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Abstract: Butyrate is a short-chain fatty acid (SCFA) created within the intestinal lumen by bacterial
fermentation of largely undigested dietary carbohydrates. Its beneficial effects on cellular energy
metabolism and intestinal homeostasis have garnered significant attention among SCFAs. Butyrate
also has systemic effects and is known to regulate the immune system. Most of the butyrate and
other SCFAs are produced in the human colon, through the fermentation of dietary fiber or resistant
starch. However, the modern diet often lacks sufficient intake of fermentable dietary fiber, which can
lead to low butyrate levels in the colon. To increase butyrate levels, it is helpful to incorporate fiber
sources into meals and drinks that rely on slow bacterial fermentation. Butyrate is well known for its
anti-inflammatory properties and has a range of immune system-related properties. As an agonist for
GPR41, GPR43, or GPR109A, butyrate may have anti-inflammatory effects through these receptors’
signaling pathways. Butyrate also serves as an epigenetic regulator, responding to environmental
or pharmacological changes by inhibiting HDAC, up-regulating miR-7a-5p, and promoting histone
butyrylation and autophagy processes. This review discusses the importance of butyrate in regulating
immunological homeostasis and the inflammatory response. It also addresses experimental models
and human studies investigating the therapeutic potential of butyrate supplementation in immune-
related conditions linked to butyrate depletion. Specifically, it covers the role of butyrate in some
immune-related diseases such as systemic lupus erythematosus, atopic dermatitis, psoriasis, human
immunodeficiency virus, cancer, and several other special conditions.
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1. Introduction

Butyrate, a short-chain fatty acid (SCFA), has attracted particular attention because of
its advantageous effects on intestinal homeostasis as well as cellular energy metabolism [1,2].
SCFAs are made when microorganisms ferment primarily undigested carbohydrates, es-
pecially resistant starch and dietary fermentable fiber, and to a lesser degree, dietary and
endogenous proteins. It consists of organic acids, primarily acetate, propionate, and bu-
tyrate, in the intestinal lumen [3,4], which are essential in modulating the effects of the gut
microbiome on local and systemic immunity, particularly butyrate [4].

Many distinct phyla inside the human colon produce butyrate. The two phyla that
produce the most butyrate are Firmicutes and Bacteroides [5]. Butyrate-producing bacteria
are prevalent among Gram-positive anaerobic bacteria. Eubacterium rectale/Roseburia spp.
from the Clostridium coccoides (or Clostridial cluster XIVa) cluster of Firmicutes and Faecal-
ibacterium prausnitzii from the Clostridium leptum (or Clostridial cluster IV) cluster are two
of the most significant groups [6,7]. Numerous in vitro and in vivo studies have indicated
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that butyrate is essential for managing inflammatory and immunological responses as well
as intestinal barrier function [8].

This review aims to discuss the role of butyrate in immune-related disease. It explores
how human-source butyrate affects the human body. It also addresses experimental models
and human studies investigating the therapeutic potential of butyrate supplementation in
immune-related conditions linked to butyrate depletion. Specifically, it covers the role of
butyrate in some immune-related diseases such as systemic lupus erythematosus, atopic
dermatitis, psoriasis, human immunodeficiency virus, cancer, and several related conditions.

2. Butyrate Properties
2.1. What Is Butyrate?

Butyrate, one of the short-chain fatty acids (SCFA), is produced in the intestines from
undigested carbohydrates, proteins, and other substances through bacterial fermentation.
These organic acids promote healthy bowel function and reduce the risk of illness through
their effects on the intestinal lumen, the colonic musculature, and blood vessels, and
through their metabolism by colonocytes. Butyrate specifically helps maintain a normal
colonocyte count. In herbivores such as ruminants, SCFAs are spread throughout the body
and metabolized in other organs before being taken to the liver via the portal vein [9].
SCFAs, including butyrate, are able to penetrate the blood-brain barrier and enter the brain
in humans with average butyrate concentrations of 17.0 pmol/mg of brain tissue [10].

Butyrate has drawn special attention among SCFAs due to its advantageous effects on
cellular energy metabolism and intestinal homeostasis [1]. It helps maintain the integrity
of the intestinal epithelial barrier by controlling the expression of tight junction proteins
and fostering the creation of intestinal mucus [11]. Additionally, butyrate is crucial for
digestive health as it provides a significant amount of energy to the colonic mucosa and
plays a crucial role in regulating gene expression, inflammation, cell differentiation, and
cell death in host cells [7]. These effects of butyrate are summarized in Table 1.

Table 1. Potential Effects of Butyrate.

Intestinal Effect

Systemic Effect

Immune System Effect

Ion absorption

Increases insulin sensitivity

Inhibits HDAC 2 activity

Improves gut microbial diversity

Cholesterol synthesis

Agonist for GPR41, GPR43, or GPR109A 4

Promotes production of AMPs ! by intestinal
epithelial cells

Decreases atherosclerotic and ischemic lesions

Stimulating anti-inflammatory cells like T-reg
and M2 macrophages

Intestinal cell proliferation and differentiation

Increases energy expenditure

Inhibits pro-inflammatory cytokines

Energy substrate for colonic cells

Ammonia scavenger

Reduces NF-kB 5 activation and
TNF-« © secretion

Intestinal barrier function

Antioxidant effects

Increases PGE2 7 production

Regulation of fluid and electrolyte uptake

Stimulation of 3-oxidation of very long-chain
fatty acids and peroxisome proliferation

Reduces mTOR 8 activity, which results in
decreased TNF-«, IL-6 ?, IL-12 production and
increased IL-10 production

Immune-regulation

CFTR 2 function

Promotes the development of effector T cells
such as Th1 ¥ and Th17 cells

Anti-inflammatory effect

Neurogenesis

Inhibits neutrophils and M1 macrophages

Oxidative stress

Induces cancer cells apoptosis

Activation of PPAR-y 1

Intestinal motility

Anti-metastatic and antiangiogenic properties

Reduces mast cell degranulation

Visceral perception and rectal compliance

S. aureus bactericidal activity

Stimulates DC 12

Increases digestive secretions

1 AMP: antimicrobial peptides; 2 CFTR: Cystic fibrosis transmembrane conductance regulator; 3 HDAC: histone
deacetylase; * GPR: G protein-coupled receptor; > NF-kB: nuclear factor kappa B; ® TNFo: tumor necrosis factor
alpha; 7 PGE2: prostaglandin E(2); ® mTOR: mammalian target of rapamycin; ° IL: interleukin; 1° Th: T helper;
11 PPAR-y: peroxisome proliferator-activated receptors gamma; 12 DC: dendritic cells [1,3-5,12-21].
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2.2. Internal Butyrate Biosynthesis

Butyrate and other SCFAs are largely produced in the colon intestine of the human
body [22]. The fermentation of dietary fiber or resistance starch in the colon is a significant
source of butyrate. When fiber is added to the diet, the amount of butyrate produced
along the intestinal lumen depends on its chemical structure, solubility, and degree of
polymerization. Despite their low fermentability (compared to cellulose and lignin), insolu-
ble fibers have been linked to increased fecal bulk and a faster colonic transit time. Since
soluble fibers are easy to ferment, they cause the colon to produce more SCFAs. Higher
levels of polymerization produce fibers more resistant to saccharolytic fermentation, which
causes fermentation to last longer and expand toward the distal colon. Food companies are
interested in incorporating fiber sources into foods and beverages that rely on slow bacterial
fermentation to raise distal colonic butyrate concentrations because of the significant role
that butyrate plays in the body and the relatively low consumption of fermentable dietary
fiber in the modern diet [23].

Gut microbiota play a significant role in dietary fiber fermentation. A metabolically
active microbiota makes up the majority of the extraordinarily dense microbial population
seen in the human large intestine. This group has a significant impact on health and relies
heavily on dietary carbohydrates for energy. Due to their superior degradative enzymes
and metabolic skills compared to their hosts, the gut microbiota breaks down the majority
of these carbohydrates, as the host is unable to do so [24,25]. The gut microbiota is partly
shaped by environmental factors, including diet, and it depends on food metabolites for
existence and metabolism. A well-balanced diet, such as one high in fiber, is crucial for
maintaining a healthy gut microbiota. In addition, indigestible fibers offer significant
rates of butyrogenesis, which fulfill the metabolic needs of epithelial cells and enter the
bloodstream to influence other body organs in ways that are immunomodulatory and
epigenetic [26,27].

Essentially, butyrate biosynthesis (Figure 1) can occur via (1) direct conversion by
butyrate kinase from carbohydrates, (2) indirect conversion (interconversion processes) of
organic acids from acetate, succinate, and lactate, and (3) amino acid fermentation from
glutamate and lysine [28,29].

The direct conversion from carbohydrate was mediated via a bacterial carbohydrate
phosphotransferase system (PTS). The PTS comprises two cytoplasmic energy-coupling
proteins (Enzyme I and HPr) and a number of carbohydrate-specific type Il enzymes that
catalyze simultaneous carbohydrate translocation and phosphorylation. The phosphory-
lation status of PTS components reflects the availability of carbohydrates and the cellular
energy environment. In numerous bacteria, PTS and its related proteins translate this
information into signals, which, when transduced via various processes, result in catabo-
lite suppression, inducer regulation, and chemotaxis. These characteristics of PTS equip
bacteria with an integrated mechanism that ensures optimum glucose use in challenging
conditions [30]. Direct synthesis of butyrate from glucose continues to acetyl-CoA pathway
and creates 2 mol of hydrogen/mol of butyrate according to the equation [31].

The acetyl-CoA, glutamate, 4-aminobutyrate, and lysine routes are the other four
major recognized processes for butyrate formation (Figure 1). All the pathways lead to a
key energy-generating phase where crotonyl-CoA is transformed into butyryl-CoA by the
electron-transferring flavoprotein complex (Bcd-Etfaf3). The final conversion to butyrate
is performed by various butyryl-CoA transferases using cosubstrates from earlier in the
pathways, such as acetoacetate and 4-hydroxybutyrate for the lysine and 4-aminobutyrate
pathways, or from external sources, as seen in the case of butyryl-CoA: acetate CoA
transferase [32].
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Figure 1. Butyrate biosynthesis and related enzymes and byproducts in the process. Diagram shows
the biosynthesis of butyrate (in yellow) through several sources such as organic acids (lactate, acetate,
succinate; in purple, orange, and pink, respectively), amino acids (L-glutamate, L-lysine; in blue) and
carbohydrate fermentation by bacteria (in green) [2,28-30,32—40].

2.3. External Sources of Butyrate

The composition and diversity of the gut microbiota are largely influenced by diet.
Various metabolites are produced by the gut microbiota in response to food intake. A diet
high in complex indigestible carbohydrates (such as fibers) promotes the production of
metabolites from intestinal microbiota, such as butyrate and other SCFA metabolites [26].
Through bacterial fermentation, butyrate is generated from dietary fibers. Butyric acid
naturally exists in very small amounts in butter, hard cheeses (e.g., Parmesan cheese), milk
(particularly, goat’s and sheep’s milk), yoghurts, cream, and some other fermented foods
(including sauerkraut, pickled cucumbers, and fermented soy products) [22]. Butyrate is
also indirectly generated from carbohydrates, especially resistant starch. Resistant starch
can be found in foods including boiled and cooled potatoes, unripe bananas, legumes, and
partially ground seeds. Resistant starch can also be added via manufacturing processes
and fortification to morning cereals, tortillas, breads, and maize [41]. Additionally, human
breast milk has been investigated as a potential source of butyrate for neonates, assisting
them in maintaining their intestinal flora [42,43].

2.4. Butyrate-Producing Bacteria

Butyrate-producing bacteria are a group of bacteria that live in the gut and can break
down polysaccharides and produce butyric acid [7]. In the order Clostridiales, most of
the organisms that produce butyrate are in clusters I, IV, XIVa, and XVI. According to
165 rRNA gene sequencing, the two most significant groups among them, F. prausnitzii
(clostridial cluster IV) and Eubacterium rectale (clostridial cluster XIVa), account for up to
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12-14% of the entire gut microbiota in fecal samples from healthy adults [44]. Other typical
butyrogenic species are also abundantly dispersed in clusters IV and XIVa, including Butyri-
cicoccus pullicaecorum, Subdoligranulum variabile, Anaerotruncus colihominis, and Papillibacter
cinnamivorans from cluster 1V; and Butyrivibrio species, Ruminococcus species, Anaerostipes
species, Clostridium species, and Ruminococcus species from cluster XIVa [7,24,44]. Other
additional possible butyrate-producing bacteria, namely, Actinomycetes, Bacteroidetes, Pro-
teobacteria, and Spirochetes, have also been discovered [7].

The majority of the commensal bacteria that produce butyrate are strictly anaerobes,
which makes them hard to culture [7]. The intestinal tract’s normal microecological envi-
ronment and a balanced microbiota are both maintained by the acidic environment created
by butyrate-producing bacteria throughout metabolism and its anaerobic digestion [45].
As a result, butyrate-producing bacteria serve as potential probiotics and are crucial for
a number of regular biological processes, including preserving the mucosal barrier, en-
hancing immunity, and assisting animal digestion and absorption of nutrients [46]. These
bacteria are likely to be beneficial in maintaining a healthy gut and restoring disturbed
gut homeostasis because a reduction in butyrate-producing bacteria has been seen in pa-
tients with various disorders, and the SCFAs produced by these bacteria have positive
effects. Consuming probiotics and prebiotics has become a popular method for encourag-
ing butyrate-producing bacteria colonization in humans, which increases the amount of
butyrate and enhances its functional activity [47,48].

2.5. Butyrate Effect on Immune System

Butyrate is a well-known anti-inflammatory agent and possesses a number of immune
system-related characteristics. As an agonist for GPR41, GPR43, or GPR109A, butyrate may
exhibit anti-inflammatory effects via the signaling pathways of these receptors. Butyrate
also functions as an epigenetic regulator in response to environmental or pharmacological
modification by inhibiting HDAC, up-regulating miR-7a-5p, or inducing histone butyryla-
tion and autophagy processes [49]. Figure 2 shows the effects of butyrate on the modulation
of host functions.

Butyrate-producing
bacteria

Butyrate

Fibers and supplements

resistant starches

s

Butyric acid -

Systemic
circulation

enterocyte

GPR 43/41/109a
(cell membrane)

HDACI (H3)
(cytoplasm)

Gutimmune
system cells

¢ Inflammation
® Tregs differentation
® GLP-1and PYY secretion

Figure 2. The main modificatory effects that butyrate has on host activities are illustrated schemat-
ically. Positive outcomes of butyrate are represented by T-reg differentiation and GPR expression,
which result in S. aureus bactericidal activity, whereas negative effects are denoted by inhibition of
inflammation. Abbreviations; G-protein coupled receptor (GPR); glucagon-like peptide 1 (GLP-1);
histone deacetylase inhibitor (HDAC]); peptide YY (PYY); T regulatory cells (T-regs) [21].
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Butyrate is known to have an effect on macrophages. It is known that this SCFA
inhibits pro-inflammatory cytokines and cells such as neutrophils and M1 macrophages
while stimulating anti-inflammatory cells such as T-reg and M2 macrophages [5]. According
to a study in antibiotic-pretreated mice, butyrate inhibited histone deacetylase (HDACs),
which in turn prevented macrophage activity in vitro. This study demonstrated that, in
macrophages, n-butyrate mimics the effects of the well-known HDAC inhibitor, Trichostatin
A (TSA). TSA, like n-butyrate, reduced the levels of nitric oxide (NO), interleukin-6 (IL-6),
and IL-12p40 that macrophages produced, but it had no effect on the release of TNF-alpha
or monocyte chemoattractant protein-1 (MCP-1). The fact that histone H3 acetylation
levels were elevated by both n-butyrate and TSA suggests that n-butyrate functions as
an HDAC inhibitor [15]. Another in vivo mice study found that butyrate reduced TNF
production by inhibiting HDAC-associated NF-«B activity. Butyrate had a stronger effect
than propionate on the reduction of NF-«kB activation and TNF-« secretion and the rise in
PGE2 production [14]. Butyrate is also known to reduce mammalian target of rapamycin
(mTOR) activity, which resulted in decreased TNF-«, IL-6, and IL-12 production and
increased IL-10 production [16].

Butyrate is also known to affect neutrophils. Butyrate, together with lactate, inhibits
the production of pro-inflammatory cytokines TNF-«, IL-6, and IL-12 by neutrophils and
monocytes during concanavalin A-induced hepatic inflammation [50]. In a mouse colitis
model generated by dextran sulfate sodium, butyrate reduced neutrophil recruitment. Anti-
inflammatory cytokines were raised by butyrate, whereas pro-inflammatory cytokines were
suppressed. The mechanism may involve the direct suppression of HDAC3 and HDAC9,
which results in the inhibition of NF-«B and the activation of PPAR-y [17]. Butyrate
prevented LPS-stimulated neutrophils from producing pro-inflammatory cytokines (TNF-o
and CINC-2«3) and NO both in vitro and ex vivo. Butyrate may affect neutrophils by
inhibiting HDAC activity and NF-«B activation [51].

Mast cells, which are prevalent in the mucosa and submucosa of the GI tract, are
associated with a variety of illnesses, including allergies [4]. When examining the direct
effects of butyrate on mast cells, the jejunal mucosa of pigs treated with butyrate revealed
decreased mast cell degranulation and pro-inflammatory cytokine gene expression [52].
These findings confirm a prior study in mast cell culture indicating that the direct action
of butyrate on mast cells was mediated by the MAPK (mitogen-activated protein kinases)
signaling pathway and the suppression of JNK (jun N-terminal kinase) activation [53].

It has been observed that butyrate administration has a substantial effect on the
differentiation, maturation, and overall T lymphocyte-stimulating properties of human
monocyte-derived dendritic cells (DC) and macrophages [54]. Butyrate, in in vitro experi-
ments, influenced the development of DC, generated an immunosuppressive impact on
DC derived from human monocytes, and suppressed T cell proliferation in the presence of
inducers (e.g., LPS, TNF-«). Low and non-toxic-dose butyrate administration decreased
the surface marker expression of mature DC (CD80, CD83, CD40, CD45, MHC class II
molecules) [55]. SCFAs influence various components of the innate immune response,
although there are still some disagreements in the scientific literature [56].

Another role of butyrate in the immune system is through the activation of T-reg. T-reg
cells are essential to the development and control of inflammation. T-reg cells exhibit potent
anti-inflammatory actions, which are crucial for maintaining immune response balance and
preventing both excessive acute inflammation and chronic inflammation [57]. Butyrate has
the ability to activate T-reg cells, thereby encouraging them to have an anti-inflammatory
function. Abnormal T-reg cell functions are linked to autoimmune disorders [5]. Butyrate
also promotes the development of effector T cells such as Th1 and Th17 cells that are mixed
with T-reg cells that are IL-10+ anti-inflammatory cells. This action of butyrate is mediated
by its HDAC inhibitory effect, which is GPR41 (GPR; orphan G protein-coupled receptor)
or GPR43-independent, and the resulting increase in mTOR-56K activity needed for T-cell
differentiation and cytokine production [18].
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It is possible to connect the mechanisms governing the process that regulates the
way in which the immune system interacts with commensal bacteria on the skin to those
occurring in the intestine. Among SCFAs, butyrate inhibits the synthesis of cytokines and
inflammatory cells while also promoting the growth of T-regs, the primary cells responsible
for numerous physiological processes [58]. Under physiological conditions, commensal
skin microorganisms may exert a down-regulating activity and maintain homeostasis to
counteract excessive inflammatory reactions [59]. Figure 2 provides a visual overview of
the fundamental actions of butyrate on the regulation of host activities.

3. Butyrate as Prevention and Treatment

Butyrate’s importance in the prevention and management of several diseases has
already been stated, such as diabetic kidney disease, inflammatory bowel disease, colon
cancer, and obesity [12,49,60-63]. Several factors contribute to this effect such as the source
of energy for colonocytes, immunomodulatory function, anti-inflammation, intestinal
barrier integrity maintenance, anti-tumor effect, enhanced chemotherapy, and radiotherapy
effect [12].

Butyrate has been shown to have potential benefits for metabolic disorders such as
diabetes and cardiovascular disease. This is because it can down-regulate the expression of
genes involved in intestinal cholesterol biosynthesis, prevent immune cells from infiltrating
adipose tissue, prevent and treat diet-induced obesity and insulin resistance, and exhibit
anti-atherogenic effects by altering G1-specific cell-cycle proteins [63].

3.1. Overactive Immune Disease
3.1.1. Systemic Lupus Erythematosus

The dysregulated immune response in the intestine of lupus patients may result
in microbial dysbiosis, which in turn impairs the integrity of the gut [64-66]. Patients
with systemic lupus erythematosus (SLE) showed a general decline in alpha-diversity
and richness, and a lower F/B ratio. Almost all previous SLE cohorts have reported this
imbalance, which seems to be the main sign of SLE dysbiosis, regardless of race, lifestyle,
or stage of the disease [67-73]. He et al. discovered that butyrate treatment increased the
diversity and abundance of firmicutes while decreasing the diversity and abundance of
Bacteroidetes, Bacteroidia, and Bacteroidales [74].

Several in vitro studies in mice have shown that short-chain fatty acids from the gut
microbiota, particularly butyrate from the bacterium Clostridia, encourage the develop-
ment of T-reg cells to reduce inflammation [75-77]. According to Takahashi et al., the
butyrate produced by commensal bacteria is a key environmental element that supports
the development of T-reg follicular cells in the gut-associated lymphoid tissues (GALT). By
altering the immune system in the GALT, commensal bacteria play a crucial role in both the
initiation and control of autoimmune arthritis. Given that systemic autoimmune responses
are preceded by a commensal bacterial-driven autoimmune response in the GALT, the acti-
vation of GALT T-reg follicular cells may represent a new avenue for avoiding autoimmune
disease. Future work will also focus on determining whether T-reg follicular cells produced
in GALT also prevent the onset of other autoimmune conditions, including systemic lupus
erythematosus [78].

Besides inducing T-reg, butyrate has also been shown to enhance macrophage phago-
cytosis and bacterial killing. In T-reg cells and activated macrophage cultures exposed to
butyrate and IL-4, fewer inflammatory cytokines were released than when the macrophages
were just given IL-4, showing that butyrate obtained from microorganisms reduces the
generation of inflammatory mediators in the gut [79,80].

A high-fiber diet also has an indirect impact on butyrate synthesis, in addition to
butyrate supplementation. Panther et al. investigated the possibility that a high-fiber diet
could modify the gut microbiota, reduce gut permeability, and lessen the severity of the
disease in lupus model mice. It has been demonstrated that in autoimmunity, inadequate
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soluble dietary fiber absorption either directly causes dysregulation of the immune response
or indirectly does so by altering the microbiota [81].

3.1.2. Chronic Inflammatory Skin Diseases

There is evidence that commensal bacteria control inflammation not just within the
gastrointestinal but in other external barrier organs such as the skin [82]. Prebiotics,
probiotics, synbiotics, and postbiotics are some of the methods that could be utilized to
“on-site” treat skin disorders. Among these, postbiotics are the easiest to integrate into
products, in contrast to probiotics, which provide obstacles in formulating and packing that
must be addressed to guarantee the viability of the microorganisms [83]. The definition
of a postbiotic includes inactivated organisms and/or cellular components or metabolic
products that are released after bacterial lysis or that are secreted throughout fermentation.
It also includes any aspect arising from the metabolic activity of a probiotic or any released
particle capable of delivering positive benefits to the host [84]. Butyrate and other microbial
byproducts can raise pH levels and restrict other organisms from growing. Furthermore,
they can trigger immune cells in the dermis and epidermis as well as immunological
mediators generated through keratinocytes [85]. Butyrate also has a eutrophic impact on
the skin, reduces epidermal permeability, improves barrier qualities, and suppresses the
cutaneous inflammatory response [86]. Considering that butyrate plays such an important
role in maintaining healthy skin, it may be utilized as a postbiotic method to prevent or
treat various skin conditions, especially for chronic inflammatory skin conditions such as
atopic dermatitis (AD) and psoriasis.

Topical butyrate treatment may prove to be a beneficial therapeutic strategy with
the ability to “cure” inflammatory skin conditions. Recently, a novel N-(1-carbamoyl-2-
phenyl-ethyl) butyramide (FBA) was developed. It can be used for all of butyrate’s known
applications, including topical use. FBA is a palatable substance that functions much like
genuine butyrate while keeping butyrate’s identical pharmacokinetic characteristics and
safety profile [87]. It might be considered as a cutting-edge strategy for use in topical
applications in dermatology in the future.

a.  Atopic Dermatitis

There are conflicting reports on the association between atopic eczema and the micro-
biota in young children, and there is no consensus on what would constitute an “atopy-
promoting” or “atopy-preventing” microbiome. According to recent microbiome research,
AD in young children is linked to certain intestinal microbiota features. Based on a study
in 6-month-old infants by Nylund et al., children with AD had milder symptoms when
their total microbiota is more diverse and butyrate-producing bacteria are abundant [88].
These bacteria strengthen the intestinal barrier’s ability by increasing the activation of tight
junction proteins while blocking the activation of pro-inflammatory signaling pathways
including NF-«B [89]. Furthermore, butyrate regulates the activation and proliferation
of T-reg in the colon and boosts the capability of T-regs to limit the growth of effector
CD4+ T cells in mice [75]. Therefore, butyrate may be crucial for reducing the symp-
toms of eczema in young children. Promoting the diversity of the microbiota, particularly
butyrate-producing bacteria, can give us new options for managing eczema symptoms.
After weaning, a diet high in plant-derived polysaccharides can help sustain microbiota
diversity by preventing disturbances in the normal development of the microbiota (such as
the use of antibiotics) and butyrate-producing bacteria [90].

According to Trompette et al.,, an animal model with AD-like skin inflammation
has less systemic allergen sensitivity and clinical symptoms when given a diet high in
fermentable fiber. This phenomenon is supported by the gut—skin axis, which produces
SCFAs, particularly butyrate, which improves skin barrier function by modifying the
mitochondrial metabolism of epidermal keratinocytes and increasing the production of
essential structural elements. This study shows that dietary fiber and SCFA enhance the
integrity of the epidermal barrier, thereby preventing early allergen sensitization and
disease onset [91].
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b.  Psoriasis

The metabolites of particular gut microbiota populations affect T-reg activity and
number (e.g., Bacteroides fragilis, Faecalibacterium prausnitzii, Clostridium cluster IV, and
XIVa) [75,92], and several investigations have revealed that psoriasis patients have a lower
abundance of protective taxa that produce butyrate in the gut microbiota, which may be
related to T-reg defects. These taxa include Akkermansia muciniphila and Faecalibacterium
prausnitzii [93,94]. Moreover, it was found that psoriasis patients have lower amounts of
the gut microbial genes that encode for the synthesis of butyrate, butyrate kinase, and
phosphate butyryl transferase enzymes than matched non-psoriatic controls [95].

In psoriasis, the number and activity of T-regs are impaired, which has detrimen-
tal effects on the body’s capacity to regulate the inflammation process [96,97]. T-regs
obtained from the serum of patients with psoriasis have been demonstrated to have im-
paired suppressive function, which was restored by topically applying sodium butyrate to
psoriasis lesions. When administered topically, sodium butyrate recovered the increased
expression of IL-17 and IL-6 while also restoring the expression of IL-10 and FOXP3 levels.
Furthermore, it was shown in the same study that sodium butyrate, despite just being
administered topically, was able to decrease systemic inflammatory responses because it
was able to stimulate IL-10 and Foxp3 in the spleen and decrease splenomegaly and IL-17
expression [98].

These data suggest that a possible treatment focus for psoriasis disease is the repair of
damaged T-reg. As previously mentioned, butyrate replaces the defective T-reg and may
be a promising future treatment for psoriasis.

3.2. Immunodeficiency
3.2.1. Human Immunodeficiency Virus (HIV) Patients

It is well known that, in comparison to those who are not infected with HIV-1, un-
treated HIV-1-infected patients have decreased concentrations of colonic mucosa butyrate-
producing bacteria species. R. intestinalis, a prominent butyrate-producing bacterium,
was inversely correlated with markers of systemic microbial translocation, immunological
activation, and vascular inflammation. Its abundance was decreased to the greatest extent
in HIV-1-infected patients who were not receiving treatment [99].

Even though earlier research indicated that butyrate-producing bacteria are signifi-
cantly reduced in HIV-infected individuals’ stool, relatively few studies have published
data directly measuring SCFA levels in stool. HIV-infected people showed a distinctive
SCFA profile in their feces compared to HIV-negative individuals, with higher propionate
and lower acetate levels. Although some butyrate-producing bacterial genera were un-
derrepresented in HIV-infected people, this did not result in a difference in the baseline
butyrate levels in the feces [100]. The same study found that a prebiotic intervention
enhanced the abundance of numerous butyrate-producing bacteria in HIV-positive peo-
ple, which was connected with higher levels of stool butyrate and lower levels of soluble
immune activation indicators [100,101].

Despite the potential effect of butyrate, Ortiz et al. showed that butyrate supple-
mentation is insufficient to increase immunological reconstitution, epithelial integrity, or
lower microbial translocation in ARV-treated macaques with HIV [102]. This may be the
result of a number of factors, such as: (1) other than butyrate, the microorganisms produce
several compounds that support the host immune system and epithelial integrity, as well
as their competition with pathobionts for intestinal niches. These activities might be re-
quired in addition to butyrate’s activity [103-105]; (2) although the presence or absence of
non-butyrate-producing bacteria directly influences the variability in butyrate levels and
saturation thresholds in vitro, the frequencies of butyrate-producing bacteria alone would
not influence overall butyrate production [106].
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3.2.2. Cancer

Dysbiosis of the gut microbiota is frequently seen in cancer patients, and it affects
the microbial metabolites produced, including butyrate-producing bacteria. The gut mi-
crobiota has been linked to onset, progress, and cancer therapy responsiveness. It can
have a local or systemic impact on cancer cells [107]. In addition to altering metabolite
availability and immune system function, microbial metabolites also increase DNA damage
and promote cancer growth [108]. Patients who respond to anti-PD-1 immunotherapy
have higher compositions of Faecalibacterium prausnitzii and Akkermansia muciniphila, two
bacteria that produce SCFA, than non-anti-PD-1 immunotherapy responders [109,110].
Numerous immune cells’ activity, proliferation, and apoptosis are known to be directly reg-
ulated by butyrate and have been shown to affect the development of cancer and systemic
immunological responses [111].

He et al. evaluated the anticancer activity of microbial metabolites in mice by admin-
istering an antibiotic cocktail (ABX), inoculating mice with Mc38 colon cancer cells, and
afterwards, administering oxaliplatin chemotherapy [112]. Chemotherapy’s effectiveness
was decreased by the ABX treatment, but it was recovered by supplementing the diet with
gut microbial metabolites. A large expansion of CD8+ T cells and increased IFN-y produc-
tion were linked to the substantial cancer clearance in mice administered with microbial
metabolites. The anticancer effect of gut microbial metabolites was eliminated when CD8+
T cells were depleted. It is interesting to note that metabolites directly affected CD8+ T cells’
ability to produce IFN-y. Metabolite supplementation regenerated most of the metabolites
that were decreased in ABX-treated mice, according to metabolomic analyses of colonic
contents. Butyrate was the metabolite that most strongly stimulated IFN-y production
among all 63 metabolites that were evaluated for its impacts on CD8+ T cells in vitro. In
mice treated with ABX, butyrate matched the actions of microbial metabolites, suggesting
its significance in relation to the microbiota-dependent anticancer effects. It is interest-
ing to note that butyrate alone was insufficient to inhibit tumor growth and only had an
anticancer impact when combined with chemotherapy. This study offers new potential
treatments for these upcoming probiotics and may help to provide insight into the sources
of SCFA-producing bacteria, especially species involved in butyrate production that are
essential for the anti-tumor response.

Butyrate and phenylbutyrate have been proven to have HDAC inhibitor activity
and have been available for oncologic and non-oncologic purposes for many years [113].
Butyrate’s capacity to activate the p21 and BAX genes in healthy cells while de-repressing
epigenetically these silenced genes in oncotic cells has a significant role for tumor treatment
and prevention due to their effects on apoptosis and cell-cycle arrest [114].

Additionally, HDAC inhibitors can cause autophagic cell death. Through the mi-
tochondria/cytochrome c-mediated route, butyrate activated caspase-3 and apoptosis.
Deletion of apoptotic protease activating factor 1 (Apaf-1), the caspase inhibitor Z-VAD-
FMK, and overexpression of B cell lymphoma-extra-large (Bcl-XL) result in inhibition of
caspase activation [115]. HDAC inhibitors have also been noted to have antimetastatic
and antiangiogenic properties. Hypoxia-inducible factor (HIF-1a) and vascular endothelial
growth factor (VEGF) were revealed to be two pro-angiogenesis factors whose expression
of butyrate was shown to suppress ex vivo, in vivo, and in vitro models [19,20].

Coutzac et al. focused on melanoma and investigated the development of cancer
response (metastatic melanoma) by microbial SCFA systemically and anti-CTLA-4 (ipili-
mumab) inhibition. This work showed how bacterial SCFAs (via systemic route) modulate
anti-CTLA-4-stimulated immune responses and their antitumor efficacy. In general, they
discovered that high blood levels of butyrate and propionate were related to tolerance of
CTLA-4 inhibition and a larger T-reg cell number in melanoma mice models and metastatic
melanoma patients [116,117]. Butyrate supplementation in conjunction with CTLA-4 inhib-
ited DC maturation and the formation of both effector and memory tumor-specific CTLs in
mice carrying melanoma tumors. Similarly, when baseline PBMC samples from patients
with metastatic melanoma were activated with increasing concentrations of butyrate ex
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vivo, there was an increase in T-reg. Thus, while SCFAs can stimulate the development of
powerful CTLs, they can also boost T-reg accumulation and inhibit DC maturation [116,118].

4. Butyrate in Immune-Related Special Condition
4.1. The Relation of Butyrate to the Sleep Cycle, Day and Night Rhythms, and Sleep Hormones

A growing study provides further evidence that the gut microbiota and circadian
rhythms interact and communicate in both directions [119]. A central and a peripheral
clock constitute the internal clock. The central clock’s primary function is to control each
person’s physiological thythms and patterns. A time generator that is autonomous, has
a repeated cycle, and is unique for each person exists in the human body [120]. A central
clock that synchronizes peripheral clocks across every part of the body, including the gut,
controls circadian rhythms. Light/dark cycles, diet composition, and patterns all affect the
microbiota in the gut [121]. Diurnal rhythmicity is crucial for regulating the host-microbiota
symbiosis. Oscillations in the microbiota’s metabolome and biogeographical distribution
cause the host to enter a state of homeostasis where they are periodically exposed to various
bacterial populations, species, functions, and byproducts throughout the course of the
day. Some known disruptions to this pattern are antibiotic use or irregular circadian food
patterns, which cause a complex disruption of the microbiota’s diurnal rhythm and result
in a temporal desynchronization of the circadian liver activities [122].

According to a study of butyrate effects on circadian rhythm, acetate and butyrate
both exhibited distinct day-night variations, with high concentrations present throughout
the active period. Their results imply that SCFA or lactate produced by the bacteria
alters the in vivo phase of host peripheral clocks [123]. The abundance of butyrate and
propionate peaks during the light phase, while short-chain fatty acid concentrations (SCFAs)
exhibit considerable oscillations. The evidence that butyrate can control Per2 and Bmall
rhythm patterns in peripheral circadian clocks suggests that the microbiome could influence
circadian rhythm through metabolites [124]. The schematic picture of how gut microbiota
rhythmicity interacts with the circadian clock is represented in Figure 3.
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Figure 3. Schematic diagrams showing that to keep the host’s physiology and metabolism running
at a regular rhythm, gut microbiota rhythm collaborates with the host’s circadian clock. Activities,
such as habits and sleep/wake cycle, are driven by a master clock in the SCN, which is entrained
by environmental stimuli, especially light stimuli, to synchronize with the environment’s regular
variations. Abbreviations: suprachiasmatic nucleus (SCN); short-chain fatty acids (SCFA) [125].
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The composition and function of commensal bacteria as well as the vulnerability of the
host to bacterial and viral infection are modulated by circadian rhythms. Although studies
of the interactions between circadian rhythms and bacterial or viral infection have been
conducted separately, there is still much to understand about the three-way interactions
between viruses, bacteria, and circadian rhythms. It is clear that modulating the circadian
clock and delivering vaccination at specific times of the day may have significant effects on
enhancing host defense against infection and inflammation, to adopt the latest findings
demonstrating that adjusting vaccination timing to coincide with the ideal circadian phase
could be a potent approach to optimizing vaccine immunogenicity [126]. The rate and
strength of the antibody response may vary based on the vaccination’s circadian timing.

According to Langlois et al., a number of vital elements, including vaccine reacto-
genicity, individual variations in immunological state, and reactivity, may limit potential
biological rhythm-dependent responses of people to influenza and other vaccinations [127].
Despite the temptation of suggesting that immunization in the morning would have greater
clinical efficacy based on recent studies, further research is required to prove and safely
recommend this for general vaccine dosage [128]. Evidence suggests that butyrate has a
variety of advantageous impacts on the gastrointestinal. Increasing evidence indicates that
it also has effects on the brain. Alterations in butyrate-producing bacteria, for instance,
can disrupt the activity of the brain, supporting the idea that a microbiota—gut-brain axis
emerges [129]. Szentirmai et al. conducted a study in mice to examine the idea that butyrate
could be a signal produced by bacteria that promotes sleep. An increase in non-rapid-eye
movement sleep (NREMS) of about 50% was observed in mice following oral gavage
delivery of tributyrin, a butyrate pro-drug, for 4 h following the administration. Similarly,
intraportal injection of butyrate in mice resulted in rapid and significant elevations in
NREMS, which increased by 70% in the first six hours following the butyrate injection.
The body temperature significantly decreased after butyrate was administered intrapor-
tally as well as orally. Butyrate systemic subcutaneous or intraperitoneal administration
had no discernible impact on sleep or body temperature. According to the findings, the
sensory mechanism in the liver and/or the wall of the portal vein may be responsible for
butyrate’s ability to induce sleep. The gut microbiome may influence sleep by modulating
hepatoportal butyrate-sensitive pathways [130].

The timing of studies and the administration of medications must be taken into
account in more investigations since circadian rhythms have a substantial impact on host
immunity. By addressing the microbiota and its metabolites of interest when they are
most vulnerable, we may maximize clinical outcomes by better understanding circadian
influences. This would make it possible to utilize drugs at smaller doses, which would
lessen their hazardous effects [131].

4.2. Butyrate in Infection

Several defense systems against infectious illnesses are regulated by butyrate. Butyrate
and its derivatives may be considered as prospective antibacterial and immune-modulatory
medications for treating infectious diseases without the need for antibiotics. “Direct anti-
bacterial activities” and “indirect antimicrobial capabilities associated with immunological
regulation” are two ways in which butyrate’s effects might be characterized. Butyrate’s
synergistic effect with other antimicrobial substances generates a remarkable clearance of
bacterial pathogens. Furthermore, butyrate’s indirect antimicrobial effects were validated
by in vitro and in vivo experiments. These effects included the promotion of the formation
of the defensin and promotion of innate and adaptive immune responses [132]. As demon-
strated by the differentiation of macrophages, butyrate imprints innate immune cells via
metabolic and epigenetic changes to start the formation of antimicrobial activities [133]. It
was discovered that butyrate’s high potential for strengthening immune function derived
from both its indirect immune-modulatory effects caused by the inhibition of HDAC and its
improvement of T cell impairment regarding commensal bacterial colonization following
gut dysbiosis induced by antibiotics [134].
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According to Chemudupati et al., butyrate reorganizes the type I interferon (IFN)-
mediated innate antiviral immune response. Butyrate inhibits the expression of a large
number of the type I IFN-induced antiviral genes, promoting viral infection and replication.
Their study demonstrates that metabolites produced by the gut microbiome, including
butyrate, can have complex effects on cellular physiology, such as reducing the activity of
an innate immune pathway that leads to inflammation and creating a cellular milieu that
promotes the development of viruses. Their research also implies that butyrate might be
widely utilized as a technique to speed up the growth of virus populations for the research
and development of vaccines [135].

5. Disadvantages of Butyrate

It has been suggested that butyrate administration of high-dose sodium butyrate,
regardless of how hypertonic the injected fluid is, was able to increase the plasma con-
centrations of glucose, corticosterone, and adrenocorticotropic hormone (ACTH) [136]. It
is possible that sodium butyrate, rather than acting directly as a stressor, sensitizes the
response to any stressor, either by handling, injection, or hypertonic saline administra-
tion, despite the fact that high doses of sodium butyrate can act as a pharmacological
stressor. The two possibilities are now impossible to separate because sodium butyrate
supplementation always causes some stress [136].

Kaiko et al. showed that butyrate administration causes autophagy reversion in colono-
cytes. This may prove why colonocytes preferentially break down butyrate as opposed to
other SCFAs such as propionate and acetate, which are also present in high concentrations
in the colon. They hypothesized that, despite the Krebs cycle’s ability to employ all three
of these SCFAs as substrates, colonocytes mostly use butyrate because its levels must be
adjusted to avoid harming stem cells. Propionate and acetate were unable to effectively
reduce stem cell proliferation, whereas butyrate could. In contrast to those participating in
the metabolism of propionate and acetate, it appears likely that colonocytes up-regulate the
enzymes particularly involved in the metabolism of butyrate [137]. However, in other cases,
butyrate may worsen the pathophysiology of inflammatory bowel disease (IBD) when the
number of colonocytes is significantly decreased by delaying epithelial repair and wound
healing. These claims are consistent with existing recommendations that people with irrita-
ble bowel syndrome avoid foods that include fermentable oligosaccharides, disaccharides,
monosaccharides, and polyols (also known as FODMAP) [138].

Zumbrun et al. found that a high-fiber diet reduced the number of Escherichia spp. in
the intestine while increasing intestine butyrate levels in certain mouse models. In these
Shiga toxin-producing Escherichia coli (STEC)-infected mice, the one that was fed with the
high-fiber diet showed higher levels of colonization, morbidity, and death than mice fed
the low-fiber diet. Additionally, Shiga toxin 2 (Stx2) was specifically linked to a higher
sensitivity to the high-fiber diet. Overall, they showed that a high-fiber diet can alter Shiga
toxin receptor levels, which can worsen the effects of STEC infection [139].

Oral and topical administration of butyrate is particularly challenging due to its
terrible taste and odor. Therefore, novel butyrate formulations that are more acceptable and
easy to deliver are required [3]. Another useful approach for promoting the widespread
use of butyrate against human skin problems could be odorless butyrate releasers [59]. Due
to limited evidence to support the effectiveness, safety, or any potential negative effects of
topical butyrate application, further research is necessary.

6. Conclusions

Butyrate has attracted special interest due to its favorable benefits for intestinal home-
ostasis and cellular energy consumption. Butyrate is sourced from foods and supplementa-
tion and is also biosynthesized internally through complex carbohydrates and resistance
starch fermentation, as well as organic acids and amino acid conversions. This internal
process is highly affected by butyrate-producing bacteria, which include Clostridia and
several other classes. Butyrate shows many anti-inflammatory properties as well as in-
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testinal and systemic functions. Lower levels of butyrate and/or the bacteria producing
it are linked to disease and worse health outcomes, whereas butyrate has demonstrated
protective effects. Thus, butyrate is a promising postbiotic production that can potentially
prevent and serve as an adjunct to the treatment of several immune-related diseases. Some
caveats of butyrate applications could be addressed in future research.

The effectiveness of using postbiotic butyrate is supported by recent data. Unfortu-
nately, butyrate’s undesirable sensorial and physicochemical qualities may be the main
cause limiting its application. Butyrate’s application in clinical practice must be supported
by products that mitigate its undesirable properties. Due to its limited bioavailability,
unpredictable levels in healthy people, lack of reliable clinical evidence proving its effec-
tiveness as a treatment option, and other factors, there are still some challenges for future
prospects of butyrate in many cases. To manage infectious diseases without the use of
antibiotics, butyrate and butyrate analogs, either separately or combined with other natural
compounds, may be evaluated as potentially antibacterial and immunomodulatory.

These actions of butyrate in immune-related diseases have more benefits than disad-
vantages, but we should always be aware of the consequences of any intervention and
decide whether it can complement our treatment as a “friend” or whether we should stay
vigilant as bacteria and their by-products are always seen as a “foe”. To further evaluate
the potential of butyrate as a prophylactic or therapeutic alternative for inflammatory
and immune-mediated conditions, more studies with further experimental models and
investigations are needed.
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