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ABSTRACT

Gut inflammation is a challenging concern in humans and animals, which disturbs normal growth and
leads to severe bowel diseases. Short chain fatty acids (SCFA) are the gut microbiota metabolites pro-
duced from fermentation of non-digestible carbohydrates, and have been reported to modulate gut
inflammation. SCFA have been implicated as the potential therapeutic bioactive molecules for gut in-
flammatory diseases, and could be an alternative to antibiotic growth promoters (AGP). In this review,
the existing knowledge about the types of SCFA, the related gut microbes producing SCFA, the roles of
SCFA in maintaining gut homeostasis, and how SCFA modulate gut inflammation is summarized. The
therapeutic application of SCFA in the treatment of inflammatory bowel disease (IBD) is also highlighted.

© 2022 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
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BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gut inflammation contributes to epithelial barrier defects, dis-
turbs beneficial microbiota, and dysregulates immune response
(Garcia-Carbonell et al., 2019). It also causes maldigestion and
malabsorption of nutrients and reduces host growth and devel-
opment (Nii et al., 2020). The usage of antimicrobial agents to
prevent inflammation and/or as growth promoters has led to the
evolution of antibiotic resistance among pathogenic bacteria
(Nhung et al., 2017), which is causing public health concern around
the globe (McEwen and Collignon, 2018). Over the past few years,
nearly all produced antibiotics are gradually losing their inhibitory
activity against pathogenic microbes (Kromann et al., 2017).
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Increasing antibiotic resistance has instigated the exploration of
novel antimicrobial compounds (Yang et al., 2019).

Gut microbiota is a complex consortium of microbial commu-
nities consisting of trillions of fungi, viruses, archaea, micro-
eukaryotes, and especially bacteria. Most of them are beneficial
microbes, but some are pathogens. Gut microbiota significantly
influences human and animal health, and during gut diseases, the
normal microbial composition is impaired (Barko et al., 2018; Sarin
et al,, 2019). It is reported that gut microbiota is crucial in con-
trolling gut inflammation (Khosravi et al., 2014). Short chain fatty
acids (SCFA) are gut microbiota-produced fermentation products of
dietary fibres, which could reshape the gut ecology, induce immune
modulation and antibiotic activity, and mediate inflammatory sig-
nalling cascade during gut inflammation (McHardy et al., 2013).
Emerging literature has recognized the dynamic roles of SCFA in the
host immunity, metabolism, and inflammation, and their potential
profile for gut immunity regulation has also been described sub-
stantially (Holscher, 2017; Beukema et al., 2020). The gut microbes
producing SCFA have also been identified. The role of SCFA in im-
mune modulation during gut inflammation, particularly via G
protein-coupled receptors (GPR)/Toll-like receptors (TLR)-medi-
ated underlying signalling cascade has become an emerging matter
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of interest in the modern era. Thus, SCFA could be the potential
bioactive molecules which would be used in preventing gut
inflammation.

Further, due to high incident rate of antibiotic resistance, SCFA
could also be an effective choice to counter gut inflammation.
That's why, it is also speculated that SCFA might be a viable alter-
native source that could potentially modulate host immune regu-
lation and efficiently mediate inflammatory responses during gut
inflammation. Therefore, the aim of this review is to compile the
existing knowledge panoramically and elucidate the potential
immunomodulatory impact of SCFA on host immune regulation to
mitigate gut inflammation.

2. Types of SCFA

SCFA, being saturated in nature, contain (1 to 6) carbon (C) atoms.
Formate, acetate, propionate, butyrate, valerate, and caproate are the
members of SCFA comprising C1, C2, C3, C4, C5, and C6 atoms,
respectively. Following the international union of pure and applied
chemistry (IUPAC) criteria, SCFA are the aliphatic carboxylic acids
with less than 6 carbons atoms in their aliphatic tails, and can be
divided on the number of carbon atoms they contain. The IUPAC
names for these SCFA, i.e., formic acid (C1), acetic acid (C2), propionic
acid (C3), isobutyric acid (C4), butyric acid (C4), isovaleric acid (C5),
and valeric acid (C5), are methanoic acid, ethanoic acid, propanoic
acid, 2-methylpropanoic acid, butanoic acid, 3-methylbutanoic acid,
and pentanoic acid respectively. Additionally, 2-methylbutanoic acid
(C5) is a SCFA, which has no common name yet (Layden et al., 2013).
Formic acid is the smallest SCFA with just 1 carbon atom with a
minor role in human physiology. However, during methanol meta-
bolism, formic acid is produced as a by-product and causes issues
relating to metabolic acidosis (Layden et al., 2013). Acetic acid is a
main component of vinegar, and several anaerobic bacteria produce
it in the human gut. It binds with co-enzyme A and is involved in fat
and carbohydrate metabolic pathways in cells. Compared with other
SCFA, higher concentrations of acetic acid are found in blood circu-
lation and colon lumen (Shimazu et al.,, 2010). Likewise, propionic
acid is also formed as a fermentation by-product of gut microbiota,
and it decreases hepatic cholesterol synthesis and improves fat
metabolism. It has anti-inflammatory and antibacterial properties
and also protects the human gut from pathogens (Markowiak-Kope¢
and Slizewska, 2020). Butyric acid also acts as an energy source for
colonocytes, regulates multiple gut functions, i.e., immune modula-
tion, gut development, cell differentiation, gene expression, reduces
oxidative stress and inflammation by controlling pathogens, and
improves growth (Bedford and Gong, 2018). Among these SCFA, a
comparatively small production of formate, valerate, and caproate
has been reported, whereas acetate, propionate, and butyrate are
produced abundantly. Diet dependent fibre contents are responsible
for the production of these SCFA in the gut. Similarly, the transit time,
microbiota composition, and substrate type also alter SCFA relative
proportion (Layden et al., 2013).

3. Gut microbiota are the main producers of SCFA (acetate,
propionate and butyrate)

Gut microbiota consisting of a complex consortium of abundant
microbial communities is substantially established in several me-
tabolites production, of which SCFA are the potential metabolites
essential for host normal physiology (Rooks and Garrett, 2016). SCFA
are the energy metabolites for the host, which yield almost 10% of
daily caloric requirements for humans. Host colonocytes metabolize
SCFA from the gut lumen up to the hepatic vein with a higher
metabolic activity for butyrate than acetate and propionate. Host
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liver also actively takes part in SCFA uptake (den Besten et al., 2013).
Carbohydrate metabolism during glycolysis, and amino acid or
organic acid metabolism produces propionate and butyrate. Acetate
is derived from acetyl-CoA in glycolysis, and can also be converted
to butyrate using butyryl-CoA: acetyl-CoA transferase. In the colon
lumen, almost 90% to 95% of produced SCFA are absorbed in the gut
mucosa (Parada Venegas et al., 2019). The gut lumen absorbs SCFA
by exchanging Cl~ with HCOs™ ions. The absorbed SCFA are usually
transported to the liver through the portal vein and metabolized by
hepatocytes. SCFA are metabolized in the mitochondrial matrix
and fuel different tissues, i.e., liver, heart, and skeletal muscles,
as an energy source. Further, SCFA also modulate the lipid and
carbohydrate metabolism in the liver and play a supportive role in
glucose synthesis from pyruvate/lactate (Schonfeld and Wojtczak,
2016). SCFA production depends upon gut microbiota, which syn-
thesizes these bioactive compounds via fermenting non-digestible
carbohydrate, and resulting the principal end products, particu-
larly acetate, butyrate, and propionate. For instance, Akkermansia
muciniphila is recognized as a fundamental bacterium for propio-
nate production which helps to degrade the mucin. Similarly, in the
colon, Ruminococcus bromii significantly contributes to producing
butyrate via fermenting resistant starch. Even more, Faecalibacte-
rium prausnitzii, Eubacterium hallii and Eubacterium rectale are
considered as chief butyrate producers (Morrison and Preston,
2016). Several studies have reported that a considerable variety of
other gut microbiota is associated with producing a large variety of
SCFA. For instance, Prevotella spp., Streptococcus spp., Bacteroides
spp., Bifidobacterium spp., Clostridium spp., A. muciniphila, Blautia
hydrogenotropphica and Ruminococcus spp. produce acetate as their
SCFA metabolite via the Wood—Ljungdahl pathway and pyruvate
decarboxylation to Acetyl-CoA pathways. Further, Phascolarcto-
bacterium succinatutens, Megasphaera elsdenii, Ruminococcus obeum,
Bacteroides. spp., Veillonella spp., Salmonella spp., Dialister spp.,
Roseburia inulinivorans, E. hallii and Coprococcus catus are recog-
nized to produce propionate as their effective metabolite via
following succinate, propanediol and acrylate pathways. Further-
more, E. hallii, Roseburia spp., Anaerostipes spp., Coprococcus comes,
F. prausnitzii, E. rectale, C. catus and Coprococcus eutactus produce
butyrate via following exogenous acetate and butyrate kinase
pathways (Cummings et al, 1987; Macfarlane and Macfarlane,
2003; den Besten et al., 2013; Krautkramer et al., 2020; Xu et al.,
2020). It is also reported that Prevotella stercorea, M. elsdenii, and
Prevotella copri produce valerate using valine, leucine and isoleucine
with aminotransferase, thioesterase, dehydrogenase, and trans-
acylase enzymes. Zoogloea ramigera, Megasphaera, and Escherichia
coli process butyryl-CoA, propionyl-CoA, and acetyl-CoA to produce
valerate and caproate using thiolase. Likewise, Acidobacteria and
Megasphaera massiliensis MRx0029 also produce valerate (Yuille
et al.,, 2018; Liu et al., 2019). Acetogenic bacteria, i.e., Clostridium
uses 3 glucose molecules to produce acetate (Haapalainen et al,,
2006; Xu et al., 2020). The synthesis pathways of different SCFA
are also represented in Fig. 1. Additionally, Roseburia hominis and E
prausnitzii have been reported as butyrate-producing bacteria in
humans, whose production is severely influenced during gut dys-
biosis in inflammatory bowel disease (IBD). It is suggested that
butyrate administration might have some beneficial effects in IBD
patients (Lavelle and Sokol, 2020). Moreover, formate is also a by-
product produced as a result of anaerobic fermentation by gut
bacteria (Pietzke et al., 2020); however, limited studies are available
to date. Pham and co-workers reported that E. hallii has the ability to
produce formate by consuming glucose (Pham et al., 2017). The
important SCFA, their types, common and synthetic names, and
sources are also listed in Table 1. The reported literature cited above
suggested the direct/indirect causal roots between host and gut
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Fig. 1. The synthesis pathways of different SCFA. SCFA synthesis depends upon the type of substrate, and the preference of every bacterium for available substrates is probably
distinct. Based on substrate type, SCFA synthesis might be classified into 4 categories. Different bacteria use sugars (as demonstrated in section 1), carbon chain elongation (section
2), amino acids (section 3) or other substrates (section 4) for SCFA synthesis following different pathways. Propanediol and succinate pathways are represented in section 1 (Top left)
of the figure. Thiolase-mediated butyryl-CoA, propionyl-CoA, and acetyl-CoA pathways are represented in section 2 (Top right) of the figure. Aminotransferase, thioesterase,
dehydrogenase, and transacylase enzymes pathway using different amino acids as a basic source is represented in section 3 (Bottom left) of the figure. Wood—Ljungdahl and
pyruvate decarboxylation to Acetyl—CoA pathways, and other types of substrates are represented in section 4 (Bottom right) of the figure. SCFA = short chain fatty acids; C = carbon;
CoA = coenzyme A.

Table 1
Important short chain fatty acids, their types, common and synthetic names, and sources.
Number Common name  Synthetic name  Sources References
of carbon (C)
c1 Formic acid Methanoic acid  Eubacterium hallii Pham et al. (2017)
c2 Acetic acid Ethanoic acid Prevotella spp., Streptococcus spp., Bacteroides spp., Xu et al. (2020); Macfarlane and Macfarlane
Bifidobacterium spp., Clostridium spp., Akkermansia muciniphila, ~ (2003); Krautkramer et al. (2020); Cummings
Blautia hydrogenotropphica, Ruminococcus spp. et al. (1987)
c3 Propionic acid Propanoic acid Akkermansia muciniphila, Phascolarctobacterium succinatutens, Morrison and Preston (2016); den Besten et al.
Megasphaera elsdenii, Ruminococcus obeum, Bacteroides spp., (2013); Xu et al. (2020)
Veillonella spp., Salmonella spp., Dialister spp., Roseburia
inulinivorans, Eubacterium hallii and Coprococcus catus
C4 Butyric acid Butanoic acid Ruminococcus bromii, Faecalibacterium prausnitzii, Eubacterium Lavelle and Sokol (2020); den Besten et al.
hallii, Eubacterium rectale, Roseburia spp., Anaerostipes spp., (2013); Xu et al. (2020); Morrison and Preston
Coprococcus comes, Coprococcus catus and Coprococcus eutactus  (2016)
C5 Valeric acid Pentanoic acid Acidobacteria, Megasphaera massiliensis MRx0029 Liu et al. (2019)
Yuille et al. (2018)
c6 Caproic Acid Hexanoic acid Caproiciproducens galactitolivorans BS-17 Bengelsdorf et al. (2019)

microbiota through SCFA. Thus, gut microbiota and its derived SCFA
are worth assessing in normal host physiology.

4. SCFA maintain gut homeostasis via regulating host
immunity and inflammation

It has been established that gut homeostasis depends upon the
interaction between gut microbiota-produced SCFA and the host.
Although gut microbiota directly alter host functional profile,
modern researchers are investigating their role through SCFA,
which has been recognized as a popular metabolite for immune
response regulation during infection (Sencio et al., 2021). There-
fore, exploring the potential roles of SCFA in different metabolic and
infectious conditions has become an interesting concern in the
recent decade. Several studies described that SCFA could modulate
host metabolic functions at different organ sites (Frampton et al.,
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2020). They help in food digestion, modify drug physiological
metabolism, regulate neurological and endocrinological functions,
eliminate toxins, and train immunity (Fan and Pedersen, 2020). The
salient functions of SCFA are represented in Fig. 2. These SCFA are
also involved in the development and survival of leukocytes and
can lower the colonic pH, which promotes beneficial bacterial
growth, i.e., Lactobacillus and Bifidobacterium. As these bacteria are
significant producers of SCFA, they play a vital role to maintain
effective immune responses during inflammation (McLoughlin
et al., 2017).

Current studies recognize that host gut homeostasis is funda-
mentally controlled by gut microbiota and/or its derived SCFA,
which is essential for a smooth functioning of an immune system.
For instance, butyrate regulates the mature production, proper
trafficking and an adequate functioning of innate and adaptive im-
mune cells in IBD, indicating its role in gut inflammation (Gongalves
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Fig. 2. Overall and gut-specified functions of SCFA. In humans and animals, after ingestion, the feed interacts with several types of digestive enzymes/gastric secretions, which
help in nutrients digestion. However, some proportion of the nutrients remains undigested. Gut microbiota helps digest the remaining undigested carbohydrates and produces
SCFA, i.e., acetate, propionate, and butyrate. Overall, these SCFA help in nutrients digestion, drug metabolism, toxin elimination, immunity training, and neurological/endocrino-
logical functions regulation. Specifically, these SCFA protect the gut from inflammation, maintain gut barrier integrity, facilitate epithelial cells in nutrient absorption, and prevent

entry of harmful entities and infectious agents. SCFA = short chain fatty acids.

et al., 2018). Further, a study reported that SCFA-exposed pre-adi-
pocytes elicited an innate immune response, suggested an optimum
status of SCFA in immune regulation during inflammatory diseases
(Garland, 2011). On the other hand, gut microbiota dysbiosis is the
structural and functional perturbation of gut microbiota, which
enhances the pathogenesis of IBD, and alters the production and
proper functioning of SCFA (Khan et al., 2019). Dysbiosis leads to an
impaired gut barrier integrity, which initiates pathogens intrusion
in deep mucosal layers and causes spontaneous intestinal cell
(goblet and Paneth) death, ultimately results in barrier dysfunction
and defects in innate immunity. Enteric pathogen translocation has
been described as a driving force in the etiopathogenesis of IBD,
which also develops an adaptive immune response (Khan et al.,
2019). Thus, reversing dysbiosis maintains cell survival and mini-
mizes inflammation pathogenesis, which is largely dependent on
SCFA. Instead of an energy source as adenosine triphosphate (ATP),
SCFA link the microbiota and immune system via intestinal
epithelial cells (IEC), which establish a physical protective barrier
against a microorganism's entry and hence, are the dynamic com-
ponents of the host defensive system as these cells sense the inva-
sion of pathogenic microbes (Parada Venegas et al., 2019). These
reports highlight the role of SCFA in assisting IEC to maintain gut
barrier integrity, which might be targeted to prevent IBD patho-
genesis. The schematic presentation of gut eubiosis and homeostasis
in the regulation of innate and adaptive immune response is rep-
resented in Fig. 3, which illustrates a potential contribution of im-
mune cells in immunity.

It is demonstrated that the immune system in the gastroin-
testinal tract (GIT) is continually confronted with a variety of
antigens, and therefore, tolerable or harmful antigens must be
distinguished in a timely manner. Inflammation studies in mice,
chickens, and other mammals described the dynamic immune
cells interaction to distinguish the destructive entities, and un-
covered the potential roles of SCFA to regulate the immune sys-
tem (Cait et al., 2018; Leone et al., 2019). During normal
circumstances, a dynamic regulation is maintained in the com-
ponents of the tight junctions. However, an infection or sustained
inflammation, i.e., IBD, may cause dysregulation, which further
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leads to barrier breaching and microbe's invasion (Pott and
Hornef, 2012; Odenwald and Turner, 2017). Microbial invasion
triggers neutrophils infiltration, which is the first line of defence
in innate immune response at an inflammation site. On-site, these
cells efficiently mount a response against invaders and initially
orchestrate the activation and subsequent recruitment of mac-
rophages. Interestingly, SCFA interact with neutrophils, actively
participate in their recruitment and modulate their chemotaxis,
and other physiological functions and survival in various tissues
(Vinolo et al., 2011; Correa-Oliveira et al., 2016). Further, butyrate
and/or propionate enhanced the neutrophil transmigration to the
inflammatory cite by increasing the secretion of cytokine-
induced neutrophil chemoattractant 2af (CINC-2aB) (Vinolo
et al., 2009). Thus, SCFA markedly modulate the neutrophilic
functions during inflammation and regulate immunity. Further-
more, butyrate modulates the intestinal macrophage functions
and significantly inhibits the lipopolysaccharide (LPS) induced
pro-inflammatory mediators, i.e., interleukin (IL)-6, IL-12 and
nitric oxide (NO) (Sun et al., 2017). Interestingly, butyrate also
improved macrophages' antimicrobial activity during its differ-
entiation (monocyte to macrophage) (Schulthess et al., 2019),
indicating immunomodulatory effects of SCFA during increased
macrophages influx, which exacerbates the inflammation.
Moreover, in inflamed tissues, dendritic cells sample different
antigens and then migrate towards lymph nodes. Here, they
present these antigens to the T cells and produce different cyto-
kines as an immune response, and influence T cells polarization
into Th1, Th2, or Th17 cells (Nastasi et al., 2015). Butyrate effec-
tively regulated the functions and development of dendritic cells,
lowered T cells stimulating capacity of dendritic cells and reduced
pro-inflammatory (IFN-vy, IL-12 p40) cytokines production (Liu
et al, 2012). Another study reported that higher SCFA concen-
trations inhibited histone deacetylases (HDAC) in dendritic cells
via reducing the differentiation of these cells, thus decreasing
pro-inflammatory cytokines production (Corréa-Oliveira et al.,
2016). Additionally, subsequent production, differentiation and
functioning of T cells depend upon the balance between gut
eubiosis and dysbiosis. These studies demonstrated how SCFA
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Fig. 3. Schematic presentation of gut eubiosis and homeostasis. Intact gut epithelium maintains eubiosis and homeostatic balance. Most of the pathogens remained in the gut
lumen, whereas the commensal bacteria elicited the underlying mechanisms via producing SCFA and triggering innate and adaptive immune regulation. SCFA via their GPR and
(correlated) TLR modulate the immune regulation. During innate immune regulation (the left grey colour representation in the figure), SCFA, especially butyrate, induced apoptosis
via activating the neutrophils and macrophages. On the other hand, activation of natural killer and dendritic cells, differentiation of macrophages and dendritic cells, and
recruitment of neutrophils and macrophages were reduced. Th1-mediated cytokine productions from macrophages and dendritic cells, and neutrophilic induced cytotoxic effects
and cytokine secretion were also reduced. During adaptive immune regulation (the right grey colour representation in the figure), SCFA, via GPR/TLR receptors activated B cells,
Naive T cells, and T regulatory cells (Treg). Treg were either directly activated by propionate or were indirectly activated by butyrate via Naive T cells. B cells produced IgA, which
inhibits bacterial invasion through the gut epithelium. Treg suppressed inflammatory and allergic responses, and its differentiation ameliorated colitis. Additionally, butyrate via
HDAC modulated proliferation and recruitment of T cells (Th1, Th2, Th17), induced apoptosis, thus regulated cytokine production. SCFA properly maintain the gut eubiosis and
homeostasis via both innate and adaptive immune regulation. SCFA = short chain fatty acids; GPR = G protein-coupled receptors; TLR = Toll-like receptors; Th1 = T helper type
1 cells; Th2 = T helper type 2 cells; Th17 = T helper type 17 cells; Treg = T regulatory cells; IgA = immunoglobulin A; HDAC = histone deacetylases.

alter dendritic and T cells functions to minimize inflammation.
Some evidence in modern studies also indicated that SCFA exert
immunomodulating effects for both B and T lymphocytes as an
adaptive immune response in IBD (Trompette et al., 2018; Russo
et al., 2019). For instance, lamina propria is the underlying in-
testinal epithelium rich in T and B lymphocytes. Peyer's patches
provide an inductive site where lymphocytes priming occurs, and
lamina propria acts as an effector site where activated lympho-
cytes respond to an appropriate stimulus. Thus, in lamina propria,
T cells activate CD25 and CD69 for immune regulation during
inflammation (McDermott and Huffnagle, 2014). A recent study
reported that butyrate at the rate of 1.0 mmol/L constrains T cell
proliferation, and at > 2.0 mmol/L induces apoptosis in stimulated
T cells. On the other hand, propionate at the rate of 2 to 5 mmol/L
constrains mitogens-stimulated T cell proliferation, and 250 to
500 pmol/L inhibits the immune response of Th1l-type in pe-
ripheral blood mononuclear cells of humans (Trompette et al.,
2014; Ohira et al., 2017). Indeed, Arpaia et al. demonstrated
that SCFA significantly influenced the balance of pro/anti-
inflammatory cells by a profound communication between the
immune system and gut microbial communities (Arpaia et al.,
2013), highlighting the major role of SCFA in inflammation
and immune regulation. The overall representation of these im-
mune cells with their relevant functional profile during inflam-
mation and gut dysbiosis was potentially proposed and is
presented in Fig. 4.

In short, all defensive cells, i.e., neutrophils, monocytes, mac-
rophages, dendritic cells, Treg cells, Th cells, and lymphocytes
correlate with SCFA to modulate the picture of inflammatory cy-
tokines in gut inflammation.

5. SCFA regulate immune response and inflammation via
GPR/TLR following underlying signalling cascade

It is well-known that SCFA play a substantial role in initiating an
immune response and immune regulatory mechanisms via their
receptors during inflammation. Thus, stimulation of an immune
response depends on the stimuli, the environment, and the
receptor-type, i.e., G protein-coupled receptors (GPR) and/or TLR.
SCFA can influence host physiology via interactions with GPR and
HDAC, and exert their mediational role through modulating im-
munity directly or indirectly. Thus, different SCFA, i.e., butyrate,
propionate, or acetate, bind with and efficiently activate different
kinds of receptors; free fatty acid receptors (FFAR), i.e., GPR41
(FFAR3) or GPR43 (FFAR2). On the other hand, only niacin and
butyrate can activate GPR109A, which is also called hydrox-
ycarboxylic acid receptor 2 (HCAR2) (Chen et al., 2017; Dalile et al.,
2019). Several recent studies have demonstrated the beneficial ef-
fects of SCFA dependent on their vital receptors. SCFA are well-
known to protect gut epithelial integrity and have useful effects
against gut inflammation, i.e., in IBD (Taggart et al., 2005; Chen
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Fig. 4. Schematic outlining of the main players in gut dysbiosis and inflammation. Gut dysbiosis depicts a decreased biodiversity and is accompanied by loss of beneficial
bacteria, with defective barrier functions leading to leaky gut, impaired anti-microbial response, and enhanced bacterial adhesion and translocation. After damaging gut barrier, the
gut became a leaky gut, which allowed the pathogens’ intrusion into lamina propria via crossing damaged barriers. Here, these pathogens produced toxins and secreted LPS and LTA.
These toxins, LPS and LTA, together initiated inflammation, endotoxemia and thus caused metabolic diseases. These factors increased pro-inflammatory cytokines production,
impaired anti-inflammatory cytokine secretion, and hence insufficient immune response led to the non-homeostatic condition. These factors also triggered the underlying cell
signalling cascade. Although SCFA rushed to overcome the dysbiosis, however, SCFA could not elicit a proper anti-inflammatory state due to sudden invasion of pathogens. Gut-
associated lymphoid tissue (GALT) also interactively released T cells and collaboratively competed with an intruded pathogenic storm. LPS = lipopolysaccharide;
LTA = lipoteichoic acid; SCFA = short chain fatty acids.

Table 2 2019), and via GPR41/GPR43 in different porcine tissues, i.e., in
Receptors for common SCFA and their related interaction. the spleen, ileum, adipose tissue and colon (Li et al., 2014). Simi-
Receptors Interaction References larly, these SCFA through GPR modulate different enzymatic ac-

tivities, transcription factors of hypoxia-inducible factor and HDAC,

GPR41/FFAR3 [¢has more affinity with  Koh et al. (2016) and histone acetyltransferase by reducing inflammation (Corréa-

propionate and least

with acetate. Oliveira et al., 2016). Other studies reported that SCFA via GPR

GPR43/FFAR2 It has more affinity with ~ Mandaliya and Seshadri (2019) also modulate different hormonal secretion, i.e., insulin, glucagon,
propionate and acetate incretin, and leptin, which regulates immune response and energy

E?l‘: lr?tset affinity with haemostasis (Xiong et al., 2004; Vinolo et al., 2012). Thus, GPR has

GPR109A/HCAR2 Butzrate'has attraction  Dalile et al. (2019) been proven to be a SCFA gateway to host metabolism, which might
with GPR109A or be a good therapeutic target in infection prevention. Furthermore,

HCAR2. an alteration in microbial diversity and GPR are also interlinked

SCFA = short chain fatty acids; GPR = G protein-coupled receptor; FFAR = free fatty with gut inflammation levels. Several research reports also
acid receptor; HCAR2 = hydroxycarboxylic acid receptor 2. demonstrated a significant modulation of underlying inflammatory

signalling cascade with SCFA via GPR (Li et al., 2018; Luu and
Visekruna, 2019). For instance, Wang and co-workers found that
et al,, 2019). The receptors and their interaction with related SCFA  Lactobacillus acidophilus treated mice significantly increased gut

are listed in Table 2. microbiota diversity, and analysis of mRNA expression revealed a

Recent data suggested that GPR influenced the leukocytes positive correlation of GPR41 and GPR43 with serum interferon- y
activation, intestinal barrier integrity, microbial defence, and pro- (IFN-y) and transforming growth factor-B (TGF-B), whereas it
duction of inflammatory cytokines as pathophysiological mecha- showed a negative correlation with serum IL-6, IL-4, and IL-17

nisms, which are all associated with IBD (Zeng et al., 2020). Thus, levels (Wang et al., 2019). The substantial roles of SCFA in the
the role of GPR in SCFA functionality is well-established. For  modulation of anti-inflammatory cytokines to regulate the immune

instance, Citrobacter rodentium-induced infection in GPR417/~,  system in inflammation are also critical. For instance, TGF-f regu-
GPR43~/~ mice significantly reduced inflammatory response, indi- lates CD8* Tcells, natural regulatory T cells, and natural killer T cells
cating GPR as crucial inflammatory mediators (Kim et al.,, 2013). development. Similarly, IL-10 is critical in immune system ho-
Other researchers demonstrated that SCFA initiate an immune meostasis by limiting the inflammatory response and reducing
response via GPR41 in bovine rumen epithelial cells (Zhan et al.,  tissues damage during gut inflammation, and IL-22 also potentially
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maintains the epithelial barrier (Sanjabi et al., 2009; Brockmann
et al,, 2017). It is also reported that butyrate enhanced the pro-
duction of IL-10 in T cells of IBD patients (Sun et al., 2018). Sodium
butyrate also exhibited anti-inflammatory potential in IBD of in-
vivo (mice) and in-vitro (RAW 264.7 cells) models (Chen et al.,
2018), indicating how SCFA prevent inflammation severity and
protect the intestinal epithelium. Likewise, both propionate and
acetate also increased the production of IL-10 (Mandaliya et al.,
2021). Recently, an in-vivo study demonstrated that Lactobacillus
plantarum ZS2058 significantly reduced Salmonella-induced path-
ogenicity by enhancing the faecal propionic acid level and pro-
ducing mucin-2 in mouse colon following IL-22/IL-23 and IL-17/IL-
23 dependent pathways (Liu et al., 2019). The findings of these
studies highlighted how SCFA stimulated anti-inflammation factors
to protect a host from infections. On the other hand, the mecha-
nisms of how gut microbiota-derived SCFA suppress pro-
inflammatory mediators to modulate the inflammation and im-
munity have become of considerable interest. For instance, the
level of IL-6 is considered to be a diagnostic marker in a variety of
inflammatory diseases (Czepiel et al., 2014). TNF-o participates in
adhesion of leukocyte to the epithelium, in edema formation, and
in vasodilatation, and regulates the blood coagulation, hence, in-
duces fever indirectly (Zelova and Hosek, 2013; Akhtar et al., 2020).
In monocytes, propionate and butyrate reduced the expression of
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LPS-induced NO synthase and TNF-o via FFA2/FFA3 receptor's
activation or HDAC inhibition (Li et al., 2018). In another in-vitro
study, sodium butyrate remarkably reduced the IL-6, TNF-«, and
monocyte chemoattractant protein-1 (MCP-1) production and
significantly inhibited mitogen activated protein kinase (MAPK)
phosphorylation in association with nuclear factor-kappa B (NF-«B)
activity, thus attenuated inflammation (Ohira et al., 2013). SCFA-
induced GPR41 and GPR43 interlinked dysbiosis-mediated meta-
bolic endotoxemia, which consequently provoked an immune
response and other inflammatory signalling mechanisms (Brar and
Kohn, 2019). Additionally, SCFA are associated with the differenti-
ation of adipose tissues, and regulation of immune responses and
inflammation in farm animals (Mielenz, 2017). The findings of these
studies indicated how SCFA reduced pro-inflammation and
enhanced anti-inflammation factors to modulate inflammatory
conditions and regulate immunity.

Instead of GPR/FFAR, pathogens initiated immune response
could also be triggered by pattern-recognition receptors (PRR), i.e.,
TLR, which are the chief players during inflammation. Analysis of
nearest—neighbour correlation revealed that TLR2 and TLR4,
considered essential in innate immunity, are regulated with GPR
(Maslowski et al., 2009). For instance, gut dysbiosis influences TLR
expression and contributes to unbalancing Th17/Treg, which is
correlated with functional and compositional changes in mucosal
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Fig. 5. A probable cellular mechanism of SCFA-related immune response in gut homeostasis. GPR and TLR work in appropriate correlation. Bacterial PAMP, i.e., toxins, LPS and
LTA, stimulated TLR and underlying signalling pathways. They promoted the secretion of pro-inflammatory cytokines, i.e., IL-1B, TNF-a, IL-6, etc. As a result, inflammation is
initiated. SCFA, i.e., acetate, propionate, and butyrate, intricately correlate with TLR, i.e., TLR2, TLR3, TLR4, TLR9 and TLR10 via GPR, i.e., GPR41, GPR43, and GPR109A. GPR are inter-
connected with SCFA via G proteins, which are heterotrimeric and comprise 3 subunits, alpha (), beta (B), and gamma (y). This demonstration explains the stimulation of TLR by
PAMP, activation of GPR by SCFA, correlation and trans-membrane signalling activities of GPR and TLR, initiation of pro-inflammatory cytokines-mediated inflammation and other
malfunctions, stimulation of anti-inflammatory activity to overcome inflammation, and activation of PPAR, MAPK, NF-kB, and NLRP3 inflammasome pathways and relevant
transcription/genes expression in overall immune regulation via SCFA. GPR = G protein-coupled receptors; TLR = toll-like receptors; PAMP = pathogen-associated molecular
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like receptor 2; TLR3 = toll-like receptor 3; TLR4 = toll-like receptor 4; TLR9 = toll-like receptor 9; TLR10 = toll-like receptor 10; GPR41

= G protein-coupled receptor 41; GPR43 = G

protein-coupled receptor 43; GPR109A = G protein-coupled receptor 109 A; PPAR = peroxisome proliferator-activated receptors; MAPK = mitogen activated protein kinase; NF-
kB = nuclear factor-kappa B; NLRP3 = NOD (nucleotide-binding oligomerization domain) LRR (leucine-rich repeat) and pyrin domain-containing 3.
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microbiota (Chen et al., 2017). Similarly, myeloid differentiation
primary response protein 88 (MyD88)-interlinked TLR interaction
with dendritic cells on mucosa and in sub-epithelial layer triggers
the immune modulatory MAPK and NF-kB pathways (Kobyliak
et al,, 2016). Another study reported that IL-18 production and
NLRP3 inflammasome activation are mainly mediated by TLR4,
which regulates intestinal immune homeostasis (Lotscher and
Balmer, 2019). Further, butyrate significantly increased the
expression of TLR4 and CD14 in human (SW480) cells and mouse
(CT26) cells, and induced phosphorylation of p-38, ERK, and JNK,
thus attenuated MAPK signalling (Xiao et al.,, 2018), indicating
inflammation suppression role of SCFA. In male Boer goats, 1% so-
dium butyrate decreased the mRNA expression levels and phos-
phorylation of MAPK, and inhibited protein kinase C (PKC) in the
ruminal epithelium, and increased the expression of zona occludin-
1, occludin, claudin-1, and claudin-4 by mitigating the ruminal
epithelial damage (Zhang et al., 2018), suggesting that SCFA pro-
tects gut barrier and inhibits inflammation. Butyrate with a dose
rate of 100 and 500 pmol/L significantly attenuated NF-kB and its
relevant cytokine levels (Lee et al., 2017). TLR1 and TLR6 are the
central players of innate immune dysfunction in IBD's pathogen-
esis, and are considered as effective targets to treat IBD (Lu et al.,
2018). Interestingly, in IBD, the anti-inflammatory characteristics
of butyrate were also described via inhibiting the NF-kB pathway
and inducing the expression of intracellular cell adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) (Zapolska-Downar et al., 2004; Chen et al., 2018).
These studies indicated the inhibitory role of SCFA in inflammation
following TLR core pathways. Hence, TLR and gut microbiota-
associated SCFA act as a bridge to initiate the host metabolism
and immunologic processes (Spiljar et al., 2017). Larraufie et al.
reported that butyrate increased the peptide YY (Pyy) gene
expression, and TLR3/TLR4 are directly linked with barrier function
regulation and degranulation of Paneth cells (Larraufie et al., 2017).
In addition, up-regulated TLR10 is related to the increased ab-
sorption and production of SCFA to promote immune tolerance in
goat's ruminal epithelium (Shen et al., 2016). Similarly, a reduced
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level of TLR9 gene expression in the Peyer's patches in the ileum
and mesenteric lymph nodes indicated a reduced inflammation
intensity in the intestine (Jang et al., 2016). These reports high-
lighted the substantial role of TLR in association with SCFA in
inflammation reduction and immune regulation. Furthermore,
SCFA also modulate the expression of peroxisome proliferator-
activated receptors (PPAR). In a murine colitis model, N-(1-
carbamoyl-2-phenylethyl) butyramide (FBA), a butyrate deriva-
tive, suppressed histone deacetylase-9, re-established acetylation
of H3 histone, exerted a potent anti-inflammatory influence via
PPAR-y up-regulation, and modulated the host immune response
during gut inflammation (Simeoli et al., 2017). In another study,
PPAR-vy signalling restricted the growth of pathogenic bacteria, i.e.,
Salmonella and Escherichia, hence prevented gut dysbiosis
(Byndloss et al., 2017). Similarly, propionate regulated gut lipid
metabolism and immune regulation via inducing the expression of
PPAR-a (Higashimura et al., 2015). These studies revealed that
pathogen-associated molecular patterns (PAMP) i.e., LPS, LTA or
toxins elicited TLR to initiate the inflammation, whereas SCFA, i.e.,
acetate, butyrate and propionate triggered the immune responsive
cells, which further activated either innate immunity or adaptive
immunity. Thus, SCFA via immune regulation maintained gut
epithelial integrity, and protected the host from gut inflammation.
All these accumulating shreds of evidence suggested a potential
role of SCFA-mediated underlying signalling cascade in immune
regulation and distinct inflammatory responses. SCFA-mediated
cellular immune responses and the demonstration of pro-/anti-
inflammatory cytokines secretions via GPR/TLR following NF-«B/
MAPK/PPAR signalling cascades are represented in Fig. 5.

6. Therapeutic applications of SCFA

It has been reported that SCFA possess substantial anti-
microbial activities against several microbes. Therefore, they are
widely applied in agriculture, food, and medicinal industries (Arora
etal.,, 2011). Several studies reported the therapeutic applications of
SCFA. For instance, a study described that low concentrations of

[ Overall scheme and correlation in gut (eubiosis & dysbiosis) ]

| PAMP, LPS, LTA |

Fig. 6. Overall scheme and correlation of all possible factors in inflammation (gut dysbiosis) and homeostasis (gut eubiosis). PAMP = pathogen-associated molecular patterns;
LPS = lipopolysaccharide; LTA = lipoteichoic acid; SCFA = short chain fatty acids; TLR = Toll-like receptors; MAPK = mitogen activated protein kinase; NF-kB = nuclear factor-kappa

B.
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SCFA could inactivate bacterial cells without hazardous effects on
the host (Dewulf et al., 2011). Further, acetate, butyrate, propionate,
and formate have proved to be effective anti-microbial compounds
in inhibiting oral microbes (Alva-Murillo et al., 2012). SCFA effec-
tively blocked the type III secretion systems (T3SS), which is a
primary mechanism for pathogenicity of Salmonella, and regulated
the expression of its virulence genes, thus preventing gut inflam-
mation (Rauf et al., 2021). Similarly, butyrate markedly inhibits
Shigella infection in humans by reducing its pathogenicity via up-
regulating the cathelicidin (Raqib et al., 2006). In Campylobacter
jejuni infection, acetate, butyrate and propionate mixture could
slightly reduce the probable ABC transporter ATP-binding protein
PEB1C (pebic) gene expression in the chick gut to inhibit its
pathogenesis and inflammation (Luethy et al, 2017). However,
further research is still required to explore the mechanisms of
Shigella and C. jejuni infections. Sodium acetate and sodium pro-
pionate could suppress the chromosomal locus for enterocyte
effacement (LEE) gene expression to prevent enterohemorrhagic E.
coli pathogenicity (Nakanishi et al., 2009). Although Listeria mon-
ocytogenes could survive in acidic conditions, higher butyrate
concentrations in the gut can resist its attachment and coloniza-
tion, and could significantly reduce its infection (Sun et al., 2012).
Furthermore, in neurological disorders, SCFA, via inhibiting HDAC,
have proved to be potential modulators in learning and memory
processes (Rauf et al., 2021). Depression impairs human behaviour
and causes social issues. Decreased fecal SCFA concentration is
observed in depressed patients, whereas butyrate acts as an anti-
depressant and normalizes behavioural changes (Sun and Buys,
2016; Burokas et al., 2017). Additionally, SCFA also perform roles
in metabolic disorders. Butyrate might increase insulin response
(Sanna et al., 2019), whereas impaired propionate production
might enhance the risk of type-2 diabetes (Kaczmarczyk et al.,
2012). Moreover, many studies described the anti-inflammatory
effects of SCFA by substantially inhibiting the pro-inflammatory
cytokine secretion to reduce inflammation (Tedelind et al., 2007;
Li et al, 2018). IBD is also an inflammatory disorder which
might have multiple etiological factors, i.e., environmental, ge-
netics, microbiological and immunological. However, dysbiosis is a
common factor in IBD patients as compositional or functional al-
terations of gut microbiota in these patients are common.
Disturbed gut microbiota is unable to ferment the undigested food
components in the host gut, thus fail to produce SCFA, and func-
tionalities of the immune system are compromised, which further
exacerbates the inflammation (Parada Venegas et al., 2019; Rauf
et al.,, 2021). SCFA exhibits immunomodulatory actions by nour-
ishing host colonocytes in IBD patients (Plichta et al., 2019).
The literature cited above has demonstrated that SCFA have
potential therapeutic applications in different pathologies and
could be considered alternatives to antibiotic growth promoters
(AGP) as well.

7. Conclusion and perspectives

Recently, attention has been paid to the functional profiling of
SCFA associated with immunoregulatory impact in gut inflamma-
tion. Gut microbiota, its derivatives SCFA, and the host immune
system are implicated together in intricate crosstalk. Innumerable
host-associated environmental cues within the body influence the
functional profile of SCFA. SCFA have been increasingly recognized
as having profound impacts on immune-related host functions/
dysfunctions to assess the co-metabolism in human physiology and
pathology.

For an optimal host functioning, the holobiont idea might ease
the understanding of host and microbes' interdependency for a
common concern. Herein, this review summed up that SCFA via
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their GPR-associated TLR modulated the innate and adaptive im-
mune response during inflammation. Gut dysbiosis was implicated
in PAMP-mediated gut inflammation, which triggered the influx of
neutrophils, macrophages, natural killer cells, epithelial cells, and
dendritic cells; indeed, it is an innate immune response. Further,
systemic inflammation was characterized by dysbiosis via an
overwhelming storm of pro-inflammatory cytokines IL-1, TNF-a,
IL-6, etc., followed by proliferation of T and B lymphocytes, the
polarization of Th1, Th2, and Th17 cells, which was speculated as an
adaptive immune response. Conversely, in eubiosis, SCFA inhibited
the pro-inflammatory cytokines-mediated NF-kB/MAPK/PPAR cas-
cades via reducing leukocyte infiltration and promoting the anti-
inflammatory cytokines underlying the same signalling cascade.
Overall, these findings suggested that SCFA potentially modulated
the GPR/TLR-mediated NF-kB/MAPK/PPAR cascades via its relevant
pro-/anti-inflammatory cytokine secretion to properly regulate the
immune responses during inflammation. Additionally, we also
speculated that SCFA might be effective agents to replace antibi-
otics, and could be used against several pathologies. The overall
scheme and correlation of all possible inflammation factors (gut
dysbiosis) and homeostasis (gut eubiosis) are presented in Fig. 6.

As this review has demonstrated the dynamic and functional
capabilities of SCFA in the gut associated with immune response
regulation during inflammation, these findings might have pro-
found implications for host health, and might positively support
human health affecting metabolic and immune responsive traits.
Although many mice models and in-vitro trials remarkably
revealed the potential impacts of SCFA, explaining their roles in
host gut physiology and pathology, the actual picture for human
health remains. Further, a quantitative approach for SCFA mea-
surement in colonocytes would be extremely desireable to screen
the potential roles of SCFA, especially for eubiosis/dysbiosis balance
in immune response regulations. We speculate that emerging
technologies might have an enormous potential to utilize SCFA as
potential therapeutic agents to maintain eubiosis and homeostasis,
thus promote human health and reduce gut inflammation.
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