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Abstract

Gut microbiota has been well recognized in regulation of intestinal homeostasis and pathogenesis
of inflammatory bowel diseases. However, the mechanisms involved are still not completely
understood. Further, the components of the microbiota which are critically responsible for such
effects are also largely unknown. Accumulating evidence suggests that, in addition to pathogen-
associated molecular patterns (PAMP), nutrition and bacterial metabolites might greatly impact the
immune response in the gut and beyond. Short-chain fatty acids (SCFA), which are metabolized
by gut bacteria from otherwise indigestible fiber-rich diets, have been shown to ameliorate
diseases in animal models of inflammatory bowel diseases (IBD) and allergic asthma. Although
the exact mechanisms for the action of SCFA are still not completely clear, most notable among
the SCFA targets is the mammalian G protein-coupled receptor pair of GPR41 and GPR43. In
addition to the well-documented inhibition of histone deacetylases (HDAC) activity mainly by
butyrate and propionate, which causes anti-inflammatory activities on IEC, macrophages, and
dendritic cells, SCFA has recently been implicated in promoting development of Treg cells and
possibly other T cells. In addition to animal models, the beneficial effects have also been reported
from the clinical studies that used SCFA therapeutically in controlled trial settings in inflammatory
disease, in that application of SCFA improved indices of IBD and therapeutic efficacy was
demonstrated in acute radiation proctitis. In this review article, we will summarize recent
progresses of SCFA in regulation of intestinal homeostasis as well as in pathogenesis of IBD.

Keywords
Microbiota; short chain fatty acids; GCPR; IBD

Corresponding author: Yingzi Cong, Ph.D. Department of Microbiology and Immunology, University of Texas Medical Branch,
4.142C Medical Research Building, 301 University Blvd, Galveston, TX 77555-1019. Phone: (409) 772-4902. Fax: (409) 772-5065.
yicong@utmb.edu.

MS and WW contribute equally.
Compliance with ethical standards
Conflict of interest The authors declare that they have no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sunetal. Page 2

Introduction

The crucial role of gut microbiota has been well-established in regulation of the intestinal
homeostasis and inflammatory bowel disease (IBD). However, the components of the
microbiota which are critically responsible for such effects are still largely unknown.
Emerging evidence suggests that the host immune system can sense gut bacterial metabolites
in addition to pathogen-associated molecular patterns (PAMP) and that recognition of these
small molecules can influence the host immune response in the context of disease and
inflammation in the gut and beyond [1-3]. Of particular interest are short-chain fatty acids
(SCFA), such as acetate, n-propionate, and n-butyrate, which are solely metabolized by gut
bacteria from otherwise indigestible carbohydrates, i.e., from fiber-rich diets [4], and have
been shown to ameliorate disease in animal models of colitis and allergic asthma [5, 6].
Furthermore, SCFA are associated with reduced risk of various diseases, including IBD, and
dysbiosis in IBD patients has been associated with altered SCFA fermentative pathways [6,
7]. In this review, we will focus on SCFA regulation of host immune responses and
pathogenesis of IBD.

Formation of SCFA

Mammalian Gl tract harbors huge amounts of diverse microbes, comprising more than 1000
strains [8]. This commensal microbiota not only contributes to the regulation of host
immune response and homeostasis, but also participates in the breakdown of food and
energy metabolism [9, 10]. Gut bacteria have enzymes that host cells lack for breaking down
carbs, turning them into different useful metabolites. In recent years, microbiota derived
metabolites including SCFA, phenolic acids, tryptophan, bile acids, have drawn greater
attention [11, 12]. Usually undigested dietary fibers, as well as proteins and peptides, can be
fermented in the cecum and colon by gut bacteria. The major products of these fermentative
reactions are SCFA, which are defined as the groups of fatty acids with fewer than six
carbons, including formic acid (C1), acetic acid (C2), propionic acid (C3), butyric acid (C4)
and valeric acid (C5). The major SCFA in gut are C2, C3 and C4, which account for more
than 95% of the whole SCFA. In general, C2 can be formed from pyruvate via acetyl-CoA
or Wood-L jungdahl pathway [13]. C3 is mainly produced from succinate via the succinate
pathway or from lactate via the acrylate pathway. C4 is formed from acetyl-CoA and
butyryl-CoA, as well as acetate and lactate [14]. The concentration of SCFA varies from
cecum to colon. It is estimated that the total amount in the proximal colon ranges from 70 to
140mM and it falls to 20 to 70mM in the distal colon. After being absorbed, SCFA are
utilized in the colonocytes or transported to blood circulation and other organs. In general,
SCFA enter cells through several different ways, the first one as passive diffusion, the
second one as carrier-mediated transportation by SMCT1/Slc5a8 and MCT1/Slc16al, the
third one as activating G-protein-coupled cell surface receptors (GCPR). Slc5a8, which is a
Na*-coupled high-affinity transporter especially for butyrate, has been shown to protect
against colitis and colon cancer under low-fiber dietary conditions. It regulates butyrate-
induced expression of IDO1 and Aldh1A2 in DCs as well as development of Treg cells [15,
16]. Slc16al transports SCFA depending on the net chemical gradients for H* [17]. GPR41,
GPR43 and GPR109a are the receptors which could be activated by SCFA (Figure 1).
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SCFA-GPR pathways have been demonstrated to play vital roles in regulation of immune
responses [18, 19].

SCFA in gut and circulation

SCFA are the most abundant products derived from commensal bacterial fermentation of
indigestible dietary fibers in intestines [14]. The principal SCFA in the gut are acetate,
propionate and butyrate which constitute more than 95% of all the SCFA content [4]. The
concentrations of them in the gut are typically found in a ratio of 3:1:1 [20]. Interestingly,
different SCFA vary in different sites throughout the whole intestines: acetate and propionate
are found in both small and large intestines, while butyrate is found mainly in the colon and
cecum [21]. It has been shown that about 400-800 mmol SCFA are produced with a high-
fiber diet per day, equaling that 10g of dietary fiber fermentation. Multiple factors, including
diet, specific diversity of gut microbiota and certain amount of commensal bacteria, play a
vital role in the production of SCFA [22]. After production, SCFA can be absorbed into
colonic epithelial cells through several ways: non-ionic diffusion; via the carrier-mediated
transportation; and exchange with bicarbonate [23]. Moreover, SCFA which are absorbed in
the cecum, ascending colon and transverse colon, enter the superior mesenteric vein, while
SCFA which are absorbed in the descending colon and sigmoid are transported into the
inferior mesenteric vein. Then both of them drain into the portal vein and liver [24]. Apart
from this pathway, SCFA absorbed in the rectum could drain into the inferior vena cava
through the pelvic plexus and play roles in the circulation. After entering the circulation,
SCFA have been demonstrated to affect metabolism and the function of peripheral tissues
such as modulating adipose tissue, skeletal muscle and liver as well (Figure 1) [22].

Gut SCFA-producing bacteria

According to the formation of three main SCFA, acetate can be produced from pyruvate by
two different ways: via acetyl-CoA by enteric bacteria and via Wood-L jungdahl by
acetogens, for instance, Blautia hydrogenotrophica. Butyrate is produced from Acetyl-CoA
by several Firmucutes. Propionate is produced by two different pathways: the succinate
pathway by Bacteroidetes; the lactate pathway by Firmicutes [11]. The microbial
conversions of undigested fibers to SCFA are mediated by specific members of gut bacteria.
Recent advances in technology using pyrosequencing analyses of 16S rRNA genes have
made great progress in characterization of bacteria responsible for SCFA production.
Propionate and butyrate production pathways appear more conserved and substrate specific,
while pathways for acetate production are widely distributed among bacterial groups.
Although distributed across a number of phyla, propionate production is dominated by
relatively few bacterial genera [25]. Deoxy-sugars, such as fucose and rhamnose, are
particularly propiogenic in select organisms [25]. A small number of gut bacteria, including
Faecalibacterium prausnitzii, Eubacterium rectale, Eubacterium hallii and Ruminococcus
bromii, are making the majority of butyrate production [26]. Fermentation of resistant starch
greatly contributes to butyrate production in the colon, which is dominated by
Ruminococcus bromii [27].

J Gastroenterol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sunetal. Page 4

SCFA regulation of immune response

Gut microbiota were recently found to participate in regulation of several systems of the
body through their metabolites, principally SCFA produced in colon and also absorbed in
blood circulation to reach other organs. Therefore, SCFA modulate functions of different
systems, such as gut, nervous, endocrine and blood, serving as a key factor to regulate
metabolic disorders and immunity primarily through the inhibition of histone deacetylases
and the activation of G-protein coupled receptors such as GPR41, GPR43 and GPR109%a
[28]. The effects of SCFA have been demonstrated in influencing systemic autoimmune
responses and participating in different steps of inflammation process. SCFA are found to
regulate the functions of almost every type of immune cells, altering their gene expression,
differentiation, chemotaxis, proliferation and apoptosis (Figure 2).

During innate immune responses at mucosal sites, the microbial products are recognized by
pattern recognition receptors (PRR), such as toll-like receptors (TLRs). SCFA affect pro-
inflammatory cytokines production (e.g. IL-6, IL-8, IL-1p and TNFa) through enhancing
NF-xB activation in TLR ligand-responses in epithelial cells [29]. During inflammation,
SCFA stimulate the migration of neutrophils by activating GPR43 [30] and modulate their
production of reactive oxygen species and phagocytosis [31]. Furthermore, SCFA could also
inhibit pro-inflammatory cytokine production such as TNFa in neutrophils [32]. SCFA
regulate the functions of DCs, which regulate immune response depending not only on
secretion of cytokines but also on their ability to interact with T cells. Butyrate and
propionate inhibit activation of BMDC via suppressing the LPS-induced expression of co-
stimulatory molecule CD40 and secretion of IL-6 and IL-12p40 [33]. A recent study
demonstrated that DCs exposed to butyrate could facilitate naive T-cells differentiation into
FoxP3* regulatory T-cells (Tregs) and inhibit the differentiation of naive T cells into
interferon (IFN)-y -producing cells through butyrate induced expression of
immunosuppressive enzymes indoleamine 2,3-dioxygenase 1 (IDO1) and aldehyde
dehydrogenase 1A2 (Aldh1A2) [15]. Furthermore, DCs from mice treated with propionate,
characterized by reduced expression of CD40, PD-L2 and CD86, exhibited the impaired
ability to initiate Th2 effector function and further to promote Th2-mediated allergic airway
inflammation [5]. Butyrate has also been shown to modulate the function of intestinal
macrophages. Treatment of macrophages with butyrate inhibits LPS-induced
proinflammatory mediators, including nitric oxide (NO), IL-6, and IL-12, but does not affect
production of TNF-a. or MCP-1. Interestingly, these effects are independent of TLR
signaling and activation of GPRs, but dependent of the inhibition of HDAC by butyrate [34].

SCFA also regulate adaptive immune responses as well. Mice provided with SCFA had
increased number of extrathymic Foxp3* Treg cells [35] and SCFA promoted conversion of
naive T cells toward Treg under Treg-cell polarization condition [36]. Butyrate upregulated
the histone H3 acetylation of Foxp3 and promoted the differentiation of Treg, which acts as
a key anti-inflammatory effector [35]. These data suggest that SCFA might influence histone
acetylation whose transcription of genes involved in differentiation of T cells. SCFA also
enhance Foxp3 expression of colonic T cells via activation of GPR43 on T cells [3]. A
recent study further reported that SCFA increase the IL-10 production in T cell, including
Thl, Th17 and Treg cells [37]. However, it should be noted that, in this study, SCFA were
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also found to directly facilitate the conversion of naive T cells into Thl or Th17 depending
on cytokine milieu. This effect of SCFA is primarily dependent on HDAC inhibitor activity
but independent of GPR43 [37]. It has also been shown that cycloinulooligosaccharides
dietary increased SCFA and IgA production in mice, indirectly indicating that SCFA might
promote the secretion of IgA by B cells [38].

GPCR in SCFA regulation of immune responses

SCFA-sensing G-protein-coupled receptors (GPCRs), which are also called free fatty acid
receptors (FFARs), include GPR41 (FFAR3), GPR43 (FFAR2) and GPR109
(hydroxycarboxylic acid receptor 2 or HCA2). GPR41 and GPR43 can be efficiently
activated by acetate, propionate, butyrate and other SCFAs [39], while GPR109a can be
activated mainly by butyrate and niacin [40, 41]. GPR41, GPR43 and GPR109a are coupled
with Gj,g and their activation by SCFA inhibits cAMP production [42]. SCFA could regulate
the immune responses through activating GPCR which is expressed on almost all the
immune cells, such as epithelial cells, neutrophils and macrophages [39]. Early works on
GPCR revealed that GPCR-deficient mice exhibit severe and unrecovered inflammation in
models of DSS-induced colitis, arthritis and asthma [43]. GPRA41 signaling is essential to the
protection of propionate in allergic airway inflammation (AAl). Propionate-treated
GPR417/~ mice after house dust mites exposure did not exhibit the amelioration of AAI
compared with pretreated WT and GPR43™/~ mice [5]. Dimethyl fumarate (DMF) was found
to protect against multiple sclerosis (MS) through its metabolite which active GPR109a.
DMF could reduce neutrophil infiltration to improve EAE, a mouse model of MS, in WT
mice, but not GPR109a~/~ mice, suggesting a critical role of GPR109a in suppression of MS
[44]. Following these discoveries, other studies demonstrated that GPR43 could regulate
immune responses in a myriad of different ways. GPR43 on intestinal epithelial cells
activates the NLRP3 inflammasome and enhances the production of IL-18, which is critical
for maintaining epithelial integrity and intestinal homeostasis [19]. Recent studies showed
that activation of GPR43 pathway protected against colon cancer through inducing the
cancer apoptosis and inhibiting cancer cells proliferation [45]. GPR43 on neutrophil
promotes PMNSs recruitment to inflammatory site, probably in protein kinase p38a.-
dependent manner [30]. A protection of GPR43~~ mice from inflammatory tissue
destruction in chronic DSS colitis was reported by diminished intestinal migration of PMNs
[46]. In the monosodium urate monohydrate (MSU)-induced gout model, GPR43™~ mice
showed decreased neutrophil recruitment resulted from lower production of IL-1p in the
course of inflammatory response [47]. Furthermore, acetate could inhibit LPS-induced
TNFa secretion from both mice and human PBMCs by GPR43 pathway [48]. GPR43 on
colonic T cells induces the differentiation and enhances the suppressive function of Foxp3*
Tregs through epigenetic modifications [3]. Taken together, these data suggest that SCFA-
sensing GPCRs play an important role in regulation of immunity and inflammation.

SCFA and GPCR regulation of IBD

The mammalian gastrointestinal tract harbors trillions of bacteria. The metabolites of
bacteria such as SCFA reach a high concentration in the gut. The gut is the primary site
where SCFA mediate their effect on either intestinal epithelial integrity or mucosal immune
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responses. The disorder of gut microbiota leading to decreased SCFA is associated with
colonic diseases, including IBD. In the often-quoted study, the fecal microbiota in European
children which are susceptible to develop IBD, showed lower bacterial richness and an
absence of bacteria efficient at fiber digestion and SCFA production compared with African
children [49]. Moreover, western diet caused microbiome perturbation, SCFA reduction and
high risk of colitis. Particularly in this study, expression of GPR43 was found to decrease in
CD patients as well as mice fed with high fat and high sugar diet [50]. There is considerable
evidence that the concentration of SCFA was decreased in the colonic lumen of UC [51].
Furthermore, a recent study suggested that the dybiosis, characterized by a decrease of the
butyrate-producing species Roseburia hominis and Eaecalibacterium prausnitizii, was
defined in patients with UC [7].

SCFA-sensing GPCRs protect against the intestinal inflammation not only through intestinal
epithelial barrier maintenance but immune regulation. Both GPR43 and GPR109a are
important for regulation of gut immunity. It was found that GPR43~/~ and GPR109a~/~ mice
suffered from more severe DSS-induced colitis [43, 52]. Several groups have found that
SCFA could promote the generation and suppressive function of colonic Treg in antibiotic
treated mice or GF mice. GPR43 on colonic T cells potentially induce the Treg
differentiation when binding SCFA. Importantly, propionate or SCFA mix-treated Rag™~
mice injected with naive T cells and Treg had lower level of colitis than mice received water
[3]. Butyrate binding to GPR109a endows the colonic DCs and macrophages with the ability
to induce Treg generation by increasing their production of IL-10 and Aldhla [52]. The
Intestinal epithelial barrier plays a critical role in preventing the intestinal inflammation of
IBD. SCFA affect intestinal epithelial cells which highly expressed GPR43, functioning as
regulators of physical barrier and secretion of mucin, antimicrobial peptides, chemokines
and cytokines. SCFA might activate NALP6 through GPCR pathway, further promoting gut
goblet cells to secret mucus, which is an important barrier separate the bacteria and
epithelial cells [53, 54]. Several recent studies also suggested that butyrate could upregulate
the tight junction and regulate epithelial permeability [55]. Chronic hypoxia in intestinal
mucosa of IBD results in several alterations of the gut environment. Stabilization of hypoxia
inducible factors (HIFs) has been revealed to protect against the inflammation and maintain
the intestinal homeostasis [56, 57]. A recent study has shown that SCFA were highly
produced in low O2 condition and then regulated O2 metabolism in intestinal epithelial cells
and further to maintain epithelial integrity and protect barrier via increase HIF stabilization
[58]. In contrast, GPR43~/~ and GPR41~~ mice were found to have reduced colonic
inflammation after administration of ethanol and 6-trinitrobenzene sulfonic-acid (TNBS); or
infection with Citrobacter rodentium, possibly resulting from decreased secretion of
proinflammatory cytokines and chemokines in intestinal epithelial cells by promotion of
SCFA [18]. Overall, SCFA are involved in both anti- and pro-inflammatory processes of
IBD.

Chronic intestinal inflammation such as IBD increases the risk of colorectal carcinogenesis,
which is called colitis-associated cancer (CAC). Gut microbiota are associated with the
process of inflammation and tumorigenesis. Thus their metabolites SCFA were observed to
confer protection in the development of colon cancer, partially in the GPCR-dependent
manner. Moreover, the expression of GPR43 is reduced in human colon cancer. Propionate
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and butyrate induce the cancer apoptosis and inhibit cancer cells proliferation depending on
GPR43 pathway [45]. GPR109a is the receptor for butyrate in colon, which is expressed on
colonic epithelial cells and immune cells. GPR109a deficiency has been reported to promote
inflammation-induced colon carcinogenesis. In addition, GPR109a~/~ mice suffered from
exacerbated colitis and carcinogenesis compared to WT mice treated with AOM+DSS, being
associated with decreased production of IL-10 and IL-18 and increased production of IL-17
[52].

The beneficial effects of SCFA have also been reported in patients with IBD. It has been
proposed long time ago to treat patients with IBD by administration of SCFA or prebiotics
that are known to enhance SCFA production [59-62]. Treatment of SCFA on UC patients
has been demonstrated to be effective to ameliorate colitis [63]. SCFA mixture (sodium
acetate, sodium propionate and sodium butyrate) enemas, severing as an adjuvant therapy,
enhanced the efficacy of classic IBD treatments such as 5-aminosalicylic acid and
corticosteroid therapy [61]. Collectively, SCFA have profound effects in regulation of gut
immunity and the pathogenesis of IBD. However, due to partial restricted indications or
patient compliance, these treatments have not been established as a standard of care.

Conclusions

The significance of interactions between dietary intake and gut microbiota has been well
recognized in human health. The discovery that SCFA are the natural ligands for GPR41,
GPR43, and GPR109a, which are expressed on a wide range of cell types, has led to re-
emerged interests in the role of SCFA in human health, especially in regulation of
inflammatory bowel diseases. With the accumulating data indicating regulatory function of
SCFA in wide range of immune cells, including both innate and adaptive cells, they
represent a new frontier in manipulation and prevention of IBD. However, many questions
remain to be investigated. For examples, how diets with high-fiber regulate gut microbiota
composition and function, and the role of SCFA in such process? While most studies are
currently focusing on SCFA regulation of innate immune responses, how they regulate gut
adaptive immune responses, i.e. do they affect gut B cell development and antibody
responses to microbiota as well as to food antigens? Or do they regulate gut T cell responses
in addition to promote Treg cells? Can SCFA through high-fiber diets prevent as well as treat
intestinal inflammation in chronic animal models and eventually in patients with IBD? Or do
they function differently in patients with CD and UC? Understanding such questions will
surely provide great insights into development of new therapeutic avenues to treating IBD
patients through dietary manipulation.
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Figure 1. Formation, absorption and transportation of SCFA
Indigestible dietary fibers can be fermented in the cecum and colon by gut microbes to form

SCFA, which usually are utilized in the enterocytes through different ways: passive
diffusion; carrier-mediated transportation by Slc5a8 and Slc16al; and binding GPR41,
GPR43 and GPR109a. After being absorbed, SCFAs are transported into portal vein via
superior mesenteric vein and inferior mesenteric vein depending on the absorption sites, and
dispersed to peripheral tissues as skeletal muscle, liver and adipose tissue to take effects.
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Figure 2. SCFA regulation of intestinal immunity
SCFA regulate the intestinal mucosal immunity through exerting their effects on various

immune cells. SCFA regulate intestinal barrier integrity by inducing intestinal epithelial cell
secretion of 1L-18, antimicrobial peptides, mucin, and upregulating the expression of tight
junction. SCFA induce neutrophils migration to inflammatory site and enhance their ability
of phagocytosis. SCFA regulate the T cell function not only through GPCR pathway but also
inhibition of HDAC. The differentiation of T cell is mediated both by SCFA regulation of
DC and the direct act of SCFA on T cells. SCFA regulate the generation of Th1, Th17 and
Treg in different cytokine milieu. SCFA also inhibit intestinal macrophage production of
proinflamamtory cytokines through inhibition of HDAC, and possibly induce intestinal IgA
production of B cells. Moreover, SCFASs inhibit the carcinogenesis through promoting
apoptosis and suppressing proliferation of tumor cells.
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