thus offering promising avenues for future research.
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immune homeostasis in the body (Figure 2). SCFAs exert their ef-
fects by influencing host epigenetics, activating G protein-coupled
receptors, and inhibiting pathogenic microbial infections, playing im-
portant roles in mitigating diseases such as colitis, cancer, obesity,
and diabetes. SCFAs are involved in immune regulation and systemic
circulation, influencing brain, lung, and bone health. However, most
of the research findings are based on mouse models and single cell
lines, and more studies based on human principles are needed in the
future.

The concentration of SCFAs largely depends on the intake
of dietary fiber in our diet and the ability of the gut microbiota
to ferment these fibers. Therefore, increasing the endogenous
production of SCFAs through dietary interventions and cultivat-
ing a healthy gut microbiota would be effective approaches for
improving overall health. When therapeutically supplementing
SCFAs, personalized intervention plans may be necessary based
on the characteristics of the target population. Furthermore, in-
creasing evidence suggests that SCFA concentrations in the body
are in a dynamic balance, and both excessively high and low SCFA
concentrations may have adverse effects on human health. It has
been reported in mouse studies that the contents of butyrate in
the intestines of mice fed a high-fiber diet significantly increase.”®
Compared with those of mice fed a low-fiber diet, the results
showed increased colonization of pathogenic bacteria, decreased
body weight and increased mortality. Excessive acetic acid ac-
tivates the parasympathetic nervous system to increase hunger
hormones, while increasing insulin secretion stimulated by glu-
cose, triggering obesity.97 Real-time monitoring and maintenance
of the dynamic balance of SCFA biosynthesis is highly important
for understanding the physiological functions of SCFAs.

In the field of biomedicine, bioavailability of short-chain fatty
acids can be increased via advances in nanodelivery, analog develop-
ment, and phytochemicals, and the effective application of synthetic
biology, metatenomics, metabolic engineering, enzyme evolution,
and machine learning methods will make it possible to construct in-
telligent biological systems for optimizing SCFAs concentration to

protect human health.
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