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Abstract: The diffuse chemosensory system (DCS) is well developed in the apparatuses of
endodermal origin like gastrointestinal (GI) tract. The primary function of the GI tract is the extraction
of nutrients from the diet. Therefore, the GI tract must possess an efficient surveillance system that
continuously monitors the luminal contents for beneficial or harmful compounds. Recent studies
have shown that specialized cells in the intestinal lining can sense changes in the luminal content.
The chemosensory cells in the GI tract belong to the DCS which consists of enteroendocrine and
related cells. These cells initiate various important local and remote reflexes. Although neural and
hormonal involvements in ion transport in the GI tract are well documented, involvement of the
DCS in the regulation of intestinal ion transport is much less understood. Since activation of luminal
chemosensory receptors is a primary signal that elicits changes in intestinal ion transport and motility
and failure of the system causes dysfunctions in host homeostasis, as well as functional GI disorders,
study of the regulation of GI function by the DCS has become increasingly important. This review
discusses the role of the DCS in epithelial ion transport, with particular emphasis on the involvement
of free fatty acid receptor 2 (FFA2) and free fatty acid receptor 3 (FFA3).

Keywords: diffuse chemosensory system (DCS); short-chain fatty acid (SCFA); free fatty acid receptor
2 (FFA2); free fatty acid receptor 3 (FFA3); enteroendocrine cell (EEC); intestine; chloride secretion;
bicarbonate secretion

1. Introduction

The primary function of the gastrointestinal (GI) tract is obtaining energy sources from the diet
as nutrients. The intestinal lumen is open to the external environment, and the GI tract is a one-way
tube in which food materials are progressively converted into molecular end products. Furthermore,
approximately 100 trillion gut microbiota are present in the colonic lumen [1]. The gut microbiota
make a diverse bacterial community that is separated from the internal environment by a single layer
of epithelial cells. In addition, the gut microbiota continuously produces a large amount of various
chemicals including short-chain fatty acids (SCFAs) using the microbiota genome which has been
estimated to contain 150-fold more genes than the host genome [1]. Among them, some are beneficial
and others are harmful to the host. Thus, host-microbiota interaction occurs along mucosal surfaces
in the intestine of the host and, in the gut, host-defense mechanisms operate to maintain a healthy
gut. One such mechanism is the ability to flush out harmful substances via fluid secretion, mainly
CI~ secretion. In addition to such a defense mechanism, mild fluid secretion is also important to
provide appropriate luminal fluidity for commensal bacteria and flush out the harmful substances
derived from bacteria and other toxins to maintain a niche of commensal bacteria. Furthermore,
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Cl™ secretion significantly influences the composition of the commensal bacteria inhabiting the GI
tract [2]. Large quantities of water and electrolytes are also secreted or absorbed to achieve the digestive
process. Intestinal fluid secretion is initiated by various reflexes through chemosensory receptors, ion
channels or transporters located on intestinal epithelia in addition to nervous and humoral influences.

Until recently, the essential role of taste was considered to be the detection of nutrients
and poisonous substances in the tongue. However, the taste receptors including several taste
signaling molecules have been demonstrated to be expressed in many extraoral locations (e.g.,
GI tract, respiratory system, heart, brain, kidney, urinary bladder, adipose tissue, testis, spermatozoa,
lymphocytes, and endocrine glands) [3-8]. This wide distribution suggests that taste receptors may
have functional roles far beyond the original concept of taste perception.

In the GI tract, nutrients and microbial metabolites are continuously sensed by chemosensory
receptors which are analogs of taste receptors in the tongue [9-11]. Although these chemosensory
receptors in the stomach and intestine do not trigger taste sensations, such chemical detection elicits
appropriate metabolic responses in the host. The chemosensory receptors are usually expressed
on epithelial cells. Chemosensory receptors expressing cells in the GI tract belong to a part of the
diffuse chemosensory system (DCS) [12]. In the GI tract, DCS consists of enteroendocrine and brush
cells [13,14]. These cells initiate various important local and remote reflexes. Despite their obvious
physiological and clinical importance, not enough information is available regarding the function of
DCS in the GI tract.

In this review, we summarize our current knowledge of DCS in the GI tract and discuss possible
involvement of this system in the regulation of electrolyte transport stimulated by gut microbiota
metabolites, SCFAs through FFA2 and FFA3 activation. In Sections 2—4, we describe general information
of DCS for the reader’s convenience. Then, we discuss the possible involvement of DCS in ion transport
stimulated by FFA2 and FFA3 based on our original studies.

2. Diffuse Chemosensory System

In the apparatuses of endodermic origin (i.e., the GI and respiratory tract), the DCS is composed
of solitary chemosensory cells (SCCs, also called solitary chemoreceptor cells). They have analogies to
taste receptor cells but are not aggregated in buds [15,16]. First evidence for chemosensory function
of these cells in DCS arose from the immunohistochemical detection of a key molecule, x-gustducin,
a primarily taste-specific G protein «-subunit, in these cells and after that it became clear that SCCs
detect bacterial products via the bitter taste signaling cascade to induce protective local and systemic
reflexes in the respiratory tract such as reduction of respiratory rate, local neurogenic inflammation
and secretion of antimicrobial peptides [17-22]. a-gustducin was also detected in the gut epithelial
cells by Hofer et al. [23], raising the possibility that cells outside the oral cavity may use taste receptors
as chemosensory receptors. In other words, the DCS may have crucial physiological roles in the GI
tract. These cells are now interpreted as sentinels monitoring the mucosal surface for the presence of
potentially hazardous compounds or beneficial compounds for our body.

3. Chemosensory Cells in the Intestine

3.1. Enteroendocrine Cell

Enteroendocrine cells (EECs) scattered along the epithelial layer of the GI tract from the stomach
to the rectum are considered to be chemosensory cells of the DCS [14]. EECs comprise 0.1-1% of
the gut epithelium and produce gut hormones or peptides that orchestrate the body’s response
to food ingestion. Most EECs are polarized, with long microvilli at the apical surface projecting
into the intestinal lumen. Granules containing hormones are concentrated around the basolateral
side of the cells. EECs are divided into at least 15 different types depending on the hormone they
produce [14] (Table 1). Enterochromaffin cells (ECs) are a type of EEC that resides in the gut epithelia.
ECs secrete 5-hydroxytryptamine (5-HT) and released 5-HT regulates secretory and motility reflexes.
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As EECs directly face into the intestinal lumen, they are ideally placed to detect luminal chemical
compounds including the composition of ingested food and bacterial metabolites. Thus, EECs function
as primary sensors of ingested nutrients or chemical compounds existing in the gut lumen. A large
number of EECs respond to luminal chemical compounds by secreting a variety of gut hormones.
Released gut hormones from EECs play important roles in physiological functions including glucose
metabolism, feeding behavior or energy balance, etc., and is the first step in the gut-brain axis [24,25].
The secretion of peptides and hormones from EECs is mainly triggered by the sensing of luminal
contents via G-protein coupled receptors (GPCRs), including FFAs. Recent gene expression profiling
studies suggest that EEC characteristics are based on a combination of GPCRs that vary among GI
segments [26]. Furthermore, there is a high degree of transcriptional overlap between different EEC cell
populations [26] and it is not clear whether the individual cells containing hormones are determined
predominantly by their location along the GI axis, or whether they are also significantly influenced by
ingested foods and metabolites. Since the immunoreactivity of many nutrient GPCRs is often detected
in the cytosol, it is not clear which side (apical or basolateral) of the epithelial cells express nutrient
GPCRs. Indeed, a recent study has shown that Glucagon-like peptide 1 (GLP-1) secretion stimulated
by FFA1 agonists appears to require absorption prior to stimulating GLP-1 secretion using an isolated,
perfused small intestine from a rat model [27]. This finding suggests that nutrient absorption, in some
occasions, is required for nutrient GPCR activation to stimulate gut hormone release.

Table 1. Overview of enteroendocrine cells along the gastrointestinal tract.

Cell Types Gut Hormones  Gastric Body Gastric Antrum Small Intestine  Colon

EC Serotonin + + + +
D Somatostatin + + + +
ECL Unknown +
A Glucagon + (in fetus)
X = A-like Ghrelin +
G Gastrin + +
M=1 CCK +
S Secretin +
K GIP +
Mo Motilin +
N Neurotensin
L GLP/PYY + +

Abbreviations: CCK, cholecystokinin; EC, enterochromafin; ECL, enterochromaffin-like; GIP, glucose-dependent
insulinotropic polypeptide; GLP-1, glucagon-like peptide 1 and 2; Mo, motilin; PYY, peptide YY.

3.2. Brush Cells

Other candidates for chemosensory cells in the GI tract are brush cells (also termed as peculiar,
tuft, multivascular, caveolated, fibrillovesicular, S, or agranular light cells) [28]. It was originally
reported that cells immunoreactive for gustducin located in the rat stomach were brush cells [23].
Brush cells express T1Rs, the Ca?*-gated monovalent cation channel transient receptor potential
subfamily of M (TRPMS5) and gustducin, all of which are molecules that are important for taste
transduction. Brush cells are pear- or bottle-shaped with a broad perinuclear portion located at the
base. An apical microvillus tuft is in contact with the intestinal lumen. Although brush cells occur
with a high frequency in the cardia of rat stomach, in the rat common bile duct, and in the pancreatic
excretory duct, brush cells are also present throughout the GI tract including salivary and bile ducts
and contain various bioactive products [28]. Therefore, these cells may imply a role in the detection
and/or regulation of intraluminal pressure. However, brush cells lack chromogranin immunoreactive
granules, thus, they may synthesize transmitter chemicals de novo, releasing them predominantly
into the lumen or submucosal space. Differentiation into brush cells depends on the transcription
factor atonal homolog 1, but does not require neurogenin 3, which is essential for EEC differentiation,
indicating that brush cells are distinct from EECs [29].
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4. FFA Receptors in the Intestine

Free fatty acids are essential nutrients affecting various cellular function. Free fatty acids compose
of carboxylic acid linked to an aliphatic tail of varying chain length. Therefore, free fatty acids are
generally classified and defined on the basis of their aliphatic chain. Free fatty acids exert their
biological effects through several signaling pathways, but the precise mechanisms are still unclear.

SCFAs are the predominant anions in the content of the large intestine, existing at a concentration
of ~100 mM, and mainly consisting of acetate, propionate, and butyrate. They are produced by bacterial
fermentation of specific indigestible dietary fibers and oligosaccharides. Variation in the composition
of gut microbiota responsible for SCFA production is now known to be frequently linked to health
and disease [30-32] and many studies are demonstrating that SCFAs are the key signaling molecules
underlying this link.

It is known that GPCRs are the largest family of transmembrane signaling polypeptides encoded
within genomes of eukaryotic species [33]. It is now recognized that several GPCRs are activated by
various free fatty acids. Free fatty acid recognition via GPCRs is dependent on carbon number [34].
This includes four receptors that have been officially classified as members of an FFA family:
FFA1-FFA4 [35]. Two of these receptors, FFA1 (previously designated as GPR40) and FFA4 (previously
GPR120) are activated by middle-chain fatty acids and long-chain fatty acids, while the remaining
two, FFA2 (previously GPR43) and FFA3 (previously GPR41) are activated by SCFAs. In 2003, FFA2
and FFA3 were deorphanized as SCFA receptors [36,37]. FFA2 and FFAS3 are structurally related and
share ~40% amino acid sequence similarity. These receptors are encoded in tandem on chromosome 19
in humans [38] and are similar across several mammalian species. They differ in affinity for SCFAs,
tissue distribution, and physiological roles. FFA2 has similar affinity for acetate, propionate and
butyrate, but FFA3 has different potency order; propionate > butyrate >> acetate. Thus, acetate
preferentially activates FFA2, propionate activates FFA3, and butyrate preferentially activates FFA2
and FFA3. FFA2 and FFA3 have distinct G protein-coupled in their intracellular signaling cascades;
FFA2 couples both pertussis toxin-sensitive (Gj/,) and -insensitive (Gq) G protein and FFA3 only to
G/, protein [36,37,39].

Since SCFAs are mainly produced by bacterial fermentation of indigestible dietary fiber in
the colon, it was predicted that FFAs were expressed in colonic epithelial cells. Indeed, we have
demonstrated that FFA2- and FFA3-immunoreactivity was found in rat, guinea-pig and human colonic
epithelia, with particularly strong expression in PYY and GLP-1-producing EECs (L cells) but not 5-HT
containing EC cells [40-43]. Immunoreactivity for FFA2 in laboratory animals showed a similar pattern
to those in the human colon. FFA2-immunoreactive L cells in the colon were open type extending
their cell body to the luminal surface. FFA3 was also detected in human colonic open type L cells,
but it is still unclear whether these two receptors are located in the same cells. These morphological
studies indicate that PYY- and GLP-1-containing L cells expressing FFA2 and FFA3 are chemosensory
cells and activation of these receptors by luminal SCFAs may trigger PYY and/or GLP-1 secretion.
From a morphological point of view, it is still unclear whether FFA2 or FFA3 are confined to apical or
basolateral membrane. FFA3 is also expressed in the autonomic, somatic sensory and enteric nervous
system (ENS) [44,45]. In addition, both FFA2 and FFA3 are found in various immune cells including
monocytes and polymorphonuclear cells [36,37,40].

In addition to the current FFA family members, there are several additional GPCRs reported to be
activated by SCFAs; mouse olfactory receptor Olfr78 (OR51E2 in human) appears to be activated by
the SCFAs [46].

5. Involvement of FFA2 and FFA3 on Intestinal Ion Transport

5.1. Duodenum

The duodenal epithelium is periodically exposed to strong gastric acid combined with bicarbonate
secreted from the duodenal epithelial cells and from the pancreas. This cyclic change in luminal pH is
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more pronounced postprandially and varies the luminal pH between two and seven in a time scale
of minutes [47-49]. Rapid shifts in duodenal pH are likely to create intense stress on the duodenal
epithelial cells to maintain constant intracellular pH to preserve function and prevent irreversible
necrosis as a result of intracellular acidification [50,51]. Thus, a potent defense mechanism must be in
place to prevent cellular acidification during intraluminal pH changes.

Intestinal SCFA sensing and uptake have been studied primarily in the colon due to a large amount
of SCFA in the colon [52,53]. However, SCFAs are also present in the duodenal lumen at 0.1-1 mM,
derived from the fermentation of nutrients by oral flora and from condiments, and fermented and
preserved foods [47]. For example, acetic acid is frequently ingested in the diet since the common
condiment vinegar is 4-7% acetic acid by volume (~0.7-1.2 M). In addition, oral flora is another source
of acetate [47]. Thus, the duodenal mucosa may be exposed to concentrations of SCFAs sufficient to
activate cognate sensors such as FFA2 and FFA3.

Immunoreactivity of FFA2 and FFA3 was detected in cells of endocrine-like morphology in
the duodenal mucosa [54]. FFA2 colocalized with 5-HT-cointaining ECs and FFA3 colocalized with
GLP-1-containing L cells. These results indicate that an expression pattern is different from FFA2
colocalization in the colon, and consistent with segmental differences in endocrine cell expression.
In the duodenum, a 35-kDa band was also present in duodenal mucosa close to the predicted size of
the rat FFA2 (37 Kd) [54].

The most studied duodenal defense mechanism is epithelial bicarbonate (HCO3™) secretion.
Bicarbonate secretion is considered to neutralize luminal acid in the pre-epithelial mucus gel,
preventing acid contact with epithelial cells [55,56].

In the duodenum, FFA2 and 3 differentially modulate duodenal HCO3™ secretion stimulated
by SCFAs [54]. Luminal perfusion of acetate dose-dependently increased HCO3; ™ secretion and the
secretion was increased by prior injection of the Dipeptidyl Peptidase-4 (DPPIV) inhibitor, 6-[2[2-
(2-cyanopyrrolidin-1-yl)-2-oxoethyl]ethylamino]pyridene-3-carbonitrile dihydrochloride (NVP728)
luminal perfusion of propionate (0.1 mM) also increased HCO3™ secretion and this was enhanced by
NVP728. Interestingly, acetate-induced HCO3 ™ secretion was partially inhibited by the monocarboxylate
transporter 1 (MCT1) inhibitor, 4-CHCA. These data suggest that luminal SCFAs increase HCO3~
secretion in part via SCFA transport via MCT1.

Luminal perfusion of the selective FFA2 agonist, PA1 stimulates duodenal HCO3; ™ secretion and
the response was affected by prior injection of atropine but not by NVP728. In addition, muscarinic
receptor 1 (M1) antagonist, telenzipine or M3 antagonist J104129 reduced PAl-induced HCO3™
secretion. Furthermore, the 5-HTy receptor antagonist GR113808 abolished PAl-induced HCO3;™
secretion but the 5-HT3 antagonist, ondansetron had no effect. Therefore, FFA2 activation-induced
HCOj3~ secretion is linked with muscarinic and 5-HT4 receptor activation (Figure 1). The results also
indicate that FFA2 is functionally expressed in EC cells and that FFA2 activation releases 5-HT, followed
by ACh release and not by peptide release. FFA2/3 mixed agonist, acetate-induced HCO3; ™ secretion is
reduced by combination of GR113808 and GLP-2 receptor antagonist, GLP-2(3-33), but each antagonist
alone had little effect indicating that luminal SCFAs activate both FFA2 and FFA3, followed by 5-HT
and peptide release, respectively. Luminal perfusion of acetate increased GLP-2 concentration of portal
vein and enhanced further by NVP injection [54]. Acetate and propionate are reported to increase
GLP-1 release by activation of FFA2 from primary colonic cultures [57], whereas PA1 had no effect
on GLP-2 release in the duodenum. Therefore, acetate-induced increase in HCO3;™ secretion may
be involved in the activation of FFA3 via GLP-2 dependent and independent pathways (Figure 1).
GLP-2-induced HCO3 ™ secretion is supported by following similar experiments that luminal perfusion
of L-glutamate and 5'-inosine monophosphate increases duodenal HCO3~ secretion via GLP-2 release
and GLP-2 receptor activation, followed by nitric oxide and VIP release [58,59].
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Figure 1. Proposed mechanism of duodenal SCFA sensing. Luminal SCFAs, derived from diet and
oral microbiota activate multiple pathways to induce HCO3 ™~ secretion in duodenum. SCFAs may
activate FFA3 on L cells to release GLP-2. Released GLP-2 activates GLP-2 receptors located on
endothelial nitric oxide synthease (e-NOS)-expressing and VIP-positive myenteric neurons followed by
the release of VIP and NO. Then, release VIP and NO stimulate epithelial HCO3; ™~ secretion. SCFAs also
activate FFA2 on EC cells, which release 5-HT and ACh, activating 5-HT4 and muscarinic receptors,
respectively, with both expressed on enteric and on epithelial cells to stimulate epithelial HCO3™
secretion. SCFAs might be absorbed by apical membrane MCT1, increasing the rate of HCO3 ™~ secretion.
SCFA, short-chain fatty acid; GLP-2, glucagon-like peptide 2; VIP, vasoactive polypeptide; NO, nitric
oxide; 5-HT, 5-hydroxytryptamine; ACh, acetylcholine; EC, enterochromaffin; MCT, monocarboxylate
transporter. PA-1, phenylacetamide-1.

Bicarbonate secretion stimulated by FFA2 and FFA3 in the duodenum is considered to a defense
mechanism because duodenal mucosa is regularly exposed to gastric acid, bile acids and nutrients.
Therefore, luminal chemical sensing in the duodenum is needed to neutralize acids in the duodenal
lumen by HCO3™ secretion. Because the pKa of SCFA is ~5, SCFAs are mostly dissociated at neutral
pH, existing in the anionic form, which may be absorbed via transporters such as MCT, rather than
what has been historically proposed, i.e., absorbed passively in the undissociated form through the
colonic epithelium at luminal pH < 6 [60,61]. Therefore, the stimulation of HCO3 ™ secretion by luminal
SCFA may help the absorption of SCFA anions in the duodenal mucosa by raising the luminal pH,
and thus, increasing the relative concentration of the anion form.

In conclusion, duodenal EECs express functional FFAs; FFA2 colocalizes with 5-HT and FFA3
colocalizes with GLP-1. FFA3 activated by SCFA presumably increases HCO3; ™~ secretion via release
of GLP-2, whereas FFA2 activation induces HCO3™ secretion via muscarinic and 5-HT, receptor
activation. With respect to physiological significance, SCFA-induced HCO3;~ secretion in the
duodenum is a considered novel pathway to locally regulate hormone and mediator release, and may
serve important mechanisms for mucosal protection and repair.

5.2. Proximal Colon

Proximal colon is always exposed to high concentration of SCFAs, which is produced by microbial
fermentation in the caecum, where they are used locally by enterocytes or transported across the
colonic epithelia into the bloodstream. In addition, SCFAs in the lumen functions as chemical signaling
molecules through the activation of FFAs. Changes in the gut microbial population or composition
ratio is well known to be implicated in the pathogenesis of GI or metabolic disorders [62,63].
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Therefore, to monitor composition and population of luminal SCFAs is important for luminal microbial
fermentative activity.

Segmental heterogeneity of electrolyte transport in the colon has been previously observed in
humans and other species [64-66]. For example, propionate and butyrate but not acetate, induce C1~
secretion in the rectum, as well as in the distal and middle colon. On the other hand, propionate and
butyrate do not stimulate C1~ secretion in proximal colon. Furthermore, enteric neurons are reported
to affect electrolyte transport activity in the proximal colon; activation of submucosal neurons led to
release of ACh and other neurotransmitters and an increase in short-circuit current (Isc) that reflect
inhibition of Na* and C1~ absorption [67]. Since FFAs, especially FFA3 are ubiquitously expressed
in autonomic and sensory neurons [44,68,69], neuronal activation of FFA3 might be involved in the
regulation of electrolyte transport in the proximal colon. Indeed, Kaji et al. recently reported that
FFA3 contributes to epithelial secretory action through suppression of enteric neuronal activity in the
proximal colon of rats [45].

FFA3 immunoreactivity was detected in the myenteric and submucosal plexuses located in
the nerve fibers and endings rather than in the neuronal cell bodies in addition to EECs in the rat
proximal colon [45]. FFA3-positive nerve fibers surrounded crypts and most of the FFA3-positive
nerves coexpressed cholinergic neuronal markers, vesicular acetylcholine transporter (VAChT)
and high-affinity choline transporter-1 (CHT1). However, FFA3 did not express VIP, calbindin
or «-CGRP-positive neurons which innervated the colonic wall. Thus, FFA3-positive cholinergic
nerves are separated from the VIP-ergic nerves. There are two major secretomotor neurons
innervating the intestinal epithelium; one is cholinergic secretomotor neurons and another is VIP-ergic
neurons but both nerves are closely approximated in rat proximal colon. At present, the origin
of FFA3-immunoreactive nerves are unknown, thus, further studies are needed to identify their
contribution of SCFAs-induced anion secretion. However, FFA3-positive cholinergic nerve fibers and
endings probably are coming from myenteric neurons and/or extrinsic neurons [45,70-72].

Mucosal and submucosal cholinergic-mediated pathways are important for regulating colonic
ion transport [73]. For example, luminal propionate induces Cl~ secretory response and circular
muscle contractions in rat distal colon through activation of cholinergic neurons in ENS and the
responses are reduced by pretreatment of the tissues with TTX [74-76]. These results suggest that
the contractile and secretory effects of SCFAs are primarily mediated neural cholinergic pathways.
On the other hand, inhibitory effects of SCFAs on GI functions have also been reported; repeated
luminal perfusion of SCFAs inhibit colonic motility and fluid secretion via PYY release in rat colon;
SCFAs reduce neutrally evoked muscle contractions of isolated rat colon, which are independent of
the presence of mucosa [77,78]. Furthermore, we have previously reported that propionate-induced
circular muscle contractions were not observed in mucosa-free preparations [75]. These results raise
a possibility that SCFAs reciprocally regulate muscle contraction or fluid secretion through enteric
neural activity stimulated by mucosal SCFA receptors.

In Ussing chamber experiments, the selective FFA3 agonists N-[2-methylphenyl]-[4-furan-3-yl]-
2-methyl-5-ox0-1,4,5,6,7,8-hexahydro-quinoline-3-carboxamide (MQC) or AR420626 were demonstrated
to reduce cholinergic-mediated Cl~ secretion via the submucosal plexus (Figure 2) [45,79]. This anti-
secretory effect of MQC is pertussis toxin (PTX)-sensitive, consistent with G; /,-coupled FFA3 activation
since pretreatment with serosal PTX restored the response to the non-selective cholinergic agonist,
carbachol (CCh). Pretreatment of tissues with MQC consistently inhibited nicotine-induced C1~
secretion but did not affect specific muscarinic receptor agonist, bethanechol-induced secretion
in mucosa-submucosa preparation. The enteric nervous system contains more than 30 potential
neurotransmitters that affect activity [80]. Among them, the major transmitter of fast excitatory
transmission between neurons is ACh, which acts on postsynaptic nicotinic receptors [80]. Since atropine
abolishes CCh-induced secretion, muscarinic receptors are the end targets of cholinergic-mediated
secretion via direct and indirect pathways. In addition, serosal application of propionate or acetate also
suppressed CCh-induced Cl~ secretion as did MQC. Therefore, cholinergic-mediated C1™ secretion in
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the proximal colon may be regulated by luminal SCFAs through FFA3 activation in submucosal plexus.
Although concentration of SCFAs in subepithelial space is currently unknown, it is probably in the
micromolar to millimolar range as a result of the absorption of luminal SCFAs as mentioned below.

High concentrations (~100 mM) of mixed SCFAs are generated in the cecum by gut microbiota
fermentation from indigestible carbohydrates [81]. The uptake of luminal SCFAs in the proximal
colon occurred by active cellular uptake of ionized SCFAs via sodium-dependent monocarboxylate
transporter 1 (SMCT1) and excreted by MCT1 into the submucosa [82]. A lack of FFA3 was reported to
accelerate the intestinal transit rate and decreases the absorption rate of luminal SCFAs [83]. Thus, SCFA
sensing in the proximal colon probably reduces motility and secretion, which facilitates fermentation of
the luminal content and the absorption of luminal SCFAs. Taken together, neural FFA3 in the proximal
colon may be implicated in regulation of the rate of SCFAs absorption via slowing of intestinal transit
and inhibition of secretion. From a physiological point of view, suppression of C1™ secretion stimulated
by cholinergic secretomotor neurons through the activation of FFA3 is important for the cholinergic
reflex that maintains physiological levels of secretion and motility in the proximal colon.

Cl SCFA Cl- scra

/

enterocyte L cell enterocyte

e

MQC ————> 3 From myenteric plexus
and/or extrinsic neurons
Submucosal plexus CCh \J
Nicotine ="

Figure 2. Proposed mechanism of SCFA sensing in the proximal colon. The proximal colonic mucosa
is always exposed to high concentrations of microbial metabolite, SCFAs. Non-selective cholinergic
agonist, CCh-induced CI~ secretion is decreased by TTX, C6 and the serosal FFA3 agonists, acetate or
propionate. Serosal application of a selective FFA3 agonist, MQC also suppresses the response to CCh
via the submucosal plexus but not to forskolin. Pretreatment with MQC inhibits nicotine-induced but not
bethanechol-induced secretion. The major transmitter of fast excitatory transmission between neurons is
ACH, that acts on post synaptic nicotinic receptors [84]. Therefore, cholinergic neuronal axons expressing
FFA3 located in the submucosal plexus are possibly activated by CCh and nicotine, and release ACh.
MQC or TTX does not affect CCh-evoked secretion in mucosal preparation, where submucosal neurons
are eliminated suggesting that MQC has no direct interaction with muscarinic receptors expressed
on epithelial cells. SCFA, short-chain fatty acid; TTX, tetrodotoxin; C6, hexamethonium; MQC,
N-[2-methylphenyl]-[4-furan-3-yl]-2-methyl-5-ox0-1,4,5,6,7,8-hexahydro-quinoline-3-carboxamide;

5-HT, 5-hydroxytryptamine; ACh, acetylcholine; EC, enterochromaffin.

5.3. Distal Colon

In the distal colonic epithelia, particularly, PYY and GLP-1 containing L cells in humans,
guinea-pigs and rats express FFA2 and FFA3 [40-43,64]. In contrast to the duodenum, as mentioned
above, 5-HT-containing ECs in the colon do not express FFA2 and FFA3 [54]. These results rise a
possibility that FFA2 or FFA3-expressed on L cells may have differential contribution for the regulation
of SCFAs-induced ion transport in the intestine.
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Yajima et al. reported that luminal application of propionate or butyrate but not acetate in
the distal colon induced CI~ secretion differed from the proximal colon, where they inversely
suppress nicotine-induced Cl~ secretion [45,76]. Furthermore, pretreatment of the mucosal surface
with procaine or superficial mucosal damage with hypertonic sodium sulfate or xylose inhibits the
propionate-induced secretion by 76-90% [74,85]. This observation suggests that propionate-induced
Cl™ secretion is caused by the activation of SCFA receptors located on mucosal epithelial cells in distal
colon. They also reported that neural blockade with TTX and hexamethonium (C6) inhibited the
propionate-induced Cl~ secretion by 40% and 30% compared with the control, respectively, whereas
atropine and local anesthesia with lidocaine remarkably reduce propionate-induced responses by
81-90% and 76-82%, respectively [74,85]. These results indicate that signals from chemosensory cells
in epithelial cells traverse a nicotinic ganglion before reaching the efferent neurons that innervate the
secretory enterocytes. In addition, propionate-induced CI™ secretion is not affected by tachyphylaxis
to capsaicin, CGRP, substance P, histamine or PGE; [85]. From these results, the authors concluded that
neither afferent nerves nor arachidonic acid metabolites appear to transmit the signal which releases
ACh from secretory nerves, since SP and CGRP are the neurotransmitters associated with afferent
nerves [80]. Taken together, SCFA-induced Cl~ secretion may be linked to ENS, with involvement of
cholinergic secretomotor neurons and non-neural release of ACh but the exact site of ACh release was
not fully revealed.

From the previous studies mentioned above, it was speculated that the remaining 60% of
propionate-induced CI~ secretion may be due to the release of ACh from the epithelial cells into the
basolateral side because atropine diminished the propionate-evoked Cl~ secretion. Indeed, Yajima et al.
have recently reported that the luminal addition of propionate induces the ACh release on the serosal
side in the mucosal preparations which contain the epithelium and the muscularis mucosae, not
including the myenteric and submucosal plexus after concomitant stimulation with propionate-induced
Cl~ /HCOj3~ secretion in the rat distal colon [76]. In the same study, they showed that prior addition of
luminal SCFA receptor antagonist, 3-C1~ propionate completely blocked the Isc response and abolished
ACh release in response to luminal propionate. Furthermore, ACh-induced increases in Cl~ secretion
in the mucosa preparation are not affected by TTX but is abolished by atropine, suggesting a direct
action of ACh on colonic epithelial muscarinic receptors because muscarinic receptors are expressed
on intestinal epithelial cells [84]. In rat colonic epithelial cells, M; and M3 receptors are reported to
be involved in ACh receptor-mediated Cl~ secretion [84,86,87]. Therefore, the result suggests that
ACh release stimulated by luminal propionate may be from non-neuronal components in the colonic
epithelia. Finally, they speculated from their results that ACh-storing epithelial cells have a receptor for
propionate, although further studies are necessary to identify specific cells that store ACh (Figure 3).
With respect to the involvement of SCFA receptors, FFA3 may be involved in the secretory process
since acetate, the preferred ligand of FFA2, has no effect on mucosal Cl™ secretion in the distal colon
of rats [74]. Unfortunately, the intracellular molecular pathways underlying the effects of SCFAs on
colonic Cl~ secretion is still not fully understood. Therefore, further study is needed to identify the
molecular pathways of FFA-stimulated ion transport in the colon.

Indigestible dietary fibers are fermented in the cecum and in the proximal colon by anaerobic
microbiota, as mentioned previously. Therefore, the proximal colon is continuously exposed to high
concentrations of SCFAs but does not secrete Cl~ in response to SCFAs because proximal colon actively
absorbs SCFAs in combination with a decrease in peristaltic movement to salvage SCFAs as energy
sources. On the other hand, the distal colonic mucosa is exposed to SCFAs when semi-solid contents
containing SCFAs are transported to the distal colon. Therefore, detection of SCFAs is important in
the distal colon as it has the ability to secrete C1~ after SCFA stimulation. In combination with the
contractile response, the secretory response to luminal SCFAs in the distal colon seems to function
as a lubricant for the movement of luminal contents in the colon. Furthermore, the distal colon and
rectum are a boundary between the host and external environment; thus, the high secretory ability of
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the distal colon is physiologically important for host defense, as it needs to flush out harmful agents in
addition to finalizing electrolyte tuning.

SCFA cr SCFA Cl- scra

\ g ol

FFA2

L cell enterocyte L cell enterocyte

I mACEK: l l mAChR:
M1 and M3 M1 and M3

Cholinergic secretomotor neuron
@ sensory.or Interneuron

Submucosal plexus

Figure 3. Proposed mechanism of SCFA sensing in the proximal colon. Propionate stimulates chloride
secretion via sensory and cholinergic systems of the mucosa in rat distal colon. Luminal addition
of propionate and serosal addition of ACh induce CI~ secretion Atropine significantly inhibits
propionate-induced Cl~ secretion and abolishes ACh-induced response. TTX has no effects on
ACh-induced Cl~ secretion. Luminal propionate induces ACh release into the serosal fluid.
Luminal addition of 3-chloropropionate, an inactive analogue of propionate, abolishes both ACh release
and increases in Isc response induced by propionate. The non-neural ACh release from distal colonic
epithelia coupled with propionate-induced Cl~ secretion plays a key role in C1~ secretion, via paracrine
fashion of ACh on muscarinic receptors of colonocytes in addition to cholinergic secretomotor neurons.

6. Conclusions

The last six years have seen exciting breakthroughs in the field of chemosensory epithelial cells
in the GI tract. As the GI lumen is continuously exposed to various chemical compounds, including
nutrients or toxic compounds such as bacterial metabolites and the products of oxidative stress,
the chemosensory system in the GI tract is crucial to detect beneficial or harmful substances in the GI
lumen. Furthermore, proper fluid secretion in the intestine is important to maintain host homeostasis.

In this review, we have briefly focused on the relationship between DCS and FFAs in the control
of ion transport of duodenum and colon. In summary, contribution of FFA2 and FFA3 in the regulation
of ion transport differ among the segment; in the duodenum, EECs express functional FFA2 and FFA3
and both receptors stimulate HCO3 ™ secretion through GLP-2 release, muscarinic and 5-HTj receptor
activation. In the proximal colon, neural FFA3 activation inversely regulates anion secretion induced by
nicotinic ACh receptor activation; in the distal colon, FFA3 activates neural and non-neural ACh release
to regulate ion transport. Therefore, we hope that this review stimulates the reader to consider the
involvement of the DCS in addition to traditional accepted roles of neural and hormonal factors in the
control of intestinal ion transport. To understand the role of the DCS in the regulation of ion transport
in the intestine is important for considering the host defense mechanism and the energy metabolism as
well as for elucidation of metabolic pathogenesis and the development of new therapeutics.



Int. ]. Mol. Sci. 2018, 19, 735 110f15

Acknowledgments: This manuscript was supported in part by funding from the Japan Society for the Promotion

of Sci

ence (No. 15K08182) to Atsukazu Kuwahara.

Author Contributions: Atsukazu Kuwahara, Yuko Kuwahara and Yoshinori Marunaka contributed to literature
collection, preparation and revision of the manuscript. They also contributed to reviewing, revising and guiding
in preparation of the manuscript title, layout and content. All authors read and approved the final manuscript.

Conflicts of Interest: The authors declare that there is no conflict of interests regarding the publication of this
paper. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript, and in the decision to publish the results.

Abbreviations

ACh acetylcholine

CGRP calcitonin gene-related peptide

4-CHCA a-cyano-4-hydroxycinnamic acid

eNOS endothelial nitric oxide synthase
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SCFA short-chain fatty acid

TTX tetrodotoxin

VIP vasoactive intestinal polypeptide

References

1.  Gill, SR; Pop, M,; Deboy, R.T.; Eckburg, P.B.; Turnbaugh, PJ.; Samuel, B.S.; Gordon, J.I.; Relman, D.A.;

10.

Fraser-Liggett, C.M.; Nelson, K. Metagenomic analysis of the human distal gut microbiome. Science 2006,
312, 1355-1359. [CrossRef] [PubMed]

Keely, S.; Kelly, C.J.; Weissmueller, T.; Burgess, A.; Wagner, B.D.; Robertson, C.E.; Harris, ] K.; Colagan, S.P.
Activated fluid transport regulates bacterial-epithelial interactions and significantly shifts the murine colonic
microbiome. Gut Microbes 2012, 3, 250-260. [CrossRef] [PubMed]

Li, F. Taste perception: From the tongue to the testis. Mol. Hum. Reprod. 2013, 19, 346-360. [CrossRef] [PubMed]
Henquin, J.-G. Do pancreatic (3 cells “Taste” nutrients to secrete insulin? Sci. Signal. 2012, 5, pe36. [CrossRef]
[PubMed]

Raybould, H.E. Does your gut taste? Sensory transduction in the gastrointestinal tract. News Physiol. Sci.
1998, 13, 275-280. [CrossRef] [PubMed]

Dehkordi, O.; Rose, J.E.; Fatemi, M.; Allard, J.S.; Balan, K.V,; Young, J.K.; Fatima, S.; Millis, RM.;
Jayam-Trouth, A. Neuronal expression of bitter receptors and downstream signaling molecules in the
rat brainstem. Brain Res. 2012, 1475, 1-10. [CrossRef] [PubMed]

Yamamoto, K.; Ishikawa, Y. Oral and extra-oral taste perception. Semin. Cell Dev. Biol. 2013, 24, 240-246.
[CrossRef] [PubMed]

Foster, S.R.; Porrello, E.R.; Purdue, B.; Chan, HW.; Voigt, A.; Frenzel, S.; Hannan, R.D.; Moritz, KM.;
Simmons, D.G.; Molenaar, P; et al. Expression, regulation and putative nutrient-sensing function of taste
GPCRs in the heart. PLoS ONE 2013, 8, €64579. [CrossRef] [PubMed]

Masubuchi, Y.; Nakagawa, Y.; Ma, J.; Sasaki, T.; Kitamura, T.; Yamamoto, Y.; Kurose, H.; Kojima, I.; Shibata, H.
A novel regulatory function of sweet taste-sensing receptor in adipogenic differentiation of 3T3-L-1 cells.
PLoS ONE 2013, 8, €54500. [CrossRef] [PubMed]

Rozengurt, E. Taste receptors in the gastrointestinal tract. I. Bitter taste receptors and alpha-gustducin in the
mammalian gut. Am. J. Physiol. 2006, 291, G171-G177.


http://dx.doi.org/10.1126/science.1124234
http://www.ncbi.nlm.nih.gov/pubmed/16741115
http://dx.doi.org/10.4161/gmic.20529
http://www.ncbi.nlm.nih.gov/pubmed/22614705
http://dx.doi.org/10.1093/molehr/gat009
http://www.ncbi.nlm.nih.gov/pubmed/23423265
http://dx.doi.org/10.1126/scisignal.2003325
http://www.ncbi.nlm.nih.gov/pubmed/22932700
http://dx.doi.org/10.1152/physiologyonline.1998.13.6.275
http://www.ncbi.nlm.nih.gov/pubmed/11390803
http://dx.doi.org/10.1016/j.brainres.2012.07.038
http://www.ncbi.nlm.nih.gov/pubmed/22836012
http://dx.doi.org/10.1016/j.semcdb.2012.08.005
http://www.ncbi.nlm.nih.gov/pubmed/22963927
http://dx.doi.org/10.1371/journal.pone.0064579
http://www.ncbi.nlm.nih.gov/pubmed/23696900
http://dx.doi.org/10.1371/journal.pone.0054500
http://www.ncbi.nlm.nih.gov/pubmed/23336004

Int. ]. Mol. Sci. 2018, 19, 735 12 0f 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rozenburt, E.; Sternini, C. taste receptor signaling in the mammalian gut. Curr. Opin. Pharmacol. 2007, 6,
557-562. [CrossRef] [PubMed]

Sbarbati, A.; Bramanti, P.; Benati, D.; Merigo, F. The diffuse chemosensory system: Exploring the iceberg
toward the definition of functional roles. Prog. Neurobiol. 2010, 91, 77-89. [CrossRef] [PubMed]

Wu, S.V,; Rozengurt, N.; Yang, M.; Young, S.H.; Sinnett-Smith, J.; Rozengurt, E. Expression of bitter taste
receptors of the T2R family in the gastrointestinal tract and enteroendocrine STC-1 cells. Proc. Natl. Acad.
Sci. USA 2002, 99, 2392-2397. [CrossRef] [PubMed]

Mace, O.].; Tehan, B.; Marshall, F. Pharmacology and Physiology of gastrointestinal enteroendocrine cells.
Pharmacol. Res. Perspect. 2015, 3, €00155. [CrossRef] [PubMed]

Sbarbati, A.; Osculati, F. Solitary chemosensory cells in mammals. Cell Tissues Organs 2003, 175, 51-55.
[CrossRef] [PubMed]

Sbarbati, A.; Osculati, F. The taste cell-related diffuse chemosensory system. Prog. Neurobiol. 2005, 75,
295-307. [CrossRef] [PubMed]

Finger, T.E.; Bottger, B.; Hansen, A.; Anderson, K.T.; Alimohammadi, H.; Silver, W.L. Solitary chemoreceptor
cells in the nasal cavity serve as sentinels of respiration. Proc. Natl. Acad. Sci. USA 2003, 100, 8981-8986.
[CrossRef] [PubMed]

Tizzano, M.; Gulbransen, B.D.; Vandenbeuch, A.; Clapp, T.R.; Herman, J.P,; Sibhatu, H.M.; Churchill, M.E,;
Silver, W.L.; Kinnamon, S.C.; Finger, T.E. Nasal chemosensory cells use bitter taste signaling to detect irritants
and bacterial signals. Proc. Natl. Acad. Sci. USA 2010, 107, 3210-3215. [CrossRef] [PubMed]

Krasteva, G.; Canning, B.].; Hartmann, P; Veres, T.Z.; Papadakis, T.; Miihlffeld, C.; Schliecker, K.; Tallini, Y.N.;
Braun, A.; Hackstein, H.; et al. Cholinergic chemosensory cells in the trachea regulate breathing. Proc. Natl.
Acad. Sci. USA 2011, 108, 9478-9483. [CrossRef] [PubMed]

Krasteva, G.; Canning, B.J.; Papadakis, T.; Kummer, W. Cholinergic brush cells in the trachea mediate
respiratory responses to quorum sensing molecules. Life Sci. 2012, 91, 992-996. [CrossRef] [PubMed]
Saunders, C.J.; Christensen, M.; Finger, T.E.; Tizzano, M. Cholinergic neurotransmission links solitary
chemosensory cells to nasal inflammation. Proc. Natl. Acad. Sci. USA 2014, 111, 6075-6080. [CrossRef]
[PubMed]

Lee, R.J.; Kofonow, ].M.; Rosen, P.L.; Siebert, A.P; Chen, B.; Doghramji, L.; Xiong, G.; Adappa, N.D.;
Palmer, ].N.; Kennedy, D.W.; et al. Bitter and sweet taste receptors regulate human upper respiratory innate
immunity. J. Clin. Investig. 2014, 124, 1393-1405. [CrossRef] [PubMed]

Hofer, D.; Piischel, B.; Drenckhahn, D. Taste receptor-like cells in the rat gut identified by expression of
alpha-gustducin. Proc. Natl. Acad. Sci. USA 1996, 93, 6631-6634. [CrossRef]

Dyer, J.; Daly, K.; Salmon, K.S.; Arora, D.K,; Kokrashvili, Z.; Margolskee, R.F,; Shirazi-Beechey, S.P. Intestinal
glucose sensing and regulation of intestinal glucose absorption. Biochem. Soc. Trans. 2007, 35 Pt 5, 1191-1194.
[CrossRef] [PubMed]

Laffitte, A.; Neiers, F.; Briand, L. Functional roles of the sweet taste receptor in oral extraoral tissues.
Curr. Opin. Clin. Nutr. Metab. Care 2014, 17, 379-385. [CrossRef] [PubMed]

Habib, A.M.; Richards, P,; Cairns, L.S.; Rogers, G.J.; Bannon, C.A.; Parker, H.E.; Morley, T.C.; Yeo, G.S;
Reimann, F.; Gribble, EM. Overlap of endocrine hormone expression in the mouse intestine revealed by
transcriptional profiling and flow cytometry. Endocrinology 2012, 153, 3054-3065. [CrossRef] [PubMed]
Christensen, L.W.; Kuhre, R.E.; Janus, C.; Svebdsen, B.; Holst, J.J. Vascular, but not luminal, activation of
FFAR1 (GPR40) stimulates GLP-1 secretion from isolated perfused rat small intestine. Physiol. Rep. 2015,
3, €12551. [CrossRef] [PubMed]

Sato, A. Tuft cells. Anat. Sci. Int. 2007, 82, 187-199. [CrossRef] [PubMed]

Gerbe, F; van Es, ].H.; Makrini, L.; Brulin, B.; Mellitzer, G.; Robine, S.; Romagnolo, B.; Shroyer, N.F,;
Bourgaux, J.E.; Pignodel, C.; et al. Distinct ATOH1 and neurog3 requirements define tuft cells as a new
secretory cell type in the intestinal epithelium. . Cell Biol. 2011, 192, 767-780. [CrossRef] [PubMed]

Ley, REE.; Turnbaugh, PJ.; Klein, S.; Gordon, ].I. Microbial Ecology: Human gut microbiota associated with
obesity. Nature 2006, 444, 1022-1023. [CrossRef] [PubMed]

Karlsson, F.; Tremaroli, V.; Nielsen, J.; Backhed, F. Assessing the human gut microbiota in metabolic diseases.
Diabetes 2013, 62, 3341-3349. [CrossRef] [PubMed]

Flint, H.]J.; Scott, K.P; Louis, P.; Duncan, S.H. The role of the gut microbiota in nutrition and health. Nat. Rev.
Gastroenterol. Hepatol. 2012, 9, 577-689. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.coph.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18024184
http://dx.doi.org/10.1016/j.pneurobio.2010.01.010
http://www.ncbi.nlm.nih.gov/pubmed/20138111
http://dx.doi.org/10.1073/pnas.042617699
http://www.ncbi.nlm.nih.gov/pubmed/11854532
http://dx.doi.org/10.1002/prp2.155
http://www.ncbi.nlm.nih.gov/pubmed/26213627
http://dx.doi.org/10.1159/000073437
http://www.ncbi.nlm.nih.gov/pubmed/14605495
http://dx.doi.org/10.1016/j.pneurobio.2005.03.001
http://www.ncbi.nlm.nih.gov/pubmed/15882778
http://dx.doi.org/10.1073/pnas.1531172100
http://www.ncbi.nlm.nih.gov/pubmed/12857948
http://dx.doi.org/10.1073/pnas.0911934107
http://www.ncbi.nlm.nih.gov/pubmed/20133764
http://dx.doi.org/10.1073/pnas.1019418108
http://www.ncbi.nlm.nih.gov/pubmed/21606356
http://dx.doi.org/10.1016/j.lfs.2012.06.014
http://www.ncbi.nlm.nih.gov/pubmed/22749863
http://dx.doi.org/10.1073/pnas.1402251111
http://www.ncbi.nlm.nih.gov/pubmed/24711432
http://dx.doi.org/10.1172/JCI72094
http://www.ncbi.nlm.nih.gov/pubmed/24531552
http://dx.doi.org/10.1073/pnas.93.13.6631
http://dx.doi.org/10.1042/BST0351191
http://www.ncbi.nlm.nih.gov/pubmed/17956309
http://dx.doi.org/10.1097/MCO.0000000000000058
http://www.ncbi.nlm.nih.gov/pubmed/24763065
http://dx.doi.org/10.1210/en.2011-2170
http://www.ncbi.nlm.nih.gov/pubmed/22685263
http://dx.doi.org/10.14814/phy2.12551
http://www.ncbi.nlm.nih.gov/pubmed/26381015
http://dx.doi.org/10.1111/j.1447-073X.2007.00188.x
http://www.ncbi.nlm.nih.gov/pubmed/18062147
http://dx.doi.org/10.1083/jcb.201010127
http://www.ncbi.nlm.nih.gov/pubmed/21383077
http://dx.doi.org/10.1038/4441022a
http://www.ncbi.nlm.nih.gov/pubmed/17183309
http://dx.doi.org/10.2337/db13-0844
http://www.ncbi.nlm.nih.gov/pubmed/24065795
http://dx.doi.org/10.1038/nrgastro.2012.156
http://www.ncbi.nlm.nih.gov/pubmed/22945443

Int. ]. Mol. Sci. 2018, 19, 735 13 0f 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Lagerstrom, M.C.; Schioth, H.B. Structural diversity of G protein-coupled receptors and significance for drug
discovery. Nat. Rev. Drug Discov. 2008, 7, 339-357. [CrossRef] [PubMed]

Stoddart, L.A.; Smith, N.J.; Miligan, G. International Union of Pharmacology. LXXI. Free fatty acid receptors
FFA1, -2, and -3: Pharmacology and pathophysiological functions. Pharmacol. Rev. 2008, 60, 405—417.
[CrossRef] [PubMed]

Davenport, A.P,; Alexander, S.P.; Sharman, J.L.; Pawson, A.].; Benson, H.E.; Monaghan, A E.; Liew, W.C.;
Mpamhanga, C.P,; Bonner, T.I; Neubig, R.R.; et al. International Union of Basic and Clinical Pharmacology.
LXXXVIIIL. G-protein coupled receptor list: Recommendations for New Pairings with Cognate Ligands.
Pharmacol. Rev. 2013, 65, 967-986. [CrossRef] [PubMed]

Brown, AlJ.; Goldsworthy, S.M.; Bares, A.A.; Eilert, M.M.; Tcheang, L.; Daniels, D.; Muir, A.IL;
Wigglesworth, M.].; Kinghorn, I.; Fraser, N.J.; et al. The orphan G protein-coupled receptor GPR41 and GPR43
are activated by propionate and other short chain carboxylic acids. J. Biol. Chem. 2003, 278, 11312-11319.
[CrossRef] [PubMed]

Le Poul, E.; Loison, C.; Struyf, S.; Springael, ].Y.; Lannoy, V.; Decobecq, M.E.; Brezillon, S.; Dupriez, V.;
Vassart, G.; van Damme, J.; et al. Functional characterization of human receptors for short chain fatty acids
and their role in polymorphonuclear cell activation. J. Biol. Chem. 2003, 278, 25481-25489. [CrossRef]
[PubMed]

Sawzdargo, M.; George, S.R.; Nguyen, T.; Xu, S.; Kolakowski, L.E; O'Dowd, B.F. A cluster of four novel
human g protein-coupled receptor genes occurring in close proximity to CD22 gene on chromosome 19413.1.
Biochem. Biophys. Res. Commun. 1997, 239, 543-547. [CrossRef] [PubMed]

Nilsson, N.E.; Kotarsky, K.; Owman, C.; Olde, B. Identification of a free fatty acid receptor, FFA2r, expressed
on leukocytes and activated by short-chain fatty acids. Biochem. Biophys. Res. Commun. 2003, 303, 1047-1052.
[CrossRef]

Karaki, S.; Mitsui, R.; Haysshi, H.; Kato, I.; Sugiya, H.; Iwanaga, T.; Furness, J.B.; Kuwahara, A. Short-chain
fatty acid receptor, GPR43, is expressed by enteroendocrine cells and mucosal mast cells in rat intestine.
Cell Tissue Res. 2006, 324, 353-360. [CrossRef] [PubMed]

Karaki, S.; Tazoe, H.; Hayashi, H.; Kashiwabara, H.; Tooyama, K.; Suzuki, Y.; Kuwahara, A. Expression of
the short-chain fatty acid receptor, GPR43, in the human colon. J. Mol. Histol. 2008, 39, 135-142. [CrossRef]
[PubMed]

Tazoe, H.; Otomo, Y.; Kaji, I.; Tanaka, R.; Karaki, S.I.; Kuwahara, A. Roles of short-chain fatty acids receptor,
GPR41 and GPR43 on colonic functions. J. Physiol. Pharmacol. 2008, 59 (Suppl. 2), 251-262. [PubMed]
Tazoe, H.; Otomo, Y.; Karaki, S.; Kato, I.; Fukami, Y.; Terasaki, M.; Kuwahara, A. Expression of short-chain
fatty acid receptor GPR41 in human colon. Biomed. Res. 2009, 30, 149-156. [CrossRef] [PubMed]

Nohr, M.K; Egerod, K.L.; Christensen, S.H.; Gille, A.; Offermanns, S.; Schwartz, T.W.; Moller, M. Expression
of the short chain fatty acid receptor GRP41/FFA3 in autonomic and somatic sensory ganglia. Neuroscience
2015, 290, 126-137. [CrossRef] [PubMed]

Kaji, I; Akiba, Y.; Konno, K.; Watanabe, M.; Kimura, S.; Iwanaga, T.; Kuri, A.; Iwamoto, K.I.; Kuwahara, A;
Kaunitz, J.D. neural FFA3 activation inversely regulates anion secretion evoked by nicotinic ACh receptor
activation in rat. J. Physiol. 2016, 594, 3339-3352. [CrossRef] [PubMed]

Natarajan, N.; Pluznick, ].L. Olfaction in the kidney: 'smelling” gut microbial metabolites. Exp. Physiol. 2016,
101, 478-481. [CrossRef] [PubMed]

Hoverstat, T.; Bjorneklett, A.; Midtvedt, T.; Fausa, O.; Bohmer, T. Short-chain fatty acids in the proximal
gastrointestinal tract of healthy subjects. Scand. ]. Gastroenterol. 1984, 19, 1053-1058.

Ovesen, L.; Bendtsen, F,; Tage-Jensen, U.; Pedersen, N.T.; Gram, B.R.; Rune, S.J. Intraluminal pH in the
stomach, duodenum, and proximal jejunum in normal subjects and patients with exocrine pancreatic
insufficiency. Gastroenterology 1986, 90, 958-962. [CrossRef]

Rune, S.J.; Viskum, K. Duodenal pH values in normal controls and in patients with duodenal ulcer. Gut 1969,
10, 569-571. [CrossRef] [PubMed]

Nedergaard, M.; Goldman, S.A; Desai, S.; Pulsinelli, W.A. Acid-induced death in neurons and glia. J. Neurosci.
1991, 11, 2489-2497. [PubMed]

Kivilaakso, E.; Kiviluoto, T. Intracellular pH in isolated ulcerogenic conditions. Gastroenterology 1988, 95,
1198-1205. [CrossRef]


http://dx.doi.org/10.1038/nrd2518
http://www.ncbi.nlm.nih.gov/pubmed/18382464
http://dx.doi.org/10.1124/pr.108.00802
http://www.ncbi.nlm.nih.gov/pubmed/19047536
http://dx.doi.org/10.1124/pr.112.007179
http://www.ncbi.nlm.nih.gov/pubmed/23686350
http://dx.doi.org/10.1074/jbc.M211609200
http://www.ncbi.nlm.nih.gov/pubmed/12496283
http://dx.doi.org/10.1074/jbc.M301403200
http://www.ncbi.nlm.nih.gov/pubmed/12711604
http://dx.doi.org/10.1006/bbrc.1997.7513
http://www.ncbi.nlm.nih.gov/pubmed/9344866
http://dx.doi.org/10.1016/S0006-291X(03)00488-1
http://dx.doi.org/10.1007/s00441-005-0140-x
http://www.ncbi.nlm.nih.gov/pubmed/16453106
http://dx.doi.org/10.1007/s10735-007-9145-y
http://www.ncbi.nlm.nih.gov/pubmed/17899402
http://www.ncbi.nlm.nih.gov/pubmed/18812643
http://dx.doi.org/10.2220/biomedres.30.149
http://www.ncbi.nlm.nih.gov/pubmed/19574715
http://dx.doi.org/10.1016/j.neuroscience.2015.01.040
http://www.ncbi.nlm.nih.gov/pubmed/25637492
http://dx.doi.org/10.1113/JP271441
http://www.ncbi.nlm.nih.gov/pubmed/26854275
http://dx.doi.org/10.1113/EP085285
http://www.ncbi.nlm.nih.gov/pubmed/26238273
http://dx.doi.org/10.1016/0016-5085(86)90873-5
http://dx.doi.org/10.1136/gut.10.7.569
http://www.ncbi.nlm.nih.gov/pubmed/5806938
http://www.ncbi.nlm.nih.gov/pubmed/1869926
http://dx.doi.org/10.1016/0016-5085(88)90350-2

Int. ]. Mol. Sci. 2018, 19, 735 14 0f 15

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Ilman, R.J.; Topping, D.L.; Trimble, R.P. Effects of food restriction and starvation-refeeding on volatile fatty
acid concentrations in rats. J. Nutr. 1986, 116, 1694-1700. [CrossRef] [PubMed]

Cummings, ]. H.; Pomare, E.W.; Branch, W.J.; Naylor, C.P.; Macfarlance, G.T. Short chain fatty acids in human
large intestine, portal, hepatic and venous blood. Gut 1987, 28, 1221-1227. [CrossRef] [PubMed]

Akiba, Y.; Inoue, T.; Kaji, I.; Higashiyama, M.; Narimatsu, K.; Iwamoto, K.; Watanabe, M.; Guth, PH.;
Engel, E.; Kuwahara, A.; et al. Short-chain fatty acid sensing in rat duodenum. J. Physiol. 2015, 593, 585-599.
[CrossRef] [PubMed]

Allen, A.; Flemstrom, G. Gastroduodenal mucus bicarbonate barrier: Protection against acid and pepsin.
Am. ]. Physiol. 2005, 288, C1-C19. [CrossRef] [PubMed]

Vattay, P; Feil, W.; Klimesch, S.; Wenzl, E.; Starlinger, M.; Schiessel, R. Acid stimulated alkaline secretion
in the rabbit duodenum is passive and correlates with mucosal damage. Gut 1988, 29, 284-290. [CrossRef]
[PubMed]

Tolhurst, G.; Heffron, H.; Lam, Y.S.; Parker, H.E.; Habib, A.M.; Diakogiannaki, E.; Cameron, J.;
Grosse, ].; Reimann, F.; Gribble, EM. Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via
G-protein-coupled receptor FFAR2. Diabetes 2012, 61, 364-371. [CrossRef] [PubMed]

Akiba, Y.; Watanabe, C.; Mizumori, M.; Kaunitz, ].D. Luminal L-glutamate enhances duodenal mucosal
defense mechanisms via multiple glutamate receptors in rats. Am. J. Physiol. 2009, 297, G781-G791.
[CrossRef] [PubMed]

Wang, ].H.; Inoue, T.; Higashiyama, M.; Guth, PH.; Engel, E.; Kaunitz, J.D.; Akiba, Y. Umami receptor
activation increases duodenal bicarbonate secretion via glucagon-like peptide-2 release in rats. J. Pharmacol.
Exp. Ther. 2011, 339, 464-473. [CrossRef] [PubMed]

Ruppin, H.; Bar-Meir, S.; Soergel, K.H.; Wood, C.M.; Schmitt, M.G., Jr. Absorption of short-chain fatty acids
by the colon. Gastroenterology 1980, 78, 1500-1507. [PubMed]

Umesaki, Y.; Yajima, T.; Tohyama, K.; Mutai, M. Characterization of acetate uptake by the colonic epithelial
cells of the rat. Pflugers Arch. 1980, 388, 205-209. [CrossRef] [PubMed]

Cani, P.D.; Delzenne, N.M. The gut microbiome as therapeutic target. Pharmacol. Ther. 2011, 130, 202-212.
[CrossRef] [PubMed]

Soldavini, J.; Kaunitz, ].D. Pathobiology and potential therapeutic value of intestinal short-chain fatty acids
in gut inflammation and obesity. Dig. Dis. Sci. 2013, 58, 2756-2766. [CrossRef] [PubMed]

Yajima, T. Contractile effect of short-chain fatty acids on the isolated colon of the rat. J. Physiol. 1985, 368,
667-678. [CrossRef] [PubMed]

Karaki, S.I.; Kuwahara, A. Propionate-induced epithelial K* and CI~ /HCO3;~ secretion and free fatty acid
receptor 2 (FFA2, GPR43) expression in guinea-pig distal colon. Pflugers Arch. 2011, 461, 141-152. [CrossRef]
[PubMed]

Park, J.H.; Rhee, PL.; Lee, ].H.; Kim, ].].; Rhee, J.C.; Kim, S.J.; Lee, J. Segmental heterogeneity of electrogenic
secretions in human ascending colon and rectum. Int. ]. Colorectal Dis. 2006, 21, 357-364. [CrossRef]
[PubMed]

Kuwahara, A.; Radowicz-Cooke, H.]J. Epithelial transport in guinea-pig proximal colon: Influence of enteric
neurones. J. Physiol. 1988, 395, 271-284. [CrossRef] [PubMed]

Kimura, I.; Inoue, D.; Maeda, T.; Hara, T.; Ichimura, A.; Miyauchi, S.; Kobayashi, M.; Hirasawa, A.;
Tsujimoto, G. Short-chain fatty acids and ketones directly regulate sympathetic nervous system via G
protein-coupled receptor 41 (GPR41). Proc. Natl. Acad. Sci. USA 2011, 108, 8030-8035. [CrossRef] [PubMed]
Won, YJ.; Lu, V.B,; Puhl, HL., 3rd; Ikeda, S.R. 3-hydroxybutyrate modulates N-type calcium channels in rat
sympathetic neurons by acting as an agonist for the G-protein-coupled receptor FFA3. J. Neurosci. 2013, 33,
19314-19325. [CrossRef] [PubMed]

Berthoud, H.R.; Carlson, N.R.; Powley, T.L. Topography of efferent vagal innervation of the rat
gastrointestinal tract. Am. J. Physiol. 1991, 260 Pt 2, R200-R207. [CrossRef] [PubMed]

Palouzier, B.; Barrit-Chamoin, M.G.; Portalier, P.; Ternaux, J.P. Cholinergic neurons in the rat nodose ganglia.
Neurosci. Lett. 1987, 80, 147-152. [CrossRef]

Bellier, J.P.; Kimura, H. Acetylcholine synthesis by choline acetyltransferase of a peripheral type as
demonstrated in adult rat dorsal root ganglion. J. Neurochem. 2007, 101, 1607-1618. [CrossRef] [PubMed]
Diener, M.; Knobloch, S.F; Bridges, R.J.; Keilmann, T.; Rummel, W. Cholinergic-mediated secretion in the rat
colon: Neuronal and epithelial muscarinic responses. Eur. J. Pharmacol. 1989, 168, 777-793. [CrossRef]


http://dx.doi.org/10.1093/jn/116.9.1694
http://www.ncbi.nlm.nih.gov/pubmed/3761025
http://dx.doi.org/10.1136/gut.28.10.1221
http://www.ncbi.nlm.nih.gov/pubmed/3678950
http://dx.doi.org/10.1113/jphysiol.2014.280792
http://www.ncbi.nlm.nih.gov/pubmed/25433076
http://dx.doi.org/10.1152/ajpcell.00102.2004
http://www.ncbi.nlm.nih.gov/pubmed/15591243
http://dx.doi.org/10.1136/gut.29.3.284
http://www.ncbi.nlm.nih.gov/pubmed/3356358
http://dx.doi.org/10.2337/db11-1019
http://www.ncbi.nlm.nih.gov/pubmed/22190648
http://dx.doi.org/10.1152/ajpgi.90605.2008
http://www.ncbi.nlm.nih.gov/pubmed/19643955
http://dx.doi.org/10.1124/jpet.111.184788
http://www.ncbi.nlm.nih.gov/pubmed/21846840
http://www.ncbi.nlm.nih.gov/pubmed/6768637
http://dx.doi.org/10.1007/BF00658482
http://www.ncbi.nlm.nih.gov/pubmed/7193846
http://dx.doi.org/10.1016/j.pharmthera.2011.01.012
http://www.ncbi.nlm.nih.gov/pubmed/21295072
http://dx.doi.org/10.1007/s10620-013-2744-4
http://www.ncbi.nlm.nih.gov/pubmed/23839339
http://dx.doi.org/10.1113/jphysiol.1985.sp015882
http://www.ncbi.nlm.nih.gov/pubmed/2867220
http://dx.doi.org/10.1007/s00424-010-0889-y
http://www.ncbi.nlm.nih.gov/pubmed/20945073
http://dx.doi.org/10.1007/s00384-005-0034-0
http://www.ncbi.nlm.nih.gov/pubmed/16158276
http://dx.doi.org/10.1113/jphysiol.1988.sp016918
http://www.ncbi.nlm.nih.gov/pubmed/3411479
http://dx.doi.org/10.1073/pnas.1016088108
http://www.ncbi.nlm.nih.gov/pubmed/21518883
http://dx.doi.org/10.1523/JNEUROSCI.3102-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24305827
http://dx.doi.org/10.1152/ajpregu.1991.260.1.R200
http://www.ncbi.nlm.nih.gov/pubmed/1992820
http://dx.doi.org/10.1016/0304-3940(87)90644-6
http://dx.doi.org/10.1111/j.1471-4159.2007.04458.x
http://www.ncbi.nlm.nih.gov/pubmed/17542812
http://dx.doi.org/10.1016/0014-2999(89)90568-2

Int. ]. Mol. Sci. 2018, 19, 735 150f 15

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Yajima, T. Luminal propionate-induced secretory response in the rat distal colon in vitro. J. Physiol. 1988,
403, 559-575. [CrossRef] [PubMed]

Mitsui, R.; Ono, S.; Karaki, S.; Kuwahara, A. Neural and non-neural mediation of propionate-induced
contractile responses in the rat distal colon. Neurogastroenterol. Motil. 2005, 17, 585-594. [CrossRef] [PubMed]
Yajima, T.; Inoue, R.; Matsumoto, M.; Yajima, M. Non-neuronal release of ACh plays a key role in secretory
response to luminal propionate in rat colon. J. Physiol. 2011, 589 Pt 4, 953-962. [CrossRef] [PubMed]

Sqires, PE.; Rumsey, R.D.; Edwards, C.A.; Read, N.W. Effect of short-chain fatty acids on contractile activity
and fluid flow in rat colon in vitro. Am. |. Physiol. 1992, 262 Pt 1, G813-G817. [CrossRef] [PubMed]
Cherbut, C.; Ferrier, L.; Roze, C.; Anini, Y.; Blottiere, H.; Lecannu, G.; Galmiche, J.P. Short-chain fatty acids
modify colonic motility through nerves and polypeptide YY release in the rat. Am. J. Physiol. 1998, 275 Pt 1,
(G1415-G1422. [CrossRef] [PubMed]

Kaji, I.; Akiba, Y.; Said, H.; Narimatsu, K.; Kaunitz, J.D. Luminal 5-HT stimulates colonic bicarbonate
secretion in rats. Br. |. Pharmacol. 2015, 172, 4655-4670. [CrossRef] [PubMed]

Furness, ].B. The Enteric Nervous System; Blackwell Publishing: Oxford, UK, 2006; pp. 80-102,
ISBN 978-1-4051-3376-0.

Bergman, E.N. Energy contributions of volatile fatty acids from the gastrointestinal tract in various species.
Physiol. Rev. 1990, 70, 567-590. [CrossRef] [PubMed]

Iwanaga, T.; Kishimoto, A. Cellular distribution of monocarboxylate transporters: A review. Biomed. Res.
2015, 36, 279-301. [CrossRef] [PubMed]

Samuel, B.S.; Shaito, A.; Motoike, T.; Rey, EE.; Backhed, F.; Manchester, ] K.; Hammer, R.E.; Williams, S.C.;
Crowley, J.; Yanagisawa, M.; et al. Effects of the gut microbiota on host adiposity are modulated by the
short-chain fatty acid-binding G-protein-coupled receptor, Gpr4l. Proc. Natl. Acad. Sci. USA 2008, 105,
16767-16772. [CrossRef] [PubMed]

Hirota, C.L.; Mckay, D.M. Cholinergic regulation of epithelial ion transport in the mammalian intestine.
Br. J. Pharmacol. 2006, 149, 463—479. [CrossRef] [PubMed]

Hubel, K.A,; Russ, L. Mechanisms of the secretory response to luminal propionate in rat descending colon
in vitro. J. Auton. Nerv. Syst. 1993, 43, 219-229. [CrossRef]

O'Malley, K.E.; Farrell, C.B.; O’'Boyle, K.M.; Baird, A.W. Cholinergic activation of Cl~ secretion in rat colonic
epithelia. Eur. ]. Pharmacol. 1995, 275, 83-89. [CrossRef]

Harberberger, R.; Schultheiss, G.; Dienner, M. Epithelial muscarinic M1 receptors contribute to
carbachol-induced ion secretion in mouse colon. Eur. J. Pharmacol. 2006, 530, 229-233. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1113/jphysiol.1988.sp017264
http://www.ncbi.nlm.nih.gov/pubmed/2473196
http://dx.doi.org/10.1111/j.1365-2982.2005.00669.x
http://www.ncbi.nlm.nih.gov/pubmed/16078948
http://dx.doi.org/10.1113/jphysiol.2010.199976
http://www.ncbi.nlm.nih.gov/pubmed/21135046
http://dx.doi.org/10.1152/ajpgi.1992.262.5.G813
http://www.ncbi.nlm.nih.gov/pubmed/1590391
http://dx.doi.org/10.1152/ajpgi.1998.275.6.G1415
http://www.ncbi.nlm.nih.gov/pubmed/9843779
http://dx.doi.org/10.1111/bph.13216
http://www.ncbi.nlm.nih.gov/pubmed/26061462
http://dx.doi.org/10.1152/physrev.1990.70.2.567
http://www.ncbi.nlm.nih.gov/pubmed/2181501
http://dx.doi.org/10.2220/biomedres.36.279
http://www.ncbi.nlm.nih.gov/pubmed/26522146
http://dx.doi.org/10.1073/pnas.0808567105
http://www.ncbi.nlm.nih.gov/pubmed/18931303
http://dx.doi.org/10.1038/sj.bjp.0706889
http://www.ncbi.nlm.nih.gov/pubmed/16981004
http://dx.doi.org/10.1016/0165-1838(93)90328-R
http://dx.doi.org/10.1016/0014-2999(94)00758-Y
http://dx.doi.org/10.1016/j.ejphar.2005.11.055
http://www.ncbi.nlm.nih.gov/pubmed/16405887
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Diffuse Chemosensory System 
	Chemosensory Cells in the Intestine 
	Enteroendocrine Cell 
	Brush Cells 

	FFA Receptors in the Intestine 
	Involvement of FFA2 and FFA3 on Intestinal Ion Transport 
	Duodenum 
	Proximal Colon 
	Distal Colon 

	Conclusions 
	References

