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In recent years, an overwhelming amount of evidence has positively recommended a significant role of micro-
biota in human health and disease. Microbiota also plays a crucial role in the initiation, preparation, and function
of the host immune response. Recently, it has been shown that short-chain fatty acids (SCFAs) are the primary
metabolites of the intestinal microbiota produced by anaerobic fermentation, which contributes to the host-
pathogen interaction. SCFAs, such as propionate, acetate, and butyrate, are bacterial metabolites with immu-

nomodulatory activity, and they are indispensable for the maintenance of homeostasis. Some evidence indicates
that they are involved in the development of infections. In the present study, we provide the latest findings on the
role of SCFAs in response to bacterial infections.

1. Introduction

Microbiota is a biological community of the commensal, symbiont,
and pathogenic microorganisms, including bacteria, archaea, fungi, and
viruses which are present across all eukaryotic organisms such as
humans [1-4]. The microbiota has traditionally been used as a shield to
pathogenic bacteria, generally referred to as colonization resistance [5].
The intestinal microbiota’s complex functions must be organized be-
tween the millions of distinct bacterial organisms and the host [5]. This
synchronization is accomplished by various chemicals varying from
signaling molecules to metabolites [5]. The equilibrium between
commensal and potentially pathogenic bacteria is essential to human
health [6]. Microbiota supports the host by allowing the fermentation of
non-digestible dietary components, such as complex sugars and lipid
molecules [6]. The breakdown of this metabolite contributes to vitamin
K development, the absorption of critical ions, and the improvement of
essential cell function, such as regulating epithelial cell proliferation and
differentiation [6]. Also, it has been found that the gut microbiota
present in the digestive tract provides essential health benefits to its
host, primarily through the regulation of immune homeostasis. In this
way, mutual regulation between the immune system and microbiota is
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accomplished through several mechanisms, including the engagement
of toll-like receptors (TLRs) and pathogen-specific receptors expressed
on numerous cell types [7]. TLRs can identify ligands from commensal
or pathogen microbiota to preserve the tolerance or trigger the immune
response [7-9]. Besides, bacterial metabolites are also active in the
modulation of immune system cell development [10,11].

Short-chain fatty acids (SCFAs), including acetate, propionate, and
butyrate, are among the essential metabolites synthesized by intestinal
microbiota [12]. SCFAs, mainly butyrate, act as energy sources and
induce neural and hormonal signals that control energy homeostasis
[13]. In addition to their trophic impacts, they exhibit antioxidant,
anticancer, and anti-inflammatory activity and play an essential role in
maintaining digestive and immune homeostasis [14-16]. Intracellular
SCFAs can block zinc-dependent histone deacetylases (HDAC1-11) [17]
when entering the cells. HDACs are considered the epigenetic erasers,
catalyzing histone deacetylation and contributing to the compaction of
chromatin and transcriptional suppression [18]. In clinical trials, several
HDACs have been evaluated, and a number of them have been suc-
cessfully translated into the clinics. In addition to valproate, used as a
mood stabilizer and anti-epileptic agent, vorinostat, romidepsin, and
belinostat are prescribed to treat cutaneous and/or peripheral T-cell
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lymphoma. Simultaneously, panobinostat is applied to cure patients
with multiple myeloma who previously underwent romidepsin and
panobinostat therapy [19]. Besides having powerful anti-inflammatory
properties, a group of HDACs interfere with the development of innate
immune responses, protect against lethal sepsis, and increase suscepti-
bility to infection [20-24]. Regarding the anti-inflammatory properties
of SCFAs, HDACs have been shown to increase vulnerability to infections
in experimental studies and in patients involved in clinical oncology
studies [25-30]; thus, a question may arise whether SCFA-mediated
therapies are safe.

The aim of metabolomics studies is to target small molecule me-
tabolites that affect the host metabolome and their biochemical pur-
poses to investigate host-gut microbiota communications. Metabolome
analysis defines the metabolites used for their biological consequences
in intestinal host microbiota. [31]. Recent improvements in
next-generation sequencing (NGS) have pointed to a revolution in
advancing a culture-independent microbiota as well as an approach to
distinguish gut microbial communities [32]. It is now indisputable that
the gut microbiota profoundly influences the host immune system both
within and outside the gut [32]. Aside from genetic factors, environ-
mental factors play an essential role in shaping microbiota [32]. These
factors should be handled with caution as improper practices such as
overuse of antibiotics might boost disease risk by the
microbiota-mediated immunomodulation. Based on these findings,
microbiota-derived SCFAs provide a platform for the inhibition of
pathogens. In summary, based on the outcomes for this article, SCFAs
present a significant connection among microbiota, the host, and inva-
sive enteric pathogens. Herein, we emphasized the role of acetate,
propionate, and butyrate as typical SCFAs that have been documented to
attenuate the immune reactions in response to bacterial infection.

2. Human gut microbiota

The human gut contains numerous colonies of a wide variety of
microbes, comprising 10'# bacteria involved in various biological pro-
cesses. This colonization begins at birth, forming a unique intestinal
microbiota for each individual [33,34]. Currently, the characterization
of gut microbiota has been dramatically enhanced due to the advent of
novel approaches, such as NGS. In this regard, findings from the Human
Microbiome Project (HMP), as well as the MetaHIT (META genomics of
the Human Intestinal Tract), have provided a comprehensive vision of
the human-associated bacterial community identified 2172 bacterial
species collected from human beings. They are categorized into 12
various phyla, of which 93% belonged to Firmicutes, Proteobacteria,
Bacteroidetes, and Actinobacteria [35,36]. It has been shown that 386
bacterial species are strictly anaerobic and found in mucosal regions,
such as the gastrointestinal tract [36].

An extensive functional capacity of the human gut microbiota was
recently identified. The existence of country-specific bacterial signatures
was determined, showing that the composition of gut microbiota is
shaped by different environmental factors, including diet and human
genetics [35]. Nevertheless, it must also be said that different human
microbiota compositions can share a degree of functional redundancy,
yielding similar metabolite profiles [37]. These findings are significant
for developing therapeutic approaches to alter and form the bacterial
community in various diseases. A thousand taxonomic bacteria are
condensed in a specific functional collective domain, the intestinal
microbiota [38]. Like any other organ, the microbiota is associated with
pathological and physiological processes, and individual health can be
influenced when the composition of the human collective population is
altered [38]. The therapeutics of bacteria-induced pathologies, such as
microbiota transplantation, are increasingly available, and it should be
noted that the new medical specialties, microbiotalogy, and micro-
biomology are being born.
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3. Microbiota-derived short-chain fatty acids

Regarding the relationship between microbiota and humans, the
human body provides nutrients that bacteria need. In return, the bac-
teria help the human with the catabolism of indigestible carbohydrates
and the formation of SCFAs, which are essential for several physiological
pathways and regulating immune responses [33]. SCFAs are molecules
with 1-6 carbons formed during the fermentation of carbohydrates by
bacteria, of which acetic acid (acetate) (C2), propionic acid (propionate)
(C3), and butyric acid (butyrate) (C4) are the most abundantly formed
[39]. The microbiota’s crucial action in creating SCFAs has been re-
ported in germ-free (GF) mice [40]. Furthermore, proteins could also be
used as a substrate for the formation of SCFAs by the gut bacteria during
the metabolism of amino acids, forming fatty acids such as isovalerate
and isobutyrate [41]. However, dietary carbohydrates that enter the
host colonic lumen are the most significant substrate for many bacterial
species that enhance the colonic formation of SCFAs [42]. These mole-
cules are requisite for the host’s intestinal homeostasis since they sup-
port balanced microbial dynamics by suppressing the growth of several
bacterial species in low pH values [43]. SCFAs affect the immune system
in the intestine of the host and different organs [43].

Regarding the metabolism of SCFAs, acetate is either directly syn-
thesized from acetyl-CoA or through the Wood-Ljungdahl pathway with
formate aid [44]. Also, propionate is produced through succinate and
acrylate pathways through simple sugars as substrates in these reactions
from lactic acid as a precursor [43]. Finally, butyrate is generated by
classical pathways due to the acetoacetyl CoA reduction to butyryl CoA,
then converted into butyrate by butyrate kinase and transbutyrylase
[43,45]. SCFAs are transported to intestinal epithelial cells through
active transport and simple diffusion processes. Also, acetate and pro-
pionate are absorbed by the blood and reached other organs.

In contrast, butyrate is the primary source of energy for epithelial
cells [43,45]. The concentration of SCFAs in the human intestine ranges
from 20 to 140 mM. It depends on the structure of intestinal bacteria, the
absorption of SCFAs from the intestine, and the contents of fibers in the
diet [46].

4. Short-chain fatty acids and their receptors

SCFAs have been shown to communicate with distinct receptors,
such as G-protein-coupled receptors 41 and 43 (GPR41 and GPR43), also
known as free fatty acid receptors 2 and 3 (FFAR-2 and FFAR-3),
respectively [47,48]. FFARs are polypeptides with
seven-transmembrane a-helix domains and belong to the GPCR family
[48]. They can detect SCFAs and trigger signal transmission processes
[43,48].

SCFAs stimulate four receptors in the human cell membranes,
including GPR43, GPR41, GPR109a, and OR51E2 [49]. In this regard,
GPR43 is usually activated by propionic, acetic, and butyrate. Notably,
butyrate and propionate have a high ability to stimulate GPR41 [50].
Butyrate and B-hydroxybutyrate can activate the GPR109a receptor,
while acetate and propionate are considered the stimulators of the
Olfr-78 receptor [43,51]. Additionally, SCFAs play a role in the activa-
tion of peroxisome proliferator-activated receptors y (PPARy) as well as
the stimulation of the production of angiopoietin-like protein 4
(ANGPTL4/FIAF), involved in regulating lipid metabolism in gut bac-
teria and accumulation of the adipose tissue in the intestinal adeno-
carcinoma [52,53].

GPR43 is mainly expressed on gut epithelial cells, adipocytes, and
immune cells [50]. Besides, GPR41 is expressed on multiple human
cells, including the lymph node cells, adipocytes, splenocytes, large in-
testinal lamina propria cells, bone marrow cells, peripheral nervous
system, and polymorphonuclear leukocytes [50]. GPR109a is expressed
on the host and immune cells residing in intestinal epithelial cells,
including dendritic cells, macrophages, monocytes, neutrophils [50,54].
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5. Microbiota short-chain fatty acids and immunomodulatory
roles

Microbiota-derived SCFAs apply their influence on host cells by
various mechanisms, including 1) the activation of cellular receptors,
resulting in cell differentiation and proliferation, 2) affecting the host
cell metabolism by the production of metabolites within the cells, 3)
acting as inhibitors of HDACs [43,55].

SCFAs are considered mediators in the interaction between the in-
testinal microbiome and the immune system (Fig. 1) [43]. The signal
generating by them is transported to immune cells via FFARs, which
relate to the family of GPCRs [43]. It has also been established that
SCFAs hinder the activity of HDAC translational modifications, partic-
ularly the process of deacetylation and, what is new, the process of
histone crotonylation [43]. These characteristics of SCFAs affect their
immunomodulatory potential, i.e., keeping the anti/pro-inflammatory
balance [43]. SCFAs attach to GPCRs, such as GPR41, GPR43, and
GPR109A, expressing on the epithelial cells and immune cell surface
[46]. The process of transport or diffusion of SCFAs within host cells
occurs in their metabolism and/or hindrance of HDAC activity [46]. The
influence of SCFAs on enhanced epithelial barrier function and immune
tolerance is complex and promotes gut homeostasis through multiple
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mechanisms, namely enhanced generation of mucus by intestinal goblet
cells, the repression of nuclear factor-xB (NF-xB), the activation of
inflammasomes, the generation of interleukin-18 (IL-18); augmented
discharge of secretory IgA (sIgA) by B cells, decreasing the expression of
T cell-activating molecules on antigen-presenting cells, such as dendritic
cells (DCs); and increasing the number and function of colonic regula-
tory T (Treg) cells, including the expression of FOXP3 and generation of
anti-inflammatory cytokines (transforming growth factor-p (TGFf) and
interleukin 10 (IL-10)) [46].

A study performed by Astakhova et al. [47] found how SCFAs affect
the signaling transduction pathway in lymphoid (Epstein-Barr
virus-positive) and cancerous epithelial cells. They showed that butyrate
induced the expression of interleukin-6 (IL-6) and interleukin-8 (IL-8),
and these interleukins could enhance the activity of NF-xB in these
human cell lines [55]. Furthermore, SCFAs can activate the early lytic
phase of the Epstein-Barr virus (EBV) [55]. More importantly, butyrate
contributes to the induction of apoptosis in cancerous lymphoid cells
[55]. Astakhova et al. [55] found that carrier proteins, such as mono-
carboxylate transporter 1 (MCT1) and monocarboxylate transporter 4
(MCT#4), are crucial for the penetration and activity of SCFAs into host
cells [55]. These findings propose that SCFAs can affect the transport
actions of host cells and participate in the removal of EBV-infected and
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Fig. 1. The immunomodulatory role of short-chain fatty acids in the immune response. Metabolites derived from microbiota (including acetate, propionate,
and butyrate) are associated with shaping the mucosal immunity. These metabolites participate in a complicated host-microbiome network of interactions that
organize the immune response. The most well-studied metabolites SCFA and NA, are proposed to influence many aspects of the immune response, including DC and
macrophage function, cytokine release, Treg differentiation, the mucin discharge from intestinal goblet cells, inflammasome-mediated IL-18 activation, and
neutrophil chemotaxis via the NF-kB pathway. Also, in neutrophils, acetate-FFAR2 signaling stimulates their recruitment to the inflammatory situations, promotes

inflammasome activation, and increases the secretion of IL-1p, while in ILC3s,

acetate-FFAR2 enhances the expression of the IL-1 receptor, which promotes IL-22

discharge in response to IL-1p. NA: Nicotinic Acid; HDAC: Histone Deacetylase; NOS2,: Nitric Oxide Synthase 2; SCFA: Short-chain fatty acid; FFAR2: Free fatty
acid receptor 2; NLRP3: NLR family pyrin domain containing 3; Casp-1: Caspase-1; NF-kB: Nuclear factor-kappa B.
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cancerous cells [55].

It has been found that SCFAs enhance the differentiation of T lym-
phocytes towards effector T and T-regs lymphocytes by inhibiting
HDAGCs [56]. In this regard, the kinase pathway of the mechanistic target
of rapamycin (mTOR)-S6K is imperative for the differentiation of T
lymphocytes and the inhibition of HDACs in T lymphocytes by acetate.
Propionate is capable of increasing the phosphorylation of the ribosomal
protein S6 (the main target of the mTOR pathway) that influences the
expression of interferon-gamma (IFNy), IL-10, and interleukin 17 (IL-17)
[56]. A study conducted by Park and colleagues [48] revealed that ac-
etate could regulate the proliferation of T lymphocytes, controlled by
cytokines and immunological factors. In this context, the populations of
IL-10-producing T lymphocytes were enhanced by SCFAs.

In contrast, given stimulating the immune reaction, acetate promotes
the effector T lymphocytes [56]. This situation is crucial because the
formation of IL-10 by effector T lymphocytes determines their
anti-inflammatory ability, which is significant in the weakness of im-
mune reactions in inflammatory disorders [56]. Park et al. [56] also
showed that propionate is able to stimulate the differentiation of Treg
cells and the expression of Foxp3 (forkhead box P3) [43,56].

Additionally, it has been demonstrated that acetate and propionate
can induce the differentiation of naive T lymphocytes towards T helper
17 (Th17) cells and incite the expansion of T helper type 1 (Th1) cells via
interleukin 12 (IL-12) [43,56]. Th17 and Th1 lymphocytes are involved
in immune reactions against microbial pathogens and inflammatory
responses [56].

6. Microbiota short-chain fatty acids and bacterial infections

Intestinal microbiota facilitates mucosal barrier activity and im-
proves the immune response to prevent enteric infection [57].
Interleukin-1 beta (IL-1f) is typically a cytokine throughout active
infection essential for mobilizing neutrophils and eliminating pathogens
[57]. The microbiota plays a crucial role in developing homeostatic
pro-IL-1f concentrations in residential intestinal macrophages, such as
myeloid differentiation-dependent primary response 88 (MYD88). The
priming macrophages quickly respond to enteric infection by trans-
forming pro-IL-1f to mature active IL-1f [58]. Intestinal microbiota may
even improve host immunity by MyD88-independent mechanisms [57].

It has been shown that bacterial dysbiosis results in immune-
mediated diseases and microbial infections [59]. Commensal bacteria
are directly related to the surface of mucosal layers, causing complex
interactions to achieve homeostasis of immune reactions and pathogen
clearance [59-61]. In this regard, such interaction would be needed for
effective immune responses without excessive inflammatory responses.
Hence, resident commensal bacteria hold a continuous relationship with
mucosal surfaces, resulting in mucosal immunity, tolerance, and
inflammation in the human gut [59,62,63]. For instance, glycosylation
of proteins in epithelial cells is mediated by commensal bacteria and
group 3 innate lymphoid cells (ILC3s), regulating commensal host
symbiosis and anti-bacterial host reactions [64,65]. T lymphocytes,
innate immune cells, and immunoglobulin A (IgA) reactions also play
significant roles in these mechanisms [64,65]. Commensal microbiota
has been shown to direct intestinal Th17 and Treg cells [66-68]. It has
been indicated that microbiota-derived SCFAs stimulate the formation
of FOXP3 in CD4 + T lymphocytes and enhance the activity of Foxp3+ T
regs cells producing IL-10 in lamina propria of the human intestine [69,
70]. Of note, the anti-inflammatory effects of SCFAs are mediated via the
inhibition of the activity of HDACs [71]. Based on this fact, chemical
inhibitors of HDACs promote the function of Treg cells and have a
beneficial impact on various disorders, such as autoimmune disease [72,
731.

Microbiota-derived SCFAs can modulate a variety of cellular pro-
cesses, such as chemotaxis, gene expression, proliferation, apoptosis,
and differentiation [74]. It has been shown that the stimulation of
GPCRs, the inhibition of HDACs, and the activation of histone
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acetyltransferase are remarkably influenced by SCFAs [74]. However,
SCFAs (acetate, propionate, and butyrate) can accelerate the infection
process. Several studies conducted on the SCFA levels in sputum of pa-
tients with cystic fibrosis showed that SCFA-mediated mobilization and
survival of neutrophils exacerbated inflammatory reactions and facili-
tated the development of Pseudomonas aeruginosa [75]. Therefore, the
immunoregulatory activity of SCFAs relies on the context and type of
cells [46]. The involvement of GPCRs (cell-specific and tissue-specific)
and their complex metabolite-sensing capacities help the management
of host inflammation by controlling the infection process or causing
damages and sustaining homeostasis [46]. Overall, in this review article,
we will present a precise and updated description of the influences of
microbiota-derived SCFAs on bacterial infections, as well as the mo-
lecular mechanisms underlying these processes. To this aim, we will
summarize the literature published about the role of microbiota-derived
SCFAs in some bacterial infections (Table 1).

7. Butyrate

The interplay between the host and microbiota is crucial to maintain
the host intestinal homeostasis [76]. Nevertheless, a disturbance in this
process via bacteria dysbiosis and host defense against invasive bacterial
species could cause chronic inflammation [76]. Currently, it has been
found that macrophages being differentiated in response to
microbiota-derived butyrate exhibit increased anti-microbial activity.
Such activity can alter the metabolic activity of macrophages, enhance
host defense associated with LC3, decrease mTOR kinase activity, and
help the formation of anti-microbial peptides in the absence of
pro-inflammatory cytokines [76]. Besides, it has been shown that
butyrate induces the differentiation of monocytes into macrophages via
the inhibition of HDAC3 [76]. It has been reported that butyrate
administration activates the anti-microbial activity in macrophages in
the host intestinal and enhances the resistance to enteropathogenic
bacteria [76]. In a study performed by Schulthess et al. [76], they found
that (1) improved intestinal butyrate can cause host defense without
causing inflammation, and (2) the inhibition of HDAC3 is capable of
inducing some selective functions in macrophages involved in the host
defense against bacteria. Microbiota-derived SCFAs stimulate the ac-
tivity of intestinal epithelial barriers and modulate the host immune
reactions in mucosal layers [77]. In this regard, butyrate serves as an
initial energy source for epithelial cells as the first line of host defense
toward invading bacterial pathogens [77]. Also, butyrate modulates the
turnover of stem cells in epithelial crypts in the host intestine. This
metabolite also incites Treg lymphocytes in the host colon via inhibiting
the activity of HDAC at the Foxp3 locus [78-80]. Besides, the exposure
of peripheral blood mononuclear cells, including macrophages, neu-
trophils, and dendritic cells, to SCFAs, can inhibit inflammatory cyto-
kine production [81,82]. In-vivo models of intestinal inflammation
show that microbiota-derived butyrate can play immunomodulatory
activity [80].

This can be relevant for immunopathological events since dimin-
ished rates of butyrate-forming bacterial species were detected in the gut
as well as in fecal samples of patients with colorectal cancer (CRC) and
inflammatory bowel disease (IBD) [83,84]. It has been demonstrated
that tissue-resident and intestinal phagocytes act as barriers in the in-
testine for invading bacteria. Malfunctionality of this process has been
attributed to the pathogenesis of IBD because deficient microbicidal
reactions have been reported in monogenic and polygenic forms of IBD
[76,85,86]. Intestinal macrophages, compared with other macrophages,
are mainly replaced by blood circulating monocyte cells. Hence, these
monocytes reach the gut and undergo their final differentiation in the
intestinal lamina propria to achieve maturation and become highly
phagocytic cells. These cells show bactericidal activity through different
mechanisms, such as reactive oxygen species (ROS) derived from nico-
tinamide adenine dinucleotide phosphate (NADP) oxidase, along with
the formation of anti-microbial peptides [87,88]. However, microbial
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Table 1

Immunomodulatory roles of short-chain fatty acids in bacterial infections.

Short Chain
Fatty Acid

Bacterial
infection

Function

Reference

Acetate

Acetate

Acetate

Butyrate

Butyrate

Butyrate

Butyrate

Butyrate

Propionate

Escherichia coli
0157:H7

Clostridioides
difficile

C. difficile

Mycobacterium
tuberculosis

Citrobacter
rodentium

The recent findings showed that
acetate generated by probiotic
bifidobacteria acts in vivo to
promote defense (via inducing
genes of ATP-binding-cassette-
type carbohydrate transporter)
and functions of the host
epithelial cells and thereby
defends the host from lethal
infection such as Escherichia coli
O157:H7.

The generation of short-chain
fatty acids (SCFAs), such as
acetate, is a feature of symbiotic
microorganisms, including
Lactobacillus casei and
Bifidobacterium breve, which are
essential regulatory effectors of
epithelial proliferation in the
gut.

Microbiota-derived acetate
promotes innate host responses
to C. difficile by impacting
neutrophils and innate
lymphoid cells (ILC3s).

(1) An increase in the level of
intestinal butyrate may
represent a novel approach to
improve the host resistance
without inducing tissue-
damaging inflammatory
responses, and (2)
pharmacological interference of
HDAC3 may contribute to
discriminating macrophage
roles in anti-microbial host
protection.

Butyrate produced by resident
skin microbes can prevent
exaggerated inflammatory
reactions by performing a
down-regulatory role,
sustaining a healthy state under
physiological circumstances.
SCFAs, such as butyrate, can be
employed therapeutically to
reduce inflammatory skin
reactions.

Butyrate can protect the
intestinal epithelial cells from
the destruction induced by

C. difficile toxins by stabilizing
hypoxia-inducible factor 1
(HIF-1), attenuating the local
inflammatory reactions and the
systemic effects of infection.
Butyrate and propionate
producers may significantly
contribute to tuberculosis
pathophysiology by boosting
the anti-inflammatory reactions
in the host.

Butyrate supplementation at
high levels modifies enteric
bacterial populations and
decreases inflammation of the
intestinal tract in mice infected
with C. rodentium.

Propionate levels can precisely
temper lung immune reactions
in vitro and in vivo, and gut
microbiome enhanced
generation of propionate is

[97]

[131]

[133]

[76]

[140]

[89]

[106]

[141]

[124]
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Table 1 (continued)

Short Chain Bacterial Function Reference
Fatty Acid infection
correlated with decreased lung
inflammation.
Propionate Listeria It has been appreciated that [123]
monocytogenes propionate may increase the

antimicrobial actions of
macrophages to limit the
growth of intracellular
pathogens such as L.
monocytogenes. In this regard
that propionate treated
Macrophages are more
restrictive to L. monocytogenes
intracellular growth. Also, it has
been discovered that
propionate-treated
macrophages have diminished
numbers of L. monocytogenes in
their phagosomes.

pathways that form the host defense of intestine macrophages are poorly
understood. Thus, Schulthess and colleagues [76] evaluated the impact
of microbiota-derived SCFAs on the function of macrophages. They
found that SCFAs stimulate transcriptional and metabolic shifts in
macrophages, which increase their bactericidal properties [76].
Schulthess et al. [76] indicated a role for butyrate as a differentiating
agent in macrophages derived from monocytes. They also revealed that
butyrate increases the intrinsic anti-microbial activity [76]. They also
indicated that butyrate acts as an inhibitory factor in altering the
metabolism of HDAC3 and can activate the production of anti-microbial
peptides to increase bactericidal activity [76].

Currently, it has been found that the number of SCFAs-producing
bacteria and the levels of SCFAs are significantly diminished in the in-
testine of patients infected with Clostridioides difficile [89,90]. Further-
more, it has been found that mice genetically susceptible to C. difficile
infection have lower levels of SCFAs in their intestines. In a study carried
out by Fachi et al. [89], they investigated the effects of butyrate on a
murine model of acute C. difficile infection. It was shown that C. difficile
infection is a proper case for the analysis of the host-microbiota inter-
action. They demonstrated that the disturbance in microbiota structure
results in the susceptibility of mice to colonization and growth of
C. difficile [89,91]. Studies showed that decreased host intestinal levels
of SCFAs are caused by antibiotic therapy and increases the suscepti-
bility of the host to C. difficile infection [90,92]. Fachi et al. [89] found
that the restoration of intestinal levels of butyrate reduced the coloni-
zation of C. difficile in-vivo and showed that butyrate could be useful in
attenuating and preventing the bacterial load of C. difficile. Besides, the
use of dietary fibers and foods enriched with SCFAs-forming bacteria,
such as Bifidobacterium, can reduce a load of C. difficile in the intestinal
tract of the host [93,94]. Several lines of evidence demonstrated that
microbiota-derived SCFAs are able to diminish the duration and severity
of intestinal bacterial infections, including Shigella, enterohemorrhagic
Escherichia coli, and Salmonella Typhimurium [95-97]. Various molecular
strategies and cellular components could be targeted, such as controlling
the colonization of bacteria, inhibiting the formation of bacterial toxins,
and activating the host-intestinal defense [95-97]. Fachi et al. [60]
showed that butyrate administration exerts a protective effect on
C. difficile infection by directly influencing the intestinal epithelial cells.

It has been found that macrophages play an essential role in the host
immune reactions by stimulating the anti-bacterial activity against
bacterial infections and bone remodeling via the alteration of pheno-
typic and phagocytic polarization. Butyrate contributes to some bio-
logical processes and exerts immunomodulatory, anti-inflammatory,
anti-microbial properties. Therefore, the accumulation of butyrate in
phagocytic macrophages could be a possible choice for the regulation of
macrophage behavior in specific environments to enhance the anti-
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bacterial and immunomodulatory effects in bone implants [98-105].
The emergence of implant-induced infections and insufficient bone tis-
sue integration are among the complications that urged physicians to
use immunomodulatory and anti-bacterial agents in implant materials.
The artificial implants have been primarily applied in orthopedic fields;
nevertheless, implant-associated infections are frequently reported in
postsurgical procedures, failing implants and causing systemic diseases
[103-105].

The modulation of immune cell activity in various conditions is
significant for the management of bacterial infection and bone inte-
gration. A study performed by Yang et al. [103] showed that sodium
butyrate was loaded onto 3D porous sulfonated polyetheretherketone to
regulate immune reactions in different situations. They found that so-
dium butyrate-loaded sulfonated polyetheretherketone possesses a
remarkable anti-bacterial potential, particularly in samples containing
high sodium butyrate levels [103]. The phagocytic activity of macro-
phages is enhanced following the bacterial induction with a rise in so-
dium butyrate levels through the reactive oxygen species formation,
which prompted the bactericidal ability in the implant infection [103].
Also, sodium butyrate-containing sulfonated polyetheretherketone can
polarize macrophages to M2 phenotypes, effectively participating in
bone regeneration and tissue repair [103]. The findings of Yang et al.
[103] showed that the sulfonated polyetheretherketone-B2 group had
better anti-bacterial infection ability and much bone production at the
proximity of implants. Overall, they indicated that the administration of
sodium butyrate-containing porous sulfonated polyetheretherketone
regulates macrophage reactions, proposing a novel method for the
design of implant materials with better bone repair and anti-bacterial
activity [103].

Studies indicated that gut microbiota is involved in the modulation
of host immunity and metabolism. A survey conducted by Maji et al.
[98] evaluated the alteration of gut microbiota in pulmonary tubercu-
losis and healthy controls. They found that the colonization of Bifido-
bacterium and Prevotella was increased in healthy controls. In contrast,
the number of propionates- and butyrate-forming bacteria, including
Eubacterium, Faecalibacterium, Phascolarctobacterium, and Roseburia,
was significantly increased in tuberculosis patients. Also, they showed a
decreased ratio of Bacteroidetes to Firmicutes in tuberculosis patients,
which can influence the concentration of SCFAs [106,107].

Additionally, accumulating evidence indicates the diminished
vitamin and amino acid biosynthesis rates in the enriched metabolism of
propionate and butyrate in tuberculosis patients [106]. Generally, the
findings of Maji et al. [106] imply that bacterial dysbiosis plays a critical
role in the pathophysiology of tuberculosis by increasing
anti-inflammatory cytokines [106].

It has been documented that butyrate influences human health
through its activity as an anti-inflammatory factor, mostly by sup-
pressing Nuclear factor-xB (NF-kB) and IFN-y [108,109]. The NF-xB
signaling pathway is imperative for the induction of immune reactions
against some microbial pathogens. It participates in the transcriptional
modulation of some cytokine genes, such as tumor necrosis factor-alpha
(TNF-a) [106]. It is now known that TNF-a and IFN-y have significant
activity in the control of Mycobacterium tuberculosis infection and are
crucial for granuloma production [106]. Of note, patients with latent
tuberculosis are prone to disease recurrence following the anti-TNF- o
therapy [106]. Butyrate can independently increase the number of T-reg
cells in the gut, limit the collateral damage of tissues due to powerful
anti-microbial immune reactions, suppress pro-inflammatory T-cell re-
sponses in tuberculosis patients, and increase the expression of IL-10
leading to chronic infection [106,110]. Notably, microbiota-derived
butyrate acts as a mediator of immune reactions against
M. tuberculosis in patients with diabetes mellitus, affecting individuals’
susceptibility to tuberculosis [111]. It has been suggested that
M. tuberculosis can stimulate the formation of IL-10, resulting in the
oppression of the immune reaction [112]. Henceforth, a sharp rise in
butyrate rate may negatively influence host immune reactions against

Biomedicine & Pharmacotherapy 141 (2021) 111817

M. tuberculosis infection.

It is understood that sodium butyrate is an SCFA salt secreted by
butyrate-producing bacteria in the intestinal tract [113]. It is highly
comparable with Class I and Class II HDAC zinc-dependent enzymes,
thus hindering the function of most Class I and Class I HDACs [114].
Similar to HDACI, sodium butyrate also affects the transcriptional ac-
tivity of genes within the cells and controls different cell activity. A
number of studies have shown that sodium butyrate can facilitate
catheter production (LL37), one of the most effective anti-bacterial
peptides [115]. LL37 is primarily produced by activated macrophages,
monocytes, neutrophils, and epithelial cells. Besides, it has been stated
that LL37 not only possesses anti-microbial, anti-toxic, and
immune-regulatory activity but also participates in wound healing and
neovascularisation. Previous studies have suggested that LL37 may be
resistant to M. tuberculosis by selective targeting of M. tuberculosis bacilli
and the modulation of host cell immune responses, such as autophagia
activation [116]. Therefore, in a study, Zhang et al. [117] examined the
effect of sodium butyrate on the immune system by contamination of the
host cells with M.Bovis.

The purpose of their research was to reveal a possible role of sodium
butyrate in the production of LL37 and the control of the signal trans-
duction pathway of NF-kB in macrophages infected with M. Bovis [117].
Noticeably, it was observed that sodium butyrate effectively improved
the expression of LL37 in macrophages infected with M.Bovis [117].
Besides, sodium butyrate significantly decreased the intracellular
infectivity of M.Bovis in macrophages [117]. Also, therapy with sodium
butyrate significantly reduced the pathogenicity of M. Bovis in mice
[117]. These results suggest that sodium butyrate could be used as a
potential therapeutic agent for the treatment of bovine tuberculosis.

The exposure of host cells to butyrate increases the production of
globotriaosylceramide (Gb3), the Shiga toxin receptor, a cytotoxin
typical to enterohemorrhagic E. Coli (EHEC) and Shigella [5], respec-
tively. When mice are fed with a high-fiber diet, the resultant elevation
in butyrate production of the microbiota is associated with severe pa-
thology and faster mortality as a result of EHEC disease than mice fed
with a low-fiber diet with lower gastrointestinal butyrate rates [118]. It
is believed that lifestyle change can modify the content of microbiota. In
line with the increase in butyrate production, the generation of Gb3 is
enhanced in host cells by increasing the vulnerability to Shiga toxin.

Also, SCFAs indirectly influence pathogen invasion by preserving the
integrity of the gastrointestinal tract and stimulating intestinal immu-
nity [8]. For instance, high concentrations of butyrate defend Caco-2
cells from invading and translating Campylobacter jejuni by triggering
cell differentiation [119]. Butyrate also strengthens the intestinal barrier
by stimulating AMP-activated protein kinase (AMPK) in Caco-2 mono-
layer cells [120]. AMPK plays a vital function in the homeostasis of
cellular resources and modulation of tension in cytoprotection [121].
Sufficient amounts of SCFAs contribute to stabilizing the epithelial cells
and prompt the immune response, whereas higher concentrations of
SCFAs are toxic [122].

8. Propionate

Propionate is a microbiota-derived SCFA with a wide variety of
functions in the human body. Some investigations have also delineated
the impact of this metabolite on immune cell modulation [123]. Weis
et al. [123] used Listeria monocytogenes to evaluate the immunologic
consequences of propionate [123]. L. monocytogenes is an intracellular
bacterium that proliferates inside the immune cells, such as macro-
phages. Weis et al. [123] assessed the effect of propionate on infection
susceptibility in cell culture conditions. They showed that upon the
treatment of macrophages with propionate before and during infections,
a significant reduction is detected in the proliferation of L. mono-
cytogenes [123]. They also proposed that propionate can strengthen the
anti-microbial activity of macrophages in limiting colonization of L.
monocytogenes [123]. The use of inhibitors that specifically block the
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anti-microbial activity in macrophages showed a particular
anti-microbial mechanism in these cells, increasing following the pres-
ence of propionate. These findings provide insight into the effects of
propionate on modulating the immune reaction mechanisms during
pathogen-host interplays.

A study performed by Tian et al. [124] demonstrated the gut
microbiota factors modulate and control immune homeostasis in the
lung. They demonstrated that the levels of microbiota-derived SCFAs,
particularly propionate, are capable of inhibiting pulmonary inflam-
mation and immune reactions. Unexpectedly, they detected
pro-inflammatory effects caused by microbiota-derived propionate and
butyrate when cells exposed to lipopolysaccharide (LPS) [124].
Compared with controls, they found a significant rate of propionate in
the antibiotic-treated group compared with the acetate-treated group
[124]. In order to exhibit the anti-inflammatory potential of high-dose
propionate, Tian et al. [124] pretreated the lung of mice with exces-
sive levels of propionate, leading to an increased colonization rate of
Staphylococcus aureus [124]. They detected a high percentage of
propionate-forming Lachnospiraceae in mice with diminished lung
inflammation [124]. Tian and colleagues [124] showed a gut-lung im-
mune axis in which microbiota-derived SCFAs play a significant role in
the pathology of the lung [124]. It has been found that germ-free mice
usually have substantial differences in local and systemic physiology.
Their immune reactions have different behavior in response to patho-
gens in the absence of gut commensal bacteria [124,125]. This fact
denotes that circulating factors derived from the gut microbiota can
modulate the immune reactions in the host [126].

In a study carried out by Jeong et al.[127], they evaluated the effect
of SCFAs on the proliferation of S. aureus. They showed that sodium
propionate inhibits the proliferation of Methicillin-resistant S. aureus
(MRSA) and multidrug-resistant (MDR) S. aureus isolates [127]. Inter-
estingly, only sodium propionate improved skin infection induced by
MRSA. Besides, sodium propionate significantly lowered the load of
bacteria, cytokine formation, and the weight value of abscesses by two
folds [127]. Furthermore, the isolates of S. aureus deficient for lip-
oteichoic acid and teichoic wall acid were more susceptible to sodium
propionate than the wild-type [127]. Overall, the findings of Jeong et al.
[127] showed that sodium propionate enhanced the skin infection
caused by MRSA by reducing the proliferation of S. aureus, proposing
that this metabolite might be helpful as an alternative treatment for
S. aureus infection [127].

Moreover, a report by You et al. [128] showed that Bacteroides vul-
gatus, a predominant genus of Bacteroidetes phylum in the gut of the mice,
restricts Vibrio cholerae infection, a common human pathogen. The
findings also indicate that commensal-derived metabolites are essential
determinants of host susceptibility to V. cholerae invasion. The current
research uncovers a novel microbiota-extrinsic therapy that triggers
extreme cholera-like symptoms in adult mice that are typically fully
immune. In addition, You et al. [128] have shown that a drastic change
in the metabolic output profile is responsible for the impaired tolerance
to infections in the host [128]. The inhibition of metabolites, such as
propionic acid, has been demonstrated to suppress the development of
V. cholerae. These results indicate that clindamycin-induced improve-
ments in the host intestine are expressed in the metabolite stage. These
significant changes in the metabolic profiles greatly influence the in-
testinal development of V. cholerae. This study emphasizes the impor-
tance of commensal-derived metabolites as a primary factor for host
vulnerability to enteric infection.

9. Acetate

Microbiota-derived acetate is abundantly found in the colon of
healthy individuals, and several intestinal bacteria can generate this
metabolite via metabolizing carbohydrates [97]. In a study conducted
by Fukuda et al. [89], they discovered that acetate has beneficial effects
on the activity of host epithelial cells and showed a valuable role in

Biomedicine & Pharmacotherapy 141 (2021) 111817

increasing the rate of probiotics, which protect the host epithelial cells
against bacterial infection [97].

The evaluation of bacterial mediators and signaling pathways that
affect epithelial homeostasis and bacterial symbiosis are currently under
investigation [129,130]. In this regard, to assess the bacterial influence
on the differentiation, proliferation, and death of gut epithelial cells,
Matsuki et al. [131] performed a study in which the epithelial cells were
exposed to Bifidobacterium breve and Lactobacillus casei as bona fide
symbionts. They previously [132] have found that L. casei caused sig-
nificant down-regulation in the expression of pro-inflammatory media-
tors in Caco-2 cells stimulated by Shigella strains [132]. However, along
with the immune modulation, Matsuki and colleagues [131] assessed
the molecular mechanism of epithelial homeostasis in the maintenance
of bacterial symbionts. They revealed that acetate and lactate act as
potential initial effectors in the transcriptional repression of cyclin E1
and cyclin D1 genes [131]. The expression of cell cycle regulators by
SCFAs, including p57, pl9, as well as the transcriptional factor
GATA-Binding Protein 2 (GATA2) (inhibiting the formation of cyclin
proteins, such as cyclin D1 and decreases the cell differentiation), show
that these symbionts have complicated relationships with the epithelium
in which complex signaling pathways control the cell cycle and induce
cell differentiation [131]. These findings are the basis for further in-vivo
research, confirming the colonization of B. breve and L. casei in the gut
that affects the epithelial homeostasis in the host.

It has been indicated that antibiotic-stimulated bacterial dysbiosis is
a crucial predisposing agent for C. difficile infections, intestinal disorders
with mild diarrhea, and pseudomembranous colitis [133]. Fachi et al.
[133] determined the influence of microbiota-derived acetate on
C. difficile in in-vivo models. They indicated that acetate administration
is significantly helpful for the improvement of the disease [133]. They
demonstrated that acetate increased the immune reactions via affecting
ILC3s and neutrophils induced by FFAR2 [133]. The acetate-FFAR2
signaling pathway stimulates the recruitment of neutrophils toward
inflammation zones, enhances inflammasome assembly, and increases
the expression of IL-1p. In group 3 innate lymphoid cells, this signaling
pathway enhances the formation of the interleukin-1 receptor (IL-1R),
which increases the formation of IL-22 in collaboration with IL-1p [133].
Fachi et al. [133] found that gut microbiota-derived acetate increases
the innate immune reactions against C. difficile via coordinating the
activity of ILC3s neutrophils [133]. It has been establishing that gut
microbiota are crucial for the inhibition and expansion of C. difficile
[134,135]. Fachi et al. [133] showed the protective effects of microbiota
on acetate formation via fermentation of fibers, stimulating the FFAR2
signaling pathway in ILC3s neutrophils and coordination of their pro-
tective activity [133]. Overall, microbiota-derived acetate can increase
the activity of neutrophils and ILC3s via FFAR2, which prompts host
innate inflammatory and repair reactions to C. difficile [133].

The structure of microbiota, which causes an increase in the amount
of acetate, has been shown to protect against Shiga toxin-mediated
disease [5]. In a deadly EHEC disease model, mice inhabited with
some Bifidobacteria, which contribute to higher amounts of acetate in
the intestine, have less disease severity than those infected with Bifi-
dobacteria strains, resulting in lower amounts of acetate.
Acetate-producing microbiota enhances the boundary capacity of the
gastrointestinal tract and inhibits Shiga toxin from entering the blood-
stream [136]. The structure and metabolism of microbiota are signifi-
cant factors in assessing the vulnerability and evolution of infection and
promising new goals for the prevention and treatment of enteric
infections.

SCFAs also are essential for preserving mucosal immunity by
improving the intestinal epithelial cell (IEC) barrier function [46]. In
addition to SCFAs, epithelial cell goblet cells enhance the expression of
their mucin genes and immunization of germ-free mice with
SCFA-producing Bacteroides thetaiotaomicron or Faecalibacterium praus-
nitzii, mediating the differentiation of goblet cells and development of
mucosa [137-139]. SCFAs change the close intersection permeability of
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IECs [136]. Colonization of Bifidobacterium longum strain provides a
high degree of acetate defense against the contamination of entero-
pathogenic E. Coli 0157:H7, suggesting that SCFAs can reinforce the
stability of IEC and hinder the translocation of dangerous toxins from the
intestinal lumen to the bloodstream [136]. These findings collectively
illustrate the function of microbial-derived SCFAs in attenuating hu-
moral and cellular immune responses and preserving mucosal
homeostasis.

10. Conclusion

In this study, we addressed recent findings of the function of SFACs in
bacterial infections. In response to bacterial infection, SCFAs, as
mentioned earlier, act as a link between microbiota and the immune
response. As presented in Fig. 1, this communication is involved in
various molecular pathways and cellular processes and is indispensable
for the maintenance of intestinal homeostasis. Such communication also
plays a pivotal role in disease progression. Despite the advancements in
this area, some dimensions of this association remained uncertain and
need to be explored in more depth, as evidenced by the contradictory
findings reported in the literature. We believe that this thriving field of
research will affect our insight into the mechanisms by which diet,
microbiota, and other factors affect the immune system function and,
subsequently, the development of inflammatory and bacterial in-
fections. In this context, it is essential to remember that this awareness
will open up possibilities for developing new and more successful
therapy for common inflammatory diseases. Based on the literature
outlined in this study, SCFAs provide an essential strategy for preventing
pathogens.

Conversely, several pathogenic microorganisms have evolved to
survive in the gastrointestinal gradient of SCFA. They have developed
mechanisms to control the expression of the virulence factors that
permit efficient colonization of the host. In conclusion, SCFAs provide a
crucial connection among microbiota, the host, and invasive enteric
pathogens. Studies indicate a tiny reflection of the microbiota’s many
biochemical mechanisms that cause well-being and illness. Future
research that better describes the function of SCFA in complicated in-
testinal interactions will increase our capacity to track and mitigate food
contamination and promote better gut health.

Funding

The current study did not receive any funding.

Declaration of Competing Interest
The authors reported no potential conflict of interest.
Acknowledgments

Special thanks to the advisory board members of the "Clinical
Research Development Unit of Baqiyatallah Hospital," Tehran, Iran, who
provided guidance for the conduction of this review article.

References

[1] B. Wang, M. Yao, L. Lv, Z. Ling, L. Li, The human microbiota in health and
disease, Engineering 3 (1) (2017) 71-82.

[2] R. Mirzaei, H. Mirzaei, M.Y. Alikhani, M. Sholeh, M.R. Arabestani, M. Saidijam,
S. Karampoor, Y. Ahmadyousefi, M.S. Moghadam, G.R. Irajian, Bacterial biofilm
in colorectal cancer: What is the real mechanism of action? Microb. Pathog. 142
(2020), 104052.

[3] R. Mirzaei, B. Bouzari, S.R. Hosseini-Fard, M. Mazaheri, Y. Ahmadyousefi,
M. Abdi, S. Jalalifar, Z. Karimitabar, A. Teimoori, H. Keyvani, Role of microbiota-
derived short-chain fatty acids in nervous system disorders, Biomed.
Pharmacother. 139 (2021), 111661.

[4] R. Mirzaei, A. Afaghi, S. Babakhani, M.R. Sohrabi, S.R. Hosseini-Fard,
K. Babolhavaeji, S.K.A. Akbari, R. Yousefimashouf, S. Karampoor, Role of

[5

=

[6]

[71

[8]

[91]

[10]

[11]

[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Biomedicine & Pharmacotherapy 141 (2021) 111817

microbiota-derived short-chain fatty acids in cancer development and prevention,
Biomed. Pharmacother. 139 (2021), 111619.

E.A. Cameron, V. Sperandio, Frenemies: signaling and nutritional integration in
pathogen-microbiota-host interactions, Cell Host Microbe 18 (3) (2015) 275-284.
B.C. Lustri, V. Sperandio, C.G. Moreira, Bacterial chat: intestinal metabolites and
signals in host-microbiota-pathogen interactions, Infect. Immun. 85 (12) (2017).
M. Valentini, A. Piermattei, G. Di Sante, G. Migliara, G. Delogu, F. Ria,
Immunomodulation by gut microbiota: role of Toll-like receptor expressed by T
cells, J. Immunol. Res. 2014 (2014), 586939.

Z. Li, G. Quan, X. Jiang, Y. Yang, X. Ding, D. Zhang, X. Wang, P.R. Hardwidge,
W. Ren, G. Zhu, Effects of metabolites derived from gut microbiota and hosts on
pathogens, Front. Cell. Infect. Microbiol. 8 (2018) 314.

R. Mirzaei, R. Mohammadzadeh, H. Mirzaei, M. Sholeh, S. Karampoor, M. Abdi,
M.Y. Alikhani, S. Kazemi, Y. Ahmadyousefi, S. Jalalifar, Role of microRNAs in
Staphylococcus aureus infection: potential biomarkers and mechanism, IUBMB
Life 72 (9) (2020) 1856-1869.

M. Levy, E. Blacher, E. Elinav, Microbiome, metabolites and host immunity, Curr.
Opin. Microbiol. 35 (2017) 8-15.

M. Rasoul, M. Rokhsareh, S.M. Mohammad, K. Sajad, M. Ahmadreza, The human
immune system against Staphylococcus epidermidis, Crit. Rev.TM Immunol. 39
(3) (2019).

AN. Thorburn, L. Macia, C.R. Mackay, Diet, metabolites, and “western-lifestyle”
inflammatory diseases, Immunity 40 (6) (2014) 833-842.

A. Kuwahara, Contributions of colonic short-chain fatty acid receptors in energy
homeostasis, Front. Endocrinol. 5 (2014) 144.

P. Louis, G.L. Hold, H.J. Flint, The gut microbiota, bacterial metabolites and
colorectal cancer, Nat. Rev. Microbiol. 12 (10) (2014) 661-672.

N. Natarajan, J.L. Pluznick, From microbe to man: the role of microbial short
chain fatty acid metabolites in host cell biology, Am. J. Physiol. -Cell Physiol. 307
(11) (2014) C979-C985.

R. Correa-Oliveira, J.L. Fachi, A. Vieira, F.T. Sato, M.A.R. Vinolo, Regulation of
immune cell function by short-chain fatty acids, Clin. Transl. Inmunol. 5 (4)
(2016) 73, €73.

J. Segain, D.R. De La Blétiere, A. Bourreille, V. Leray, N. Gervois, C. Rosales,

L. Ferrier, C. Bonnet, H. Blottiere, J. Galmiche, Butyrate inhibits inflammatory
responses through NFkB inhibition: implications for Crohn’s disease, Gut 47 (3)
(2000) 397-403.

K.J. Falkenberg, R.W. Johnstone, Histone deacetylases and their inhibitors in
cancer, neurological diseases and immune disorders, Nat. Rev. Drug Discov. 13
(9) (2014) 673-691.

M. Guha, HDAC inhibitors still need a home run, despite recent approval, Nat.
Rev. Drug Discov. 14 (2015) 365.

F. Leoni, A. Zaliani, G. Bertolini, G. Porro, P. Pagani, P. Pozzi, G. Dona, G. Fossati,
S. Sozzani, T. Azam, The antitumor histone deacetylase inhibitor suberoylanilide
hydroxamic acid exhibits antiinflammatory properties via suppression of
cytokines, Proc. Natl. Acad. Sci. 99 (5) (2002) 2995-3000.

F. Leoni, G. Fossati, E.C. Lewis, J.-K. Lee, G. Porro, P. Pagani, D. Modena, M.

L. Moras, P. Pozzi, L.L. Reznikov, The histone deacetylase inhibitor ITF2357
reduces production of pro-inflammatory cytokines in vitro and systemic
inflammation in vivo, Mol. Med. 11 (1-12) (2005) 1-15.

T. Roger, J. Lugrin, D. Le Roy, G. Goy, M. Mombelli, T. Koessler, X.C. Ding, A.-
L. Chanson, M.K. Reymond, I. Miconnet, Histone deacetylase inhibitors impair
innate immune responses to Toll-like receptor agonists and to infection, Blood J.
Am. Soc. Hematol. 117 (4) (2011) 1205-1217.

J. Lugrin, X.C. Ding, D. Le Roy, A.-L. Chanson, F.C. Sweep, T. Calandra, T. Roger,
Histone deacetylase inhibitors repress macrophage migration inhibitory factor
(MIF) expression by targeting MIF gene transcription through a local chromatin
deacetylation, Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 1793 (11) (2009)
1749-1758.

R.B. Jones, R. O’Connor, S. Mueller, M. Foley, G.L. Szeto, D. Karel, M. Lichterfeld,
C. Kovacs, M.A. Ostrowski, A. Trocha, Histone deacetylase inhibitors impair the
elimination of HIV-infected cells by cytotoxic T-lymphocytes, PLoS Pathog. 10 (8)
(2014) 1004287.

X.-H. Nguyen, P.A. Lang, K.S. Lang, D. Adam, G. Fattakhova, N. Foger, M.

A. Kamal, P. Prilla, S. Mathieu, C. Wagner, Toso regulates the balance between
apoptotic and nonapoptotic death receptor signaling by facilitating RIP1
ubiquitination, Blood, J. Am. Soc. Hematol. 118 (3) (2011) 598-608.

M. Beyer, J.L. Schultze, Regulatory T cells in cancer, Blood 108 (3) (2006)
804-811.

S. Lane, D. Gill, N.A. McMillan, N. Saunders, R. Murphy, T. Spurr, C. Keane, H.
M. Fan, P. Mollee, Valproic acid combined with cytosine arabinoside in elderly
patients with acute myeloid leukemia has in vitro but limited clinical activity,
Leuk. Lymphoma 53 (6) (2012) 1077-1083.

C.H. Moskowitz, A. Nademanee, T. Masszi, E. Agura, J. Holowiecki, M.H. Abidi,
A.L Chen, P. Stiff, A.M. Gianni, A. Carella, Brentuximab vedotin as consolidation
therapy after autologous stem-cell transplantation in patients with Hodgkin’s
lymphoma at risk of relapse or progression (AETHERA): a randomised, double-
blind, placebo-controlled, phase 3 trial, Lancet 385 (9980) (2015) 1853-1862.
S.E. Witta, R.M. Jotte, K. Konduri, M.A. Neubauer, A.I. Spira, R.L. Ruxer,

M. Varella-Garcia, P.A. Bunn Jr., F.R. Hirsch, Randomized phase II trial of
erlotinib with and without entinostat in patients with advanced non-small-cell
lung cancer who progressed on prior chemotherapy, J. Clin. Oncol. 30 (18)
(2012) 2248-2255.

A. Younes, Y. Oki, R.G. Bociek, J. Kuruvilla, M. Fanale, S. Neelapu, A. Copeland,
D. Buglio, A. Galal, J. Besterman, Mocetinostat for relapsed classical Hodgkin’s


http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref1
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref1
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref2
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref2
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref2
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref2
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref3
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref3
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref3
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref3
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref4
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref4
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref4
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref4
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref5
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref5
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref6
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref6
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref7
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref7
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref7
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref8
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref8
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref8
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref9
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref9
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref9
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref9
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref10
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref10
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref11
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref11
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref11
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref12
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref12
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref13
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref13
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref14
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref14
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref15
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref15
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref15
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref16
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref16
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref16
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref17
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref17
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref17
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref17
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref18
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref18
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref18
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref19
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref19
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref20
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref20
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref20
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref20
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref21
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref21
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref21
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref21
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref22
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref22
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref22
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref22
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref23
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref23
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref23
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref23
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref23
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref24
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref24
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref24
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref24
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref25
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref25
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref25
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref25
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref26
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref26
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref27
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref27
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref27
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref27
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref28
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref28
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref28
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref28
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref28
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref29
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref29
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref29
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref29
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref29
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref30
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref30

R. Ranjbar et al.

[31]

[32]
[33]
[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

lymphoma: an open-label, single-arm, phase 2 trial, Lancet Oncol. 12 (13) (2011)
1222-1228.

M.X. Chen, S.-Y. Wang, C.-H. Kuo, I.-L. Tsai, Metabolome analysis for
investigating host-gut microbiota interactions, J. Formos. Med. Assoc. 118 (2019)
S$10-S22.

H.-J. Wu, E. Wu, The role of gut microbiota in immune homeostasis and
autoimmunity, Gut Microbes 3 (1) (2012) 4-14.

E. Marietta, I. Horwath, V. Taneja, Microbiome, immunomodulation, and the
neuronal system, Neurotherapeutics 15 (1) (2018) 23-30.

J.L. Pluznick, Gut microbiota in renal physiology: focus on short-chain fatty acids
and their receptors, Kidney Int. 90 (6) (2016) 1191-1198.

J. Li, H. Jia, X. Cai, H. Zhong, Q. Feng, S. Sunagawa, M. Arumugam, J.R. Kultima,
E. Prifti, T. Nielsen, An integrated catalog of reference genes in the human gut
microbiome, Nat. Biotechnol. 32 (8) (2014) 834-841.

P. Hugon, J.-C. Dufour, P. Colson, P.-E. Fournier, K. Sallah, D. Raoult,

A comprehensive repertoire of prokaryotic species identified in human beings,
Lancet Infect. Dis. 15 (10) (2015) 1211-1219.

A. Moya, M. Ferrer, Functional redundancy-induced stability of gut microbiota
subjected to disturbance, Trends Microbiol. 24 (5) (2016) 402-413.

F. Baquero, C. Nombela, The microbiome as a human organ, Clin. Microbiol.
Infect. 18 (2012) 2-4.

P. Gill, M. Van Zelm, J. Muir, P. Gibson, Short chain fatty acids as potential
therapeutic agents in human gastrointestinal and inflammatory disorders,
Aliment. Pharmacol. Ther. 48 (1) (2018) 15-34.

T. Heverstad, T. Midtvedt, Short-chain fatty acids in germfree mice and rats,

J. Nutr. 116 (9) (1986) 1772-1776.

C. Yao, J. Muir, P. Gibson, Insights into colonic protein fermentation, its
modulation and potential health implications, Aliment. Pharmacol. Ther. 43 (2)
(2016) 181-196.

J. Cummings, G. Macfarlane, The control and consequences of bacterial
fermentation in the human colon, J. Appl. Bacteriol. 70 (6) (1991) 443-459.
W. Ratajczak, A. Ryl, A. Mizerski, K. Walczakiewicz, O. Sipak, M. Laszczynska,
Immunomodulatory potential of gut microbiome-derived short-chain fatty acids
(SCFAs), Acta Biochim. Pol. 66 (1) (2019) 1-12.

S.W. Ragsdale, E. Pierce, Acetogenesis and the Wood-Ljungdahl pathway of CO,
fixation, Biochim. Biophys. Acta (BBA)-Proteins Proteom. 1784 (12) (2008)
1873-1898.

S.E. Pryde, S.H. Duncan, G.L. Hold, C.S. Stewart, H.J. Flint, The microbiology of
butyrate formation in the human colon, FEMS Microbiol. Lett. 217 (2) (2002)
133-139.

M.G. Rooks, W.S. Garrett, Gut microbiota, metabolites and host immunity, Nat.
Rev. Immunol. 16 (6) (2016) 341-352.

M.H. Kim, S.G. Kang, J.H. Park, M. Yanagisawa, C.H. Kim, Short-chain fatty acids
activate GPR41 and GPR43 on intestinal epithelial cells to promote inflammatory
responses in mice, Gastroenterology 145 (2) (2013) 396-406, el0.

S.P. Mishra, P. Karunakar, S. Taraphder, H. Yadav, Free fatty acid receptors 2 and
3 as microbial metabolite sensors to shape host health: pharmacophysiological
view, Biomedicines 8 (6) (2020) 154.

M. Priyadarshini, K.U. Kotlo, P.K. Dudeja, B.T. Layden, Role of short chain fatty
acid receptors in intestinal physiology and pathophysiology, comprehensive,
Physiology 8 (3) (2018) 1091-1115.

A.J. Brown, S.M. Goldsworthy, A.A. Barnes, M.M. Eilert, L. Tcheang, D. Daniels,
A.1. Muir, M.J. Wigglesworth, I. Kinghorn, N.J. Fraser, The Orphan G protein-
coupled receptors GPR41 and GPR43 are activated by propionate and other short
chain carboxylic acids, J. Biol. Chem. 278 (13) (2003) 11312-11319.

J.L. Pluznick, R.J. Protzko, H. Gevorgyan, Z. Peterlin, A. Sipos, J. Han, 1. Brunet,
L.-X. Wan, F. Rey, T. Wang, Olfactory receptor responding to gut microbiota-
derived signals plays a role in renin secretion and blood pressure regulation, Proc.
Natl. Acad. Sci. 110 (11) (2013) 4410-4415.

S. Alex, K. Lange, T. Amolo, J.S. Grinstead, A.K. Haakonsson, E. Szalowska,

A. Koppen, K. Mudde, D. Haenen, H. Roelofsen, Short-chain fatty acids stimulate
angiopoietin-like 4 synthesis in human colon adenocarcinoma cells by activating
peroxisome proliferator-activated receptor y, Mol. Cell. Biol. 33 (7) (2013)
1303-1316.

E. Korek, H. Krauss, Novel adipokines: their potential role in the pathogenesis of
obesity and metabolic disorders, Post. Hig. i Med. doswiadczalnej 69 (2015)
799-810.

A. Koh, F. De Vadder, P. Kovatcheva-Datchary, F. Backhed, From dietary fiber to
host physiology: short-chain fatty acids as key bacterial metabolites, Cell 165 (6)
(2016) 1332-1345.

L. Astakhova, M. Ngara, O. Babich, A. Prosekov, L. Asyakina, L. Dyshlyuk,

T. Midtvedt, X. Zhou, I. Ernberg, L. Matskova, Short chain fatty acids (SCFA)
reprogram gene expression in human malignant epithelial and lymphoid cells,
PLoS One 11 (7) (2016) 0154102.

J. Park, M. Kim, S.G. Kang, A.H. Jannasch, B. Cooper, J. Patterson, C.H. Kim,
Short-chain fatty acids induce both effector and regulatory T cells by suppression
of histone deacetylases and regulation of the mTOR-S6K pathway, Mucosal
Immunol. 8 (1) (2015) 80-93.

N. Kamada, G.Y. Chen, N. Inohara, G. Ntnez, Control of pathogens and
pathobionts by the gut microbiota, Nat. Immunol. 14 (7) (2013) 685-690.

L. Franchi, N. Kamada, Y. Nakamura, A. Burberry, P. Kuffa, S. Suzuki, M.H. Shaw,
Y.-G. Kim, G. Ninez, NLRC4-driven production of IL-1p discriminates between
pathogenic and commensal bacteria and promotes host intestinal defense, Nat.
Immunol. 13 (5) (2012) 449-456.

[591]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Biomedicine & Pharmacotherapy 141 (2021) 111817

N. Bhaskaran, C. Quigley, C. Paw, S. Butala, E. Schneider, P. Pandiyan, Role of
short chain fatty acids in controlling tregs and immunopathology during mucosal
infection, Front. Microbiol. 9 (2018) 1995.

A.J. Macpherson, N.L. Harris, Interactions between commensal intestinal bacteria
and the immune system, Nat. Rev. Immunol. 4 (6) (2004) 478-485.

M. Karin, T. Lawrence, V. Nizet, Innate immunity gone awry: linking microbial
infections to chronic inflammation and cancer, Cell 124 (4) (2006) 823-835.
AM. Bilate, D. Bousbaine, L. Mesin, M. Agudelo, J. Leube, A. Kratzert, S.

K. Dougan, G.D. Victora, H.L. Ploegh, Tissue-specific emergence of regulatory and
intraepithelial T cells from a clonal T cell precursor, Sci. Immunol. 1 (2) (2016)
7471, eaaf7471.

E. Calderén-Gémez, H. Bassolas-Molina, R. Mora-Buch, L. Dotti, N. Planell,

M. Esteller, M. Gallego, M. Marti, C. Garcia-Martin, C. Martinez-Torro, 1. Ordas,
S. Singh, J. Panés, D. Benitez-Ribas, A. Salas, Commensal-Specific CD4(+) cells
from patients with Crohn’s disease have a T-Helper 17 inflammatory profile,
Gastroenterology 151 (3) (2016) 489-500, e3.

Y. Goto, T. Obata, J. Kunisawa, S. Sato, LI. Ivanov, A. Lamichhane, N. Takeyama,
M. Kamioka, M. Sakamoto, T. Matsuki, H. Setoyama, A. Imaoka, S. Uematsu,

S. Akira, S.E. Domino, P. Kulig, B. Becher, J.C. Renauld, C. Sasakawa, Y. Umesaki,
Y. Benno, H. Kiyono, Innate lymphoid cells regulate intestinal epithelial cell
glycosylation, Science 345 (6202) (2014) 1254009.

Y. Goto, S. Uematsu, H. Kiyono, Epithelial glycosylation in gut homeostasis and
inflammation, Nat. Immunol. 17 (11) (2016) 1244-1251.

LI Ivanov, K. Atarashi, N. Manel, E.L. Brodie, T. Shima, U. Karaoz, D. Wei, K.
C. Goldfarb, C.A. Santee, S.V. Lynch, T. Tanoue, A. Imaoka, K. Itoh, K. Takeda,
Y. Umesaki, K. Honda, D.R. Littman, Induction of intestinal Th17 cells by
segmented filamentous bacteria, Cell 139 (3) (2009) 485-498.

D.R. Littman, E.G. Pamer, Role of the commensal microbiota in normal and
pathogenic host immune responses, Cell Host Microbe 10 (4) (2011) 311-323.
P.M. Smith, M.R. Howitt, N. Panikov, M. Michaud, C.A. Gallini, M. Bohlooly-Y, J.
N. Glickman, W.S. Garrett, The microbial metabolites, short-chain fatty acids,
regulate colonic Treg cell homeostasis, Science 341 (6145) (2013) 569-573.

M. Luu, U. Steinhoff, A. Visekruna, Functional heterogeneity of gut-resident
regulatory T cells, Clin. Transl. Immunol. 6 (9) (2017) 156, e156-e156.

0.J. Harrison, F.M. Powrie, Regulatory T cells and immune tolerance in the
intestine, Cold Spring Harb. Perspect. Biol. 5 (7) (2013) a018341.

M. Li, B.C.A.M. van Esch, P.A.J. Henricks, G. Folkerts, J. Garssen, The anti-
inflammatory effects of short chain fatty acids on lipopolysaccharide- or tumor
necrosis factor a-stimulated endothelial cells via activation of GPR41/43 and
inhibition of HDACs, Front. Pharmacol. 9 (2018) 533, 533-533.

U.H. Beier, T. Akimova, Y. Liu, L. Wang, W.W. Hancock, Histone/protein
deacetylases control Foxp3 expression and the heat shock response of T-
regulatory cells, Curr. Opin. Immunol. 23 (5) (2011) 670-678.

A.J. Edwards, S.L. Pender, Histone deacetylase inhibitors and their potential role
in inflammatory bowel diseases, Biochem. Soc. Trans. 39 (4) (2011) 1092-1095.
R. Correa-Oliveira, J.L. Fachi, A. Vieira, F.T. Sato, M.A.R. Vinolo, Regulation of
immune cell function by short-chain fatty acids, Clin. Transl. Inmunol. 5 (4)
(2016) 73, e73-€73.

P. Ghorbani, P. Santhakumar, Q. Hu, P. Djiadeu, T.M. Wolever, N. Palaniyar,
H. Grasemann, Short-chain fatty acids affect cystic fibrosis airway inflammation
and bacterial growth, Eur. Respir. J. 46 (4) (2015) 1033-1045.

J. Schulthess, S. Pandey, M. Capitani, K.C. Rue-Albrecht, I. Arnold, F. Franchini,
A. Chomka, N.E. Ilott, D.G. Johnston, E. Pires, The short chain fatty acid butyrate
imprints an antimicrobial program in macrophages, Immunity 50 (2) (2019)
432-445, €7.

M.A. Vinolo, H.G. Rodrigues, R.T. Nachbar, R. Curi, Regulation of inflammation
by short chain fatty acids, Nutrients 3 (10) (2011) 858-876.

G.E. Kaiko, S.H. Ryu, O.I Koues, P.L. Collins, L. Solnica-Krezel, E.J. Pearce, E.
L. Pearce, E.M. Oltz, T.S. Stappenbeck, The colonic crypt protects stem cells from
microbiota-derived metabolites, Cell 165 (7) (2016) 1708-1720.

N. Arpaia, C. Campbell, X. Fan, S. Dikiy, J. van der Veeken, P. Deroos, H. Liu, J.
R. Cross, K. Pfeffer, P.J. Coffer, Metabolites produced by commensal bacteria
promote peripheral regulatory T-cell generation, Nature 504 (7480) (2013)
451-455.

Y. Furusawa, Y. Obata, S. Fukuda, T.A. Endo, G. Nakato, D. Takahashi,

Y. Nakanishi, C. Uetake, K. Kato, T. Kato, Commensal microbe-derived butyrate
induces the differentiation of colonic regulatory T cells, Nature 504 (7480)
(2013) 446-450.

P.V. Chang, L. Hao, S. Offermanns, R. Medzhitov, The microbial metabolite
butyrate regulates intestinal macrophage function via histone deacetylase
inhibition, Proc. Natl. Acad. Sci. 111 (6) (2014) 2247-2252.

M. Usami, K. Kishimoto, A. Ohata, M. Miyoshi, M. Aoyama, Y. Fueda, J. Kotani,
Butyrate and trichostatin A attenuate nuclear factor kB activation and tumor
necrosis factor « secretion and increase prostaglandin E2 secretion in human
peripheral blood mononuclear cells, Nutr. Res. 28 (5) (2008) 321-328.

D.N. Frank, A.L.S. Amand, R.A. Feldman, E.C. Boedeker, N. Harpaz, N.R. Pace,
Molecular-phylogenetic characterization of microbial community imbalances in
human inflammatory bowel diseases, Proc. Natl. Acad. Sci. 104 (34) (2007)
13780-13785.

T. Wang, G. Cai, Y. Qiu, N. Fei, M. Zhang, X. Pang, W. Jia, S. Cai, L. Zhao,
Structural segregation of gut microbiota between colorectal cancer patients and
healthy volunteers, The, ISME J. 6 (2) (2012) 320-329.

J.M. Peloquin, G. Goel, E.J. Villablanca, R.J. Xavier, Mechanisms of pediatric
inflammatory bowel disease, Annu. Rev. Immunol. 34 (2016) 31-64.

H.H. Uhlig, F. Powrie, Translating immunology into therapeutic concepts for
inflammatory bowel disease, Annu. Rev. Immunol. 36 (2018) 755-781.


http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref30
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref30
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref31
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref31
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref31
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref32
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref32
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref33
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref33
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref34
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref34
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref35
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref35
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref35
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref36
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref36
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref36
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref37
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref37
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref38
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref38
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref39
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref39
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref39
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref40
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref40
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref41
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref41
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref41
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref42
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref42
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref43
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref43
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref43
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref44
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref44
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref44
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref45
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref45
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref45
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref46
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref46
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref47
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref47
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref47
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref48
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref48
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref48
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref49
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref49
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref49
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref50
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref50
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref50
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref50
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref51
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref51
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref51
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref51
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref52
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref52
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref52
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref52
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref52
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref53
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref53
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref53
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref54
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref54
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref54
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref55
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref55
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref55
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref55
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref56
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref56
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref56
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref56
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref57
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref57
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref58
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref58
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref58
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref58
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref59
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref59
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref59
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref60
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref60
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref61
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref61
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref62
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref62
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref62
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref62
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref63
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref63
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref63
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref63
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref63
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref64
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref64
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref64
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref64
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref64
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref65
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref65
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref66
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref66
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref66
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref66
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref67
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref67
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref68
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref68
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref68
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref69
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref69
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref70
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref70
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref71
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref71
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref71
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref71
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref72
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref72
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref72
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref73
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref73
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref74
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref74
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref74
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref75
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref75
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref75
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref76
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref76
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref76
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref76
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref77
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref77
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref78
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref78
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref78
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref79
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref79
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref79
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref79
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref80
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref80
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref80
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref80
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref81
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref81
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref81
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref82
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref82
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref82
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref82
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref83
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref83
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref83
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref83
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref84
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref84
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref84
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref85
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref85
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref86
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref86

R. Ranjbar et al.

[871]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]
[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

C.C. Bain, A. Bravo-Blas, C.L. Scott, E.G. Perdiguero, F. Geissmann, S. Henri,

B. Malissen, L.C. Osborne, D. Artis, A.M. Mowat, Constant replenishment from
circulating monocytes maintains the macrophage pool in the intestine of adult
mice, Nat. Immunol. 15 (10) (2014) 929-937.

L.E. Smythies, M. Sellers, R.H. Clements, M. Mosteller-Barnum, G. Meng, W.

H. Benjamin, J.M. Orenstein, P.D. Smith, Human intestinal macrophages display
profound inflammatory anergy despite avid phagocytic and bacteriocidal activity,
J. Clin. Investig. 115 (1) (2005) 66-75.

J.L. Fachi, J. de Souza Felipe, L.P. Pral, B.K. da Silva, R.O. Corréa, M.C.P. de
Andrade, D.M. da Fonseca, P.J. Basso, N.O.S. Camara, E.Ld.S. e Souza, Butyrate
protects mice from Clostridium difficile-induced colitis through an HIF-1-
dependent mechanism, Cell Rep. 27 (3) (2019) 750-761, e7.

V.C. Antharam, E.C. Li, A. Ishmael, A. Sharma, V. Mai, K.H. Rand, G.P. Wang,
Intestinal dysbiosis and depletion of butyrogenic bacteria in Clostridium difficile
infection and nosocomial diarrhea, J. Clin. Microbiol. 51 (9) (2013) 2884-2892.
A.J. Baumler, V. Sperandio, Interactions between the microbiota and pathogenic
bacteria in the gut, Nature 535 (7610) (2016) 85-93.

C.M. Theriot, M.J. Koenigsknecht, P.E. Carlson Jr., G.E. Hatton, A.M. Nelson,

B. Li, G.B. Huffnagle, J.Z. Li, V.B. Young, Antibiotic-induced shifts in the mouse
gut microbiome and metabolome increase susceptibility to Clostridium difficile
infection, Nat. Commun. 5 (2014) 3114.

A.J. Hryckowian, W. Van Treuren, S.A. Smits, N.M. Davis, J.O. Gardner, D.

M. Bouley, J.L. Sonnenburg, Microbiota-accessible carbohydrates suppress
Clostridium difficile infection in a murine model, Nat. Microbiol. 3 (6) (2018)
662-669.

L. Valdés-Varela, A.M. Hernandez-Barranco, P. Ruas-Madiedo, M. Gueimonde,
Effect of Bifidobacterium upon Clostridium difficile growth and toxicity when co-
cultured in different prebiotic substrates, Front. Microbiol. 7 (2016) 738.

F. Rivera-Chavez, L.F. Zhang, F. Faber, C.A. Lopez, M.X. Byndloss, E.E. Olsan,
G. Xu, E.M. Velazquez, C.B. Lebrilla, S.E. Winter, Depletion of butyrate-producing
Clostridia from the gut microbiota drives an aerobic luminal expansion of
Salmonella, Cell Host Microbe 19 (4) (2016) 443-454.

R. Raqib, P. Sarker, P. Bergman, G. Ara, M. Lindh, D.A. Sack, K.M. Nasirul Islam,
G.H. Gudmundsson, J. Andersson, B. Agerberth, Improved outcome in shigellosis
associated with butyrate induction of an endogenous peptide antibiotic, Proc.
Natl. Acad. Sci. USA 103 (24) (2006) 9178-9183.

S. Fukuda, H. Toh, T.D. Taylor, H. Ohno, M. Hattori, Acetate-producing
bifidobacteria protect the host from enteropathogenic infection via carbohydrate
transporters, Gut Microbes 3 (5) (2012) 449-454.

W. Liu, J. Li, M. Cheng, Q. Wang, K.W. Yeung, P.K. Chu, X. Zhang, Zinc-modified
sulfonated polyetheretherketone surface with immunomodulatory function for
guiding cell fate and bone regeneration, Adv. Sci. 5 (10) (2018) 1800749.

P.J. Murray, Macrophage polarization, Annu. Rev. Physiol. 79 (2017) 541-566.
P. Guilloteau, L. Martin, V. Eeckhaut, R. Ducatelle, R. Zabielski, F. Van,
Immerseel, from the gut to the peripheral tissues: the multiple effects of butyrate,
Nutr. Res. Rev. 23 (2) (2010) 366-384.

G. Chen, X. Ran, B. Li, Y. Li, D. He, B. Huang, S. Fu, J. Liu, W. Wang, Sodium
butyrate inhibits inflammation and maintains epithelium barrier integrity in a
TNBS-induced inflammatory bowel disease mice model, EBioMedicine 30 (2018)
317-325.

K. Iwami, T. Moriyama, Effects of short chain fatty acid, sodium butyrate, on
osteoblastic cells and osteoclastic cells, Int. J. Biochem. 25 (11) (1993)
1631-1635.

C. Yang, L. Ouyang, W. Wang, B. Chen, W. Liu, X. Yuan, Y. Luo, T. Cheng, K.
W. Yeung, X. Liu, Sodium butyrate-modified sulfonated polyetheretherketone
modulates macrophage behavior and shows enhanced antibacterial and
osteogenic functions during implant-associated infections, J. Mater. Chem. B 7
(36) (2019) 5541-5553.

K.G. Neoh, X. Hu, D. Zheng, E.T. Kang, Balancing osteoblast functions and
bacterial adhesion on functionalized titanium surfaces, Biomaterials 33 (10)
(2012) 2813-2822.

J. Li, L. Tan, X. Liu, Z. Cui, X. Yang, K.W.K. Yeung, P.K. Chu, S. Wu, Balancing
bacteria-osteoblast competition through selective physical puncture and
biofunctionalization of ZnO/polydopamine/arginine-glycine-aspartic acid-
cysteine nanorods, ACS Nano 11 (11) (2017) 11250-11263.

A. Maji, R. Misra, D.B. Dhakan, V. Gupta, N.K. Mahato, R. Saxena, P. Mittal,

N. Thukral, E. Sharma, A. Singh, Gut microbiome contributes to impairment of
immunity in pulmonary tuberculosis patients by alteration of butyrate and
propionate producers, Environ. Microbiol. 20 (1) (2018) 402-419.

G. Den Besten, K. van Eunen, A.K. Groen, K. Venema, D.-J. Reijngoud, B.

M. Bakker, The role of short-chain fatty acids in the interplay between diet, gut
microbiota, and host energy metabolism, J. Lipid Res. 54 (9) (2013) 2325-2340.
S. Siavoshian, J. Segain, M. Kornprobst, Butyrate inhibits inflammatory responses
through NFkappaB inhibition: implications for Crohn’s disease, Gut 47 (2000)
397-403.

R.B. Canani, M. Di Costanzo, L. Leone, M. Pedata, R. Meli, A. Calignano, Potential
beneficial effects of butyrate in intestinal and extraintestinal diseases, World J.
Gastroenterol. 17 (12) (2011) 1519-1528.

P.M. Smith, M.R. Howitt, N. Panikov, M. Michaud, C.A. Gallini, M. Bohlooly-Y, J.
N. Glickman, W.S. Garrett, The microbial metabolites, short-chain fatty acids,
regulate colonic Treg cell homeostasis, Science 341 (6145) (2013) 569-573.

E. Lachmandas, C.N. van den Heuvel, M.S. Damen, M.C. Cleophas, M.G. Netea,
R. van Crevel, Diabetes mellitus and increased tuberculosis susceptibility: the role
of short-chain fatty acids, J. Diabetes Res. 2016 (2016) (2016) 1-15.

P. Redford, P. Murray, A. O’garra, The role of IL-10 in immune regulation during
M. tuberculosis infection, Mucosal Immunol. 4 (3) (2011) 261-270.

10

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]
[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Biomedicine & Pharmacotherapy 141 (2021) 111817

J. Trachsel, S. Humphrey, H.K. Allen, Butyricicoccus porcorum sp. nov., a
butyrate-producing bacterium from swine intestinal tract, Int. J. Syst. Evolut.
Microbiol. 68 (5) (2018) 1737-1742.

A. Schwarz, A. Bruhs, T. Schwarz, The short-chain fatty acid sodium butyrate
functions as a regulator of the skin immune system, J. Investig. Dermatol. 137 (4)
(2017) 855-864.

Q. Liu, J. Liu, K.I.L. Roschmann, D. van Egmond, K. Golebski, W.J. Fokkens,

D. Wang, C.M. van Drunen, Histone deacetylase inhibitors up-regulate LL-37
expression independent of toll-like receptor mediated signalling in airway
epithelial cells, J. Inflamm. 10 (1) (2013) 15.

R.S. Rekha, S.S. Rao Muvva, M. Wan, R. Raqgib, P. Bergman, S. Brighenti, G.

H. Gudmundsson, B. Agerberth, Phenylbutyrate induces LL-37-dependent
autophagy and intracellular killing of Mycobacterium tuberculosis in human
macrophages, Autophagy 11 (9) (2015) 1688-1699.

K. Zhang, T. Hussain, J. Wang, M. Li, W. Wang, X. Ma, Y. Liao, J. Yao, Y. Song,
Z. Liang, X. Zhou, L. Xu, Sodium butyrate abrogates the growth and pathogenesis
of mycobacterium bovis via regulation of cathelicidin (LL37) expression and NF-
kB signaling, Front. Microbiol. 11 (2020), 433-433.

S.D. Zumbrun, A.R. Melton-Celsa, M.A. Smith, J.J. Gilbreath, D.S. Merrell, A.

D. O’Brien, Dietary choice affects Shiga toxin-producing Escherichia coli (STEC)
0157: H7 colonization and disease, Proc. Natl. Acad. Sci. 110 (23) (2013)
E2126-E2133.

K. Van Deun, F. Pasmans, F. Van Immerseel, R. Ducatelle, F. Haesebrouck,
Butyrate protects Caco-2 cells from Campylobacter jejuni invasion and
translocation, Br. J. Nutr. 100 (3) (2008) 480-484.

L. Peng, Z.-R. Li, R.S. Green, L.R. Holzman, J. Lin, Butyrate enhances the intestinal
barrier by facilitating tight junction assembly via activation of AMP-activated
protein kinase in Caco-2 cell monolayers, J. Nutr. 139 (9) (2009) 1619-1625.
D.G. Hardie, L.P. Salt, S.P. Davies. Analysis of the Role of the AMP-Activated
Protein Kinase in the Response to Cellular Stress Response, Springer,, 2000,

pp. 63-74.

R. Argenzio, D. Meuten, Short-chain fatty acids induce reversible injury of porcine
colon, Digit. Dis. Sci. 36 (10) (1991) 1459-1468.

J. Weis, Propionate enhances the antimicrobial defenses in macrophages against
listeria monocytogenes, 2019.

X. Tian, J. Hellman, A.R. Horswill, H.A. Crosby, K.P. Francis, A. Prakash, Elevated
gut microbiome-derived propionate levels are associated with reduced sterile lung
inflammation and bacterial immunity in mice, Front. Microbiol. 10 (2019) 159.
D. Erturk-Hasdemir, D.L. Kasper, Resident commensals shaping immunity, Curr.
Opin. Immunol. 25 (4) (2013) 450-455.

A.T. Vieira, L. Macia, I. Galvao, F.S. Martins, M.C.C. Canesso, F.A. Amaral, C.
C. Garcia, K.M. Maslowski, E. De Leon, D. Shim, A role for gut microbiota and the
metabolite-sensing receptor GPR43 in a murine model of gout, Arthritis
Rheumatol. 67 (6) (2015) 1646-1656.

S. Jeong, H.Y. Kim, A.R. Kim, C.-H. Yun, S.H. Han, Propionate ameliorates
Staphylococcus aureus skin infection by attenuating bacterial growth, Front.
Microbiol. 10 (2019) 1363.

J.S. You, J.H. Yong, G.H. Kim, S. Moon, K.T. Nam, J.H. Ryu, M.Y. Yoon, S.S. Yoon,
Commensal-derived metabolites govern Vibrio cholerae pathogenesis in host
intestine, Microbiome 7 (1) (2019) 1-18.

S. Rakoff-Nahoum, R. Medzhitov, Innate immune recognition of the indigenous
microbial flora, Mucosal Immunol. 1 (1) (2008) S10-S14.

C. Ohnmacht, R. Marques, L. Presley, S. Sawa, M. Lochner, G. Eberl, Intestinal
microbiota, evolution of the immune system and the bad reputation of pro-
inflammatory immunity, Cell. Microbiol. 13 (5) (2011) 653-659.

T. Matsuki, T. Pédron, B. Regnault, C. Mulet, T. Hara, P.J. Sansonetti, Epithelial
cell proliferation arrest induced by lactate and acetate from Lactobacillus casei
and Bifidobacterium breve, PLoS One 8 (4) (2013) 63053.

M.-T. Tien, S.E. Girardin, B. Regnault, L. Le Bourhis, M.-A. Dillies, J.-Y. Coppée,
R. Bourdet-Sicard, P.J. Sansonetti, T. Pédron, Anti-inflammatory effect of
Lactobacillus casei on Shigella-infected human intestinal epithelial cells,

J. Immunol. 176 (2) (2006) 1228-1237.

J.L. Fachi, C. Sécca, P.B. Rodrigues, F.C.Pd Mato, B. Di Luccia, Jd.S. Felipe, L.
P. Pral, M. Rungue, Vd.M. Rocha, F.T. Sato, Acetate coordinates neutrophil and
ILC3 responses against C. difficile through FFAR2, J. Exp. Med. 217 (3) (2020).
C. Karen C, B. John G, Biology of Clostridium difficile: implications for
epidemiology and diagnosis, Annu. Rev. Microbiol. 65 (2011) 501-521.

M.J. Koenigsknecht, V.B. Young, Faecal microbiota transplantation for the
treatment of recurrent Clostridium difficile infection: current promise and future
needs, Curr. Opin. Gastroenterol. 29 (6) (2013) 628-632.

S. Fukuda, H. Toh, K. Hase, K. Oshima, Y. Nakanishi, K. Yoshimura, T. Tobe, J.
M. Clarke, D.L. Topping, T. Suzuki, Bifidobacteria can protect from
enteropathogenic infection through production of acetate, Nature 469 (7331)
(2011) 543-547.

L. Willemsen, M. Koetsier, S. Van Deventer, E. Van Tol, Short chain fatty acids
stimulate epithelial mucin 2 expression through differential effects on
prostaglandin E1 and E2 production by intestinal myofibroblasts, Gut 52 (10)
(2003) 1442-1447.

E. Gaudier, A. Jarry, H. Blottiere, P. De Coppet, M. Buisine, J. Aubert, C. Laboisse,
C. Cherbut, C. Hoebler, Butyrate specifically modulates MUC gene expression in
intestinal epithelial goblet cells deprived of glucose, Am. J. Physiol. -Gastrointest.
Liver Physiol. 287 (6) (2004) G1168-G1174.

L. Wrzosek, S. Miquel, M.-L. Noordine, S. Bouet, M.J. Chevalier-Curt, V. Robert,
C. Philippe, C. Bridonneau, C. Cherbuy, C. Robbe-Masselot, Bacteroides
thetaiotaomicron and Faecalibacterium prausnitzii influence the production of


http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref87
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref87
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref87
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref87
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref88
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref88
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref88
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref88
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref89
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref89
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref89
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref89
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref90
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref90
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref90
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref91
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref91
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref92
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref92
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref92
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref92
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref93
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref93
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref93
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref93
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref94
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref94
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref94
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref95
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref95
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref95
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref95
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref96
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref96
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref96
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref96
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref97
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref97
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref97
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref98
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref98
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref98
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref99
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref100
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref100
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref100
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref101
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref101
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref101
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref101
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref102
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref102
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref102
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref103
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref103
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref103
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref103
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref103
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref104
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref104
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref104
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref105
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref105
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref105
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref105
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref106
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref106
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref106
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref106
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref107
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref107
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref107
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref108
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref108
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref108
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref109
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref109
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref109
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref110
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref110
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref110
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref111
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref111
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref111
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref112
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref112
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref113
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref113
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref113
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref114
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref114
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref114
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref115
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref115
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref115
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref115
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref116
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref116
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref116
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref116
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref117
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref117
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref117
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref117
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref118
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref118
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref118
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref118
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref119
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref119
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref119
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref120
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref120
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref120
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref121
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref121
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref121
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref122
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref122
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref123
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref123
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref123
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref124
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref124
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref125
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref125
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref125
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref125
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref126
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref126
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref126
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref127
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref127
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref127
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref128
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref128
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref129
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref129
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref129
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref130
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref130
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref130
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref131
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref131
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref131
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref131
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref132
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref132
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref132
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref133
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref133
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref134
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref134
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref134
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref135
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref135
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref135
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref135
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref136
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref136
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref136
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref136
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref137
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref137
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref137
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref137
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref138
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref138
http://refhub.elsevier.com/S0753-3322(21)00599-0/sbref138

R. Ranjbar et al. Biomedicine & Pharmacotherapy 141 (2021) 111817

mucus glycans and the development of goblet cells in the colonic epithelium of a [141] J.A. Jiminez, T.C. Uwiera, D.W. Abbott, R.R. Uwiera, G.D. Inglis, Butyrate
gnotobiotic model rodent, BMC Biol. 11 (1) (2013) 1-13. supplementation at high concentrations alters enteric bacterial communities and
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