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Abstract

Epidemiological studies have linked increased incidence of inflammatory diseases and intestinal
cancers in the developed parts of the world to the consumption of diets poor in dietary fibers and
rich in refined carbohydrates. Gut bacteria residing in the intestinal lumen exclusively metabolize
dietary fibers. Butyrate, propionate and acetate, which are collectively called short-chain fatty
acids (SCFAs), are generated by fermentation of dietary fibers by gut microbiota. Evidences
indicate that SCFAs are key players in regulating beneficial effect of dietary fibers and gut
microbiota on our health. SCFASs interact with metabolite-sensing G protein-coupled receptors
GPRA41, GPR43 and GPR109A expressed in gut epithelium and immune cells. These interactions
induce mechanisms that play a key role in maintaining homeostasis in gut and other organs. This
review summarizes the protective roles of GPR41, GPR43 and GPR109A in dietary fibers-, gut
microbiota- and SCFAs- mediated suppression of inflammation and carcinogenesis in gut and
other organs.
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1. Introduction

Diet has a profound and long-lasting effect on our health. The effects of specific dietary
components such as dietary fibers goes beyond their nutritional value and positively
influence multiple aspects of human health. Industrial development in modern era has been
associated with a change in life style leading to consumption of refined foods and decreased
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intake of whole grains, fruits and vegetables, which are major source of dietary fibers. The
change in life style in the recent years has coincided with increase in inflammatory diseases
such as ulcerative colitis, Crohn’s disease (together called as inflammatory bowel diseases or
IBDs), allergies, intestinal cancers and others (Hansen, et al., 2012; Hou, Abraham, & EI-
Serag, 2011; Schatzkin, et al., 2007; Thorburn, Macia, & Mackay, 2014). Ever since these
observations have been made, role of dietary fibers and underlying mechanisms in the
prevention of inflammatory diseases and cancers have been extensively investigated.
Bacteria residing in the gut metabolize dietary fibers into SCFAs (Hamer, et al., 2008).
SCFAs are generated at ~ 100mM concentration in the colonic lumen at an approximate
ratio of 60:20:20 for acetate, propionate and butyrate, respectively (Ganapathy, Thangaraju,
Prasad, Martin, & Singh, 2013). Significance of SCFAs in promotion of health is
strengthened by two lines of epidemiological findings: 1) reduction in specific constituents
of gut microbiota that play a key role in fermentation of dietary fibers into butyrate in feces
of individuals with colorectal cancer and ulcerative colitis (Frank, et al., 2007; Wang, et al.,
2012), 2) lower intake of dietary fibers is associated with enhanced risk for development of
ulcerative colitis, Crohn disease and colorectal cancers (Hansen, et al., 2012; Hou, et al.,
2011; Schatzkin, et al., 2007). Concentrations of SCFASs are highest in colonic lumen and
almost negligible in peripheral blood (Bergman, 1990) suggesting that they act locally on
epithelium and immune cells present in the colon to induce health-promoting effects. The
objective of this review is to provide current evidences, which demonstrate that GPR41,
GPR43 and GPR109A act as molecular links between gut microbiota, dietary fibers, SCFAs,
and promation of health.

2. Dietary Fibers

Dietary fibers are carbohydrates that are indigestible in small intestine of mammals due to
lack of enzymes. Dietary fibers are complex mixture of branched and unbranched
polysaccharides composed of short to long chains of monosaccharides. Different dietary
fibers differ in their ability to undergo fermentation in colonic lumen (Eswaran, Muir, &
Chey, 2013). Soluble dietary fibers such as oligofructose, inulin, psyllium, and cornstarch
have higher fermentability, and thus generate higher amounts of SCFAs. In contrast,
insoluble dietary fibers such as cellulose and hemicellulose have low fermentability and,
therefore, contribute minimally to SCFA production in colon. In general, dietary fibers with
smaller and unbranched chains tend to be more soluble. Dietary fibers with long-chain
carbohydrates have either high solubility (e.g. inulin), intermediate solubility (e.g. psyllium)
or no solubility (cellulose). Due to their high fermentability, soluble dietary fibers act as
energy source for selected group of gut bacteria, possess ability to promote growth of
beneficial microorganisms in intestine and thus are used as “prebiotics” (Gibson, et al.,
2010).

3. Gut Microbiota

Human intestinal lumen is inhabited by trillions of microorganisms collectively termed as
gut microbiota (O'Hara & Shanahan, 2006; Tsai & Coyle, 2009). Metabolic activity of the
gut microbiota is qualitatively and quantitatively similar to an organ. In addition, various
molecular, cellular, and metabolic component of gut microbiota constantly interact with our
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organs and impact our health. Therefore, gut microbiota has also been called as forgotten
organ (O'Hara & Shanahan, 2006). Gut microbiota consists of ~100-1000 different bacterial
species. Collective genome of gut microbiota contain ~ 150 times more genes than number
of genes in our body and therefore have also been refereed to as our second genome (Grice
& Segre, 2012). Colonization of gut begins immediately after birth and is a continuously
ongoing process through out the life of an individual. Members belonging to phyla
Bacteroidetes and Firmicutes dominate the composition of gut mcirobiota, where as
members from Actinobacteria, Proteobacteria, Fusobacteria, Cyanobacteria and
Verrucomicrobia are minor constituents of gut microbiota (Eckburg, et al., 2005; Sekirov,
Russell, Antunes, & Finlay, 2010). Relationship between host and most of the gut
microbiota has evolved as mutualistic or symbiotic (Backhed, Ley, Sonnenburg, Peterson, &
Gordon, 2005; Mazmanian, Round, & Kasper, 2008). Multiple health benefits of symbiotic
bacteria or symbionts on human health have been recognized and well appreciated. Positive
effects of gut microbiota on human health includes providing vitamins and energy source to
host, helping in development of intestinal tissue and immune system, limiting inflammatory
responses at local and distal organs, decreasing carcinogenesis, and inhibiting colonization
of gut with pathogenic microorganisms (Y. K. Lee & Mazmanian, 2010; Ley, 2010;
Nicholson, et al., 2012; Rakoff-Nahoum, Paglino, Eslami-Varzaneh, Edberg, & Medzhitov,
2004; Vijay-Kumar, et al., 2010). Notwithstanding with evolution of symbiotic bacteria in
gut, certain bacterial inhabitants of gut which are called pathobionts exert disease-promoting
effects on hosts, such as inducing inflammation, carcinogenesis and obesity (Chow, Tang, &
Mazmanian, 2011; Elinav, et al., 2011; Garrett, et al., 2010; Palmer, 2011). Thus, gut
microbiota possess properties that both positively and negatively affect health of the host.

Owing to a complex and intricate relationship, a dynamic equilibrium exists between host
and gut microbiota, which plays a critical role in maintaining intestinal homeostasis. Within
gut microbiota, several distinct bacterial communities live at a certain ratio under steady
state condition (Faith, et al., 2013). A change in environmental factors, life style, disease and
infections lead to alteration in composition of bacterial communities, and this process is
termed as dysbiosis (Carding, Verbeke, Vipond, Corfe, & Owen, 2015). Dysbiosis is present
in many inflammatory diseases such as IBD, metabolic syndrome and colorectal cancers.
Epidemiological studies have shown a decrease in butyrate-producing gut bacteria, such as
those belonging to genus Roseburiaand family Lachnospiraceae, in feces of individuals with
colon cancer compared to healthy donors. Similarly, feces from individuals with ulcerative
colitis, a risk factor for development of colorectal cancers, also contain significantly reduced
numbers of butyrate-producing gut bacteria belonging to family Lachnospiraceae (Frank, et
al., 2007; Wang, et al., 2012). There are evidences suggesting that dysbiosis may be involved
in the development of certain diseases. Transfer of gut microbiota from diseased animals
into germ-free or susceptible mice causes pathologies in recipients similar to those present in
donors (Garrett, et al., 2007; Kostic, et al., 2013; Shanahan & Quigley, 2014; Turnbaugh,
Backhed, Fulton, & Gordon, 2008; Vijay-Kumar, et al., 2010). Similarly, correction of
dysbiosis is associated with alleviation of the diseases (Everard, et al., 2013). Collectively,
these findings suggest that manipulation of gut microbiota may serve as an attractive target
for designing therapeutic modalities for prevention and or treatment of certain diseases.
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4. Short-chain fatty acids (SCFAS)

Among SCFAs, butyrate has been extensively investigated for its role in suppression of
colonic inflammation and carcinogenesis (Hamer, et al., 2008). Fermentation of dietary
fibers into butyrate is a stepwise process, which is facilitated by distinct constituents of gut
microbiota. In colon, majority of butyrate-producing bacteria are anaerobes and belong to
Clostridium clusters 1V and X1Va (Nagano, Itoh, & Honda, 2012). Studies performed /n
vitro using butyrate-producing colonic bacteria such as Roseburia intestinalis DSM14610
and Anaerostipes caccae DSM14662 (both are member of Clostridium cluster XIVa) show
that they are poor fermenters of dietary fibers (Falony, Vlachou, Verbrugghe, & De Vuyst,
2006). Butyrate production was minimum in these cultures even in the presence of dietary
fibers. On the other hand Bifidobacterium ferment dietary fibers vigorously to produce
acetate, fructose, and lactate but no butyrate. In mixed cultures where both Bifidobacterium
and Roseburia intestinalis or Anaerostipes caccae are present, addition of dietary fibers lead
to butyrate production (Belenguer, et al., 2006). Mechanistic studies show that when acetate,
and fructose, which are released following fermentation of dietary fibers by Bifidobacterium
are added to the cultures of R. intestinalis or A. caccae respectively, butyrate production is
observed (Falony, et al., 2006). Thus, metabolites generated by Bifidobacterium are used by
R. intestinalis or A. caccae for their growth and this process is called cross-feeding. The
magnitude at which this cross-feeding exist /n vivo remains poorly defined. In several
human and animal studies, dietary fibers regularly increase number of Bifidobacterium in
gut (Gibson, et al., 2010). Efforts have made to analyze the effect of dietary fibers on
numbers of butyrate-producing gut bacteria. The protein product of Butyryl-CoA:acetate
COA transferase (BcoA) gene catalyzes the critical final step in butyrate production among
gut microbiota. A recent human study found that dietary fibers enhanced the co-occurrence
between potential butyrate-producers such as Eubacterirum rectale etc and bacteria
associated with complex carbohydrate utilization such as Oscillospria guillermondii
(O'Keefe, et al., 2015). This study showed a significant increase in copy number of BcoA.
However, the same study failed to find a meaningful change in number of any single
butyrate producing bacterial species following dietary fiber intake. Therefore, a significant
increase in BcoA gene is most likely caused by sum of all increases in individual butyrate
producers.

After being produced in colonic lumen, SCFAs are transported across the epithelium by
diffusion, low-affinity transport mechanism such as HCO37/SCFA exchange [Ky 25 mM],
medium-affinity transport mechanism involving monocarboxylate transporter 1 [MCT1, Ky
2.6 mM] or via high-affinity transport mediated by sodium-coupled monocarboxylate
transporter 1 (SMCT1 or SLC5A8, Ky ~50 uM) into colon (Charney, Micic, & Egnor, 1998;
Hadjiagapiou, Schmidt, Dudeja, Layden, & Ramaswamy, 2000; Mascolo, Rajendran, &
Binder, 1991; Thangaraju, et al., 2008). Once transported into colonic tissue, most of SCFAS
are metabolized into lipids or ketone bodies such as f-hydroxybutyrate or acetoacetate by
colonic epithelium (Bergman, 1990; Zambell, Fitch, & Fleming, 2003), resulting in
significant drop in SCFAs exiting the colonic tissue into portal circulation. SCFASs reaching
the liver are metabolized into lipids. Therefore, negligible amount of butyrate (4-10 uM),
propionate (~4-10 uM) and acetate (~100-uM) are present in peripheral blood (Bergman,
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1990; Cummings, Pomare, Branch, Naylor, & Macfarlane, 1987). ECs of acetate to induce
Ca** flux through GPR43 is ~ 52 UM, and thus only acetate is present in concentration high
enough to induce GPR43-dependent signaling in peripheral tissue (Brown, et al., 2003).

Understanding the complex molecular mechanisms underlying protective effects of SCFAs
on colonic health has been difficult because they interact with multiple signaling molecules
expressed by colonic epithelium and immune cells (Ganapathy, et al., 2013). Most widely
studied targets of butyrate and propionate are histone deacetylases or HDACs. Classical
HDAC:Ss is a family of proteins that consist of 2 groups. Group | HDACs contain mammalian
HDAC-1, -2 -3 and -8, whereas group Il HDACs comprises of mammalian HDAC4, -5, -6,
-7,-9 and -10. Butyrate and propionate specifically inhibit activity of HDAC-1 and -3
(Thangaraju, Carswell, Prasad, & Ganapathy, 2009). Inhibition of HDACs’ activity leads to
increase in acetylation at specific lysine residues in histones and thus decreases positive
charge on histones. The loss of positive charge inhibits binding of histones to the negatively
charged DNA, resulting in open structure of DNA/chromatin, which becomes accessible to
transcriptional machinery to initiate transcription of genes. Thus, in principle, inhibition of
histone acetylation should result in increase in transcription of genes, however, treatment of
cells with butyrate results in both induction and repression of specific genes. Nonetheless,
many studies have demonstrated a positive correlation between the ability of butyrate to
inhibit HDACs and to induce apoptosis and/or cell cycle arrest in colon cancer cells
(Thangaraju, Carswell, et al., 2009). Changes in histone acetylation leads to global change in
chromatin structure, which could potentially affect expression pattern of the several genes.
How global change in chromatin structure induced by butyrate/propionate-mediated
inhibition of HDACS results in expression or repression of specific genes needs to be
explored in greater detail.

receptors

Free fatty acid receptor 3 (FFAR3 or GPR41), FFAR2 (GPR43) and GPR109A (also known
as hydroxycarboxylic acid receptor 2 or HCA?2) are expressed on cell surface and have been
explored as mediators of biological effects of dietary fibers and SCFAs (Table 1). While
mouse genome has only one gene for Gpr109 (called Gpr109a), human genome contains
two, GPR109A and GPR109B. GPR109B originated from duplication of GPR109A and thus
these genes are highly similar (Ahmed, Tunaru, & Offermanns, 2009). The translatable parts
of the genes encoding the SCFA receptors are intron-less sequences. Using rapid
amplification of cDNA ends (RACE), a 5" untranslated exon has been identified in human
GPR43 (Ang, Er, & Ding, 2015). GPR43 and GPR109A polypeptide are 330 and 363 amino
acids long and thus their expected molecular weight is approximately 37 and 40 kDa,
respectively. Detection of FLAG signal with specific antibody on total cell lysates of 293
cells expressing FLAG-tagged GPR43 and GPR109A and resolved on SDS-PAGE revealed
the spread of FLAG-specific signal from top of resolving gel (MW > 250 kDa) to the middle
of the gel (~50 kDa). Higher intensity was present in upper most part of the gel (our
unpublished data). These findings suggest that GPR43 and GPR109A undergo extensive
posttranslational modifications at least in some cells. Therefore, it is very critical to identify
these modifications and their effect on agonist binding to fully appreciate the physiological
importance and function of SCFA receptors.
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5.1 Tissue distribution of SCFA receptors

Enteric neurons and intestinal leukocytes express GPR41 and GPR43 respectively, while
intestinal endocrine cells express both GPR43 and GPR41 (Kaji, Karaki, & Kuwahara,
2014; Karaki, et al., 2006; Karaki, et al., 2008; Tazoe, et al., 2009). White adipose tissue
express GPR43, whereas expression of GPR41 on adipose tissue is questionable (Table 1)
(Hong, et al., 2005; Le Poul, et al., 2003). GPR109A is expressed in adipose tissue, innate
immune cells, intestinal epithelium, keratinocytes and retinal-pigmented epithelium (Table
1) (Ganapathy, et al., 2013; Singh, et al., 2014). Gpr109a expression is silenced in colons of
germ-free (GF) and antibiotic-treated mice. Tributyrin, a butyrate prodrug, induces Gpr109a
expression in antibiotic-treated animals, which suggests that Gpr109a expression is regulated
by gut microbiota (G. Cresci, Nagy, & Ganapathy, 2013; G. A. Cresci, Thangaraju,
Mellinger, Liu, & Ganapathy, 2010).

5.2 Ligand specificity of SCFA receptors

All SCFA receptors are specific to deprotonated fatty acids. Esters of the fatty acids are
unable to bind to the receptors, suggesting that positively charged amino acids within
transmembrane region of SCFA receptors mediate binding of SCFA to these receptors (Le
Poul, et al., 2003; Tunaru, Lattig, Kero, Krause, & Offermanns, 2005). GPR41 and GPR43
share 43% amino acid identity between them (Stoddart, Smith, Jenkins, Brown, & Milligan,
2008) and bind to all three SCFAS, acetate, propionate and butyrate as well as pentanoate, a
medium-chain fatty acid (Table 1). While GPR43 has preference for shorter chain fatty acids
such as acetate and propionate, the reverse is true for GPR41 (Le Poul, et al., 2003). Thus,
GPR41 shows better binding to pentanoate, butyrate and propionate than acetate. GPR109B
and GPR109B shows 96% identity at protein level, however GPR109B does not bind to any
short chain fatty acids (Taggart, et al., 2005). In contrast to GPR41 and GPR43, among
SCFAs, only butyrate activates GPR109A (Taggart, et al., 2005) (Thangaraju, Cresci, et al.,
2009). Beta-hydroxybutyrate, produced during starvation as a result of ketogenesis is also a
ligand of GPR109A (Table 1) (Taggart, et al., 2005). Colonic epithelium has been shown to
synthesize B-hydroxybutyrate from butyrate (Roediger, 1982). Thus, in colon GPR109A can
be activated by either butyrate or B-hydroxybutyrate. It will be attractive to investigate
whether some of the beneficial effects of butyrate on colon are mediated via -
hydroxybutyrate. Originally, GPR109A was identified as a receptor for vitamin B3 or niacin
(Tunaru, et al., 2003). Under normal conditions, steady state level of niacin in plasma is too
low to bind and activate GPR109A. However, after consumption of pharmacological dose of
niacin, its concentration in plasma is high enough to activate GPR109A (Tunaru, et al.,
2003). SCFAs are detected in ileum too at a concentration of ~ 10 mM and at present it is
unclear whether they are generated locally in ileum or it is due to reflux from colon/caecum.
Notably, concentration of SCFAs present in ileum is more than sufficient to activate
signaling through GPR41 and GPR43 (Le Bourgot, et al., 2014).

5.3 Sighaling mechanisms of SCFA receptors

GPR41, GPR43 and GPR109A are coupled with Gj;, and therefore, following ligand
binding, they diminish activity of adenylate cyclase, leading to inhibition of cyclic adenosine
monophosphate (CAMP) production via pertussis toxin (PTX)-sensitive mechanism (Table
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1). GPRA43 also exhibits G/11-dependent activity, such as inducing influx of [Ca**] into
cytoplasm. Additionally, there is sufficient evidence to indicate the involvement of other
signaling pathways too by these receptors, such as engagement of B-arrestins by GPR109A
and GPR43, and gustducin by GPR41 (S. U. Lee, et al., 2013; Li, Kokrashvili, Mosinger, &
Margolskee, 2013; Walters, et al., 2009). Signaling mechanisms used by these receptors may
be cell-type and ligand specific. For example, in adipocytes, GPR109A signaling decreases
cAMP, whereas in Langerhans cells and macrophages, its activation leads to production of
prostaglandin D2 (PGD2). GPR109A -agonist MK-0354 inhibits adenylate cyclase in
adipocytes, while it does not transduce any signal in Langerhans cells or macrophages
(Gaidarov, et al., 2013). Gpr43 couples with Gayp, Gagz and Gayg in S. cerevisiae (Brown,
et al., 2003). Taken together, these observations suggest that, depending on coupling of
different subunits of G proteins or B-arrestins, signaling through SCFA receptors could result
in different outcomes in different cell types.

6. SCFA receptors in inflammation and cancer

6.1 SCFA receptor and intestinal inflammation

Opposing roles of Gpr43 in suppression of colonic inflammation have been reported. Mice
lacking Gpra3 (Gpr43™") are hypersusceptible to colonic inflammation induced by either
dextran sulfate sodium (DSS) or trinitrobenzene sulfonic acid (TNBS) (Maslowski, et al.,
2009). Treatment of neutrophils with acetate treatment reduces surface expression of
chemotactic receptors C5aR and CXCR2 and thus inhibits their chemotaxis in a Gpr43-
dependent mechanism (Figure 1). Consistent with this, colon of Gpr43~~ animals exhibited
higher neutrophil infiltration following DSS treatment than WT mice. Moreover, acetate
suppresses DSS-induced colonic inflammation and wasting diseases in germ-free (GF)
animals. The ability of acetate to suppress colonic inflammation is significantly attenuated in
Gpr43~~ animals. This indicates that Gpr43 signaling plays a critical role in SCFAs-induced
suppression of colonic inflammation (Maslowski, et al., 2009). NACHT, LRR and PYD
domains-containing protein 3 (NLRP3) plays a key role in the activation of inflammasome,
resulting in production of mature IL-18 and IL-1p from corresponding pro-peptides (Zaki,
Boyd, et al., 2010). Binding of agonist to Gpr43 induces K* efflux, leading to activation of
NIrp3 inflammasome (Figure 1) (Macia, et al., 2015). Mice defective in Nlrp3
inflammasome activation are at risk of developing colonic inflammation and colon cancers
(Dupaul-Chicoine, et al., 2010; Zaki, Boyd, et al., 2010; Zaki, Vogel, Body-Malapel,
Lamkanfi, & Kanneganti, 2010). Notably, dietary fibers-mediated activation of NIrp3 is also
Gpr43 dependent (Figure 1) (Macia, et al., 2015). In contrast to these findings, a different
study showed that in mouse model of chronic colitis induced by DSS, Gpr437~ mice are
more resistant to develop colonic inflammation than their WT counterparts (Sina, et al.,
2009). In TNBS-, ethanol- and Citrobacter rodenticum- induced colonic inflammation
models, Gpr43”~and Gpr41~~ animals exhibited significantly reduced colonic
inflammation than WT mice, suggesting a pro-inflammatory role of Gpr4l and Gpr43 in
colon (Kim, Kang, Park, Yanagisawa, & Kim, 2013). What are the reasons for these
conflicting findings? Presence of different gut microbiota in different facilities may be one
of the reasons. Following Citrobacter rodenticum infection, WT mice showed significantly
enhanced impairment of gut epithelial barrier function and higher bacterial load in the
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tissues than Gpr41~~ or Gpr43~~ mice at earlier time points (4-8 days post infection,
whereas reverse was true at later time points (20-24 days post infection) (Kim, et al., 2013).
This finding argues that Gpr41 and Gpr43 may play a critical role in colonization and/or
clearance of some if not all of the gut bacteria, which may either promote or suppress
colonic inflammation. Later it was found that Gor43~~ mice co-housed with WT mice were
protected from DSS-induced colonic inflammation than singly housed counterparts. This
study suggested that during cohousing some unknown good gut bacteria got transferred from
WT mice to Gpr43”~ mice and offered protection against DSS-induced colonic
inflammation. Gpr109a™~ mice exhibit more severe colonic inflammation, and diarrhea in
DSS-induced model of colitis than WT mice (Singh, et al., 2014). Gpr109a ligands butyrate
and niacin also induced transcription of IL-18, a wound healing cytokine, in colonic
epithelium (Singh, et al., 2014). Similar to other mouse strains with reduced levels of IL-18
in their colon, feces of Gpr109a™~ mice harbor drastically elevated number of
Prevotellaceae family of bacteria than WT mice (Singh, et al., 2014). Gpr109a agonists
butyrate and niacin reduced LPS-induced NF-xB activation in colons of WT mice (Figure
1). Inhibitory effect of butyrate and niacin was dependent on GPR109A, because these
agonists inhibited LPS-induced NF-xB activation in colon cancer cell lines KM12L4 and
HCT116 transfected with GPR109A whereas they failed to do so in parental cells, which do
not express GPR109A (Thangaraju, Cresci, et al., 2009). Taken together, these findings
suggest that GPR41, GPR43 and GPR109A induce non-overlapping pathways to regulate
gut microbial ecology and/or intestinal inflammation.

6.2 SCFA receptors in homeostasis of colonic Treg cells

T regulatory (Treg) cells represent the most dominant arm of immunosuppressive
mechanisms. A qualitative or quantitative defect in Treg cells leads to development of
intestinal inflammation in multiple animal models (Huber, et al., 2011; Izcue, Coombes, &
Powrie, 2009; Rubtsov, et al., 2008). At the molecular level, Treg cells produce large amount
of IL-10 which plays an indispensible role in suppression of intestinal inflammation
(Rubtsov, et al., 2008). IL-10 is also required for induction and maintenance of Treg cells.
Oral administration of SCFAs increases the number of colonic Treg cells by stimulating their
proliferation (Figure 1) (Smith, et al., 2013). Moreover, propionate increased Treg cell
numbers in WT mice, whereas it failed to do so in Gpr43~~ animals. However, colons of
Gpr43~~ animal contain similar number and frequency of Tregs under normal steady state
condition (Smith, et al., 2013). Following recognition of cognate antigen bound to MHC
class Il protein on the surface of antigen-presenting cells (APCs), depending on signals and
cues from microenvironment, naive T cells differentiate into immunogenic subsets Thl, Th2,
Th17 or immunosuppressive Treg cells. When mice were fed with acetate, propionate or
butyrate fortified diets, only butyrate-supplemented diet increased Treg cell numbers in
colon (Arpaia, et al., 2013; Furusawa, et al., 2013). This increase in Treg cell numbers was
confined to neuropillin 1-negative (Nrpl1™) subset, suggesting differentiation (induction) of
naive T cells into Treg by butyrate in colon. Production of 1L-10 and aldehyde
dehydrogenase 1a (Aldhla), which catalyzes rate limiting step in production of retinoic acid
(RA) by intestinal DCs and macrophages empowers them with ability to induce
differentiation of naive T cells into Treg cells (Coombes, et al., 2007; Liu, Tonkonogy, &
Sartor, 2011; Sun, et al., 2007). Gpr109a agonists niacin and butyrate induced 1L-10 and
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Aldhla in DCs and macrophages, which facilitated conversion of naive T cells into Treg
cells (Figure 1) (Singh, et al., 2014). Consistent with this, number and frequency of Treg
cells is decreased, whereas those of IL-17a*CD4" T cells are increased in colons of
Gpri09a™" mice compared to WT mice. These findings suggest that SCFA receptors
regulate homeostasis of colonic Treg cells via multiple pathways.

6.3 SCFA receptors as regulators of inflammation in extraintestinal organs

Limited studies have been carried out investigating the role of dietary fibers in regulating
inflammation outside the gut. Mice fed with a high-fiber diet developed significantly
attenuated allergic inflammation in lung when exposed to house dust mite (HDM)
(Trompette, et al., 2014). Propionate treatment also reduced HDM-induced allergic
inflammation in lungs of WT and Gpr43~~ mice, but had no effect in Gpr41~~ mice,
suggesting a critical role for Gpr41l in dietary fibers/SCFAs-mediated suppression of lung
inflammation. SCFAs are present at undetectable levels in lung. Mechanistic experiment
showed that SCFAs affected developing macrophages and DCs in bone marrow that, upon
homing to lung, were defective in inducing allergic inflammation. Surprisingly, in this model
Gpr417~and Gpr43~ mice were less susceptible than their WT counter parts in developing
lung inflammation. On the other hand, in systemic priming and ovalbumin (OVA) airway
challenge model, Gpr43~~ mice exhibit significantly more lung inflammation than WT mice
(Maslowski, et al., 2009). Consistent with a role for Gpr43 in activation of inflammasome, in
a mouse model of gout, Gpr437~ mice were protected against monosodium urate
monohydrate (MSU)-induced joint inflammation (Vieira, et al., 2015). Tecfidera (dimethyl
fumerate or DMF) is a FDA-approved drug for treatment of individuals with relapsing
multiple sclerosis (MS). DMF gets metabolized into monomethyl fumerate (MMF), which is
an agonist for GPR109A (Chen, et al., 2014). In experimental autoimmune
encephalomyelitis (EAE), which is a mouse model of MS, DMF-mediated protection from
immune cell infiltration, and demyelination of the spinal cord was dependent on Gpr109a
(Chen, et al., 2014). At mechanistic level, in this model, DMF suppressed neutrophil
infiltration to brain via Gpr109a. The ketone body B-hydroxybutyrate (BHB) protects brain
from stroke and other neurodegenerative diseases. In a mouse model of stroke, BHB
treatment reduced the disease severity in WT mice, whereas same treatment failed to change
the outcome of disease in Gpr109a~~ mice (Rahman, et al., 2014). Niacin significantly
decreased the atherosclerotic lesions in La/r”~ mice fed with high-fat diet and this process
was obligatorily dependent on Gpr109a (Lukasova, Malaval, Gille, Kero, & Offermanns,
2011). Bone marrow chimera experiments revealed that Gpr109a expression in
hematopoietic cells plays an essential role in the ability of niacin to decrease atherosclerotic
lesions in this model. Conflicting data were obtained about role of Gpr43 in regulation of
metabolic disorders. Gpr43~~ mice fed with high fat diet (HFD) gained less weight and
showed improved glucose tolerance (Bjursell, et al., 2011). Gpr41 induces expression of
PYY, an enteroendocrine cell-derived hormone that normally decreases intestinal motility
and thus slows down the movement of intestinal contents leading to better extraction of
energy from fecal content in colon. Accordingly, Gpr41~~ animals raised in germ free or
conventional facilities are leaner than WT mice (Samuel, et al., 2008). In contrast, other
studies showed reduced glucose tolerance and higher weight gain in Gpr43”~ mice (Kimura,
etal., 2013; Tolhurst, et al., 2012). The protective effects of Gpr43 were mediated by either
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induction of glucagon-like peptide-1 secretion or suppression of insulin signaling in
adipocytes. These opposing findings (about the role of Gpr41 and Gpr43 in regulation of
metabolic syndrome) may be related to dysregulated expression of other receptor in mice
lacking only one of these receptors, which are co-expressed in many cell types and share
overlapping endogenous agonists (Bjursell, et al., 2011). Gpr41 and Gpr43 inhibit insulin
secretion by pancreatic beta cells. Mice lacking both Gpr41 and Gpr43 (Gpr41™~Gpr43™~
mice) exhibit higher insulin levels and better glucose tolerance when fed with high-fat diet
(C. Tang, et al., 2015). Collectively, these data suggest that short-chain fatty acids play a key
role in regulation of inflammation in organs located outside of gut under normal and
pharmacological settings.

6.4 SCFA receptors and intestinal cancers

Expression of GPR109A mRNA is suppressed in primary colon cancer tissues and colon
cancer cell lines, and ectopic expression of GPR109A in colon cancer cells induces
apoptosis in the presence of GPR109A agonists niacin and butyrate (Thangaraju, Cresci, et
al., 2009). In an inflammation-associated colon carcinogenesis model, azoxymethane (AOM,
a colon carcinogen) and colonic irritant DSS induced significantly larger and more number
of colonic polyps in Gpr109a~~ mice than in WT mice (Singh, et al., 2014). Gpr109a-
deficiency also enhanced colon carcinogenesis in Apc""* mice, a genetic model of
intestinal carcinogenesis (Singh, et al., 2014). Depletion of microbiota by antibiotics
increases susceptibility of mice to DSS-induced colonic inflammation, which may explain
enhanced AOM+DSS-induced colon carcinogenesis in antibiotic-treated animals. Niacin
administration inhibits both colonic inflammation and carcinogenesis induced by AOM
+DSS and this effect is dependent on Gpr109a (Singh, et al., 2014). Consistent with a role
for dietary fibers in suppressing colon carcinogenesis, ApcY"* mice fed with diet depleted
of dietary fibers developed enhanced intestinal cancers. Gpr109a~~ ApcMi"* mice
developed higher number of colonic polyps than ApcVi"* mice. In addition, depletion of
dietary fibers did not change the polyp development in colons of Gpr109a™~ Apci"* mice.
Niacin, a Gpr109a agonist, suppressed enhanced intestinal tumorigenesis in ApcM* mice
fed with diet depleted of dietary fibers and this effect was obligatorily dependent on
Gprl09a. GPR43 expression is lost in human colon cancer cell lines and drastically
downregulated in colorectal adenocarcinomas (Y. Tang, Chen, Jiang, Robbins, & Nie, 2011).
Expression of GPR43 in colon cancer cell lines resulted in cell cycle arrest and apoptosis
following treatment with butyrate and propionate (Y. Tang, et al., 2011). In inflammation-
associated colon cancer model, Gpr43~~ animals develop significantly higher number of
colonic polyps than WT counter parts (Sivaparasam et al., submitted). Role of Gpr43 in
suppression of colon cancer was not limited to chemical-induced carcinogenesis, because it
was also observed in Apc™* mice, which is a genetic model of colon carcinogenesis
(Sivaparasam et al., submitted for publication). Feeding of animals with inulin-type fructans
(ITF), a soluble dietary fiber, reduces accumulation of BaF3 (a leukemia cell line) in liver.
Propionate treatment or Gpr43 activation reduced proliferation of BaF3 cells, suggesting that
ITF inhibits proliferation of BaF3 via Gpr43 signaling. Both Gpr109a and Gpr43 signal via
Gi, and mice lacking Gia2 undergo spontaneous development of colitis and colon cancer
(Rudolph, et al., 1995). Therefore, it is important to investigate whether Gpr109a and Gpr43
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signaling depends on Gia2. Collectively, these finding demonstrate that Gpr109a and Gpr43
link dietary fibers to the suppression of colon carcinogenesis.

6.5 SCFA receptors as regulators of carcinogenesis in extraintestinal organs

Epidemiological studies indicate that consumption of dietary fibers is associated with
reduced risk of carcinogenesis in breast, prostrate and other organs as well. Mammary
epithelium cells express GPR109A, whereas primary human breast tumor tissue does not.
Forced expression of GPR109A induces apoptosis and cell cycle arrest in breast cancer cell
lines. Moreover, Gprl109a deficiency leads to earlier development and enhanced metastasis
in MMTV-neu model of breast cancer (Elangovan, et al., 2014). So far there is no report of
the presence metabolites of dietary fibers, including SCFAs, in these organs at
concentrations high enough to activate their targets. Then, how do dietary fibers inhibit
cancer development in these organs? One way to explain these findings is that absence of
dietary fibers/SCFAs results in development, differentiation or accumulation of
inflammatory immune cells in gut and local lymph nodes. These inflammatory cells then can
either travel to target organs or secrete inflammatory molecules that reach target organs
where they induce inflammation leading to enhanced carcinogenesis. Infection of Apc™"*
mice with Helicobacter hepaticus (strain 3B1, ATCC #51449), which only colonizes gut,
promotes neoplasia in prostate (Elangovan, et al., 2014). Treatment of these mice with anti-
TNF-a antibody suppresses H. hepaticus-mediated neoplasia. Moreover, adoptive transfer of
mesenteric lymph node cells from H. hepaticus-infected Apc™™* mice promote neoplasia in
host Apc™* mice. Dietary fibers are known to increase the number of symbionts at the
cost of pathobionts and Gpr43 and Gpr109a are known to influence colonization of gut
pathogens and gut microbiota (Gibson, et al., 2010; Kim, et al., 2013; Vieira, et al., 2015).
Therefore, it is critical to test whether dietary fibers and SCFA receptor-signaling suppresses
carcinogenesis in organs located distant to gut via inhibiting growth of pathobionts and/or
inflammatory cells in gut.

7. Therapeutic potentials of SCFA receptors

Recent progress in understanding the role of GPR41, GPR43 and GPR109A in health and
disease demonstrate that these receptors do not just regulate inflammation and cancer in
intestine, but also influence other gastrointestinal functions, allergies, adipogenesis, central
nervous system and cardiovascular health. Therefore, they have been actively explored as a
very attractive pharmaceutical target with broad range of therapeutic applications
(Bolognini, Tobin, Milligan, & Moss, 2016; Offermanns & Schwaninger, 2015). GPR109A
ligand niacin has been used for several decades for improving cardiovascular health. Niacin
may improve cardiovascular health via GPR109A-dependent and-independent mechanisms.
Deficiency of niacin, a GPR109A agonist leads to spontaneous development of diarrhea,
dermatitis and dementia (Hegyi, Schwartz, & Hegyi, 2004). Our finding that Gpr109a~~
mice are at risk of developing colonic inflammation and carcinogenesis, and niacin induces
anti-inflammatory and anti-carcinogenic environment in intestine via Gpr109 demonstrates
the therapeutic potential for this receptor. GLPG0974, a GPR43-specific antagonist, did not
change clinical outcomes over a short period of time in individuals with mild to moderate
ulcerative colitis in Phase 2 clinical trial (Bolognini, et al., 2016). Studies have uncovered
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conflicting data regarding role of these receptors in either promotion or suppression of
disease. Therefore, it is important to understand whether other genetic or environmental
factors influence outcome of SCFA receptors-signaling on our health. These findings will
also help us to decide the choice between agonists and antagonists of these receptors for
therapeutic manipulation of a given health condition (Bolognini, et al., 2016; Cornall,
Mathai, Hryciw, & McAinch, 2013).

8. Conclusions and Future Directions

SCFAs are the key metabolites that connect dietary fibers and gut microbiota to the intestinal
health. Butyrate exerts plethora of biological effects in colon, which play a critical role in
establishment and maintenance of intestinal homeostasis. To exert their effect, SCFAs
interact with specific cell surface receptors such as GPR41, GPR43, and GPR109A, as well
as intracellular molecules such as HDACs. At least some of the beneficial effects of dietary
fibers and gut microbiota depend on defined signaling triggered by these molecules
following their interaction with SCFAs. Depending on cell type and ligands, these receptors
appear to transmit signaling via Ga, Gi/0, Gq or - arrestins or a combination of them. It is
very important to identify the signaling partners associated with beneficial effect of GPR41,
GPRA43, and GPR109A. This information will be valuable in designing small molecules
targeting these receptors or their signaling pathways for therapeutic application. Although
beneficial effects of butyrate are more noticeable than other SCFAS, butyrate delivery into
colon is still challenging because of low compliance rate of rectal administration and very
short half-life of systemically administered butyrate (Van Immerseel, et al., 2010).
Identification and delivery of butyrate-producing gut bacteria that promote health is one
aspect of solving this problem. Alternatively, new agonists or antagonists specific for
GPR41, GPR43, and GPRO09B or signaling pathways triggered by these receptors could
potentially be targeted to achieve optimum maintenance of intestinal homeostasis and health.
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Figure 1.
SCFA receptors link dietary fibers and gut microbiota to intestinal homeostasis. A simplified

model showing regulation of gut homeostasis by SCFA receptors. Beneficial gut bacteria
(symbionts) ferment dietary fibers into SCFAs. Butyrate induces production of IL-10 and
retinoic acid (RA) by dendritic cells. These DCs stimulate conversion of naive T cells into
Treg cells and suppress generation of Th17 cells. Activation of Gpr43 on Treg cells by
SCFAs induces Treg cells proliferation. Treg cells are known to suppres colonic
inflammation and carcinogenesis, where as Th17 cells promote inflammation and
carcinogenesis in colon. Additionally, Gpr109a signaling induces transcription of IL-18,
whereas Gpr43 signaling induces K+ flux, which activates Nlrp3 inflasmmasome resulting
in maturation of IL-18 from its pro-peptide. Activation of Gpr43 downregulates expression
chemotactic receptor CXCR2 in neutrophils and thus inhbits their chemotaxis. Gpr109a
signaling inhbitis activation of NF-xB in colonic epithelium.
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Table 1

Short chain fatty acid receptors, agonists, sighaling expression and physiological functions

hydroxycarboxylic
acid receptor;
nicotinic acid
receptor;
GPCRO19A,
HCAR2; HCAZ?;
NIACR1; HM74A)

epithelium

atherosclerosis,
and inflammation
in brain

Receptor (alias) Ligands Signaling | Expression Biological Effects | References
GPRA41 (G protein- acetate, Gaijjo, B~ Pancreas, DC maturation, Brown et al., 2003
coupled receptor 41; propionate, gustducin | enteroendocrine | inhibits gut Le Poul et al., 2003
free fatty acid butyrate, cells and motility and Samuel et al., 2008
receptor 3; GPCRA41; enteric neurons | insulin secretion Tang et al., 2015
FFAR3; FFA3R; Tolhurst et al., 2012
FFA3) Trompette et al., 2014
GPRA43 (G ptotein- acetate, Gaijo, Adipocytes, Gut homeostasis, Brown et al., 2003
coupled receptor 43; | propionate, Gay, enteroendocrine | Treg proliferation, | Hong et al., 2005
free fatty acid butyrate, B- cells, innate inhibits insulin Le Poul et al., 2003
receptor 2, GPCR43; arrestin-2 | immune cells, secretion, tumor Lietal, 2013
FFAR2; FFA2R; gut epithelium suppressor, Maslowski et al., 2009
FFA2) neutrophil Sina et al 2009

chemotaxis, GLP- | Smith et al., 2013

1 secretion Tang et al., 2015

Tolhurst et al., 2012

GPR109A (G niacin, p- Gaijo, Adipocytes, homeostasis of Chen et al., 2014
protein-coupled hydroxybutyrate, | p- innate immune colonic Treg cells, | Lukasova et al., 2011
receptor 109A; butyrate arrestin-1 | cells, intestinal inhibits lipolysis, Rahman et al., 2014

Singh et al., 2014
Taggart et al., 2005
Tunaru et al., 2005
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