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Abstract

The gastrointestinal mucosa is exposed to numerous chemical substances and microorganisms,
including macronutrients, micronutrients, bacteria, endogenous ions, and proteins. The regulation
of mucosal protection, digestion, absorption and motility is signaled in part by luminal solutes.
Therefore, luminal chemosensing is an important mechanism enabling the mucosa to monitor
luminal conditions, such as pH, ion concentrations, nutrient quantity, and microflora. The
duodenal mucosa shares luminal nutrient receptors with lingual taste receptors in order to detect
the five basic tastes, in addition to essential nutrients, and unwanted chemicals. The recent ‘de-
orphanization’ of nutrient sensing G protein-coupled receptors provides an essential component of
the mechanism by which the mucosa senses luminal nutrients. In this review, we will update the
mechanisms of and underlying physiological and pathological roles in luminal nutrient sensing,
with a main focus on the duodenal mucosa.

Introduction

The duodenum is located at a strategic crossroads between the acid-secreting stomach and
the nutrient absorbing jejunum and ileum. The duodenal mucosa contains a large number of
enteroendocrine cells (EEC), a variety of gut hormones, unique defense mechanisms against
gastric acid, and chemosensory systems.

Duodenal function is orchestrated via local signaling pathways within the gastrointestinal
(GI) tract (Figure 1) and via remote pathways that originate in the central nervous system,
including neural and endocrine mediators. A major advance in the past few years is the
improved understanding of underlying mechanisms involved in gut sensing and handling of
luminal contents, and the signaling pathways involved, including how the gut-brain axis
controls food intake, energy and glucose metabolism.
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In this review, we will summarize recent findings regarding the duodenal response to
luminal small molecules with a main focus on the chemosensors in the duodenal mucosa and
the related signaling pathways predominantly underlying food-induced gut hormone release.

Duodenal sensing and handling — an overview

Duodenal transit time varies with meal composition, although a burst of chyme moves
rapidly through duodenum with propagation velocities of up to 28 + 20 cm s™1 [1].
Subsequent pulses combined with retrograde peristalsis and mixing ensures that the
duodenum will be exposed to chyme for several hrs after a meal and until the stomach is
empty.

Duodenal chemosensing encompasses monitoring the luminal content or detection of
luminal substances after transmucosal transport. In some cases, sensing can be indirect but
still related to the luminal concentration of target molecules. The chemical sensor systems
mainly include G protein coupled receptors (GPCR) and transporters (Figure 2). Many of
the sensors and related signaling systems have been localized to EEC, although brush cells
and enterocytes sense nutrients as well. More than ten EEC types have been described, based
on morphology and Gl peptide expression, with distinct distribution patterns throughout the
gut [2] (Figure 2). Nonetheless, the paradigm of ‘one cell — one hormone’ for EEC is no
longer true since a lineage of mature EEC co-expresses a group of functionally related Gl
peptides up to six [3°,4°].

Since released Gl peptides are rapidly degraded by proteases such as the serine protease
dipeptidyl peptidase 1V (DPPIV), the most important functions of GI peptides are usually
proximate to their release site (autocrine or paracrine action). For example, DPPIV degrades
incretins, glucagon-like peptide-1 (GLP-1) and gastric inhibitory peptide/glucose-dependent
insulinotropic peptide (GIP), ensuring the short lifetime of incretins. Receptors expressed on
afferent (vagal and splanchnic) nerves mediate signals from the Gl tract to the brain,
including the initial post-prandial satiety signals. In addition to this indirect activation of
sensory nerves, peptides may also act in an endocrine (classical) fashion via the systemic
circulation, activating receptors in brain areas accessible to blood-borne hormones
(hypothalamus or the brainstem) or remote organs.

Peptide and amino acid sensing

The mechanisms underlying protein sensing remain controversial. It appears unlikely that
intact proteins are sensed, since prior digestion is required for sensing of small peptides and
amino acids (AA) [5,6], although oligopeptides also activate sensing pathways [7°°].

The duodenal mucosa contains many AA sensors (Figure 2) such as LPA5 (lysophospholipid
5 receptor; also named GPR92 or GPR93), which reportedly acts like a taste receptor for
luminal protein hydrolysates and peptone (partially digested protein) in the small intestine
[8,9], and which senses peptides by an unclear mechanism [10]. Recently, Poole et al. [11°*°]
identified LPAS expression on sensory nerves in the jejunal mucosa, in submucosal and
myenteric plexuses, and in primary afferent neurons of dorsal root ganglia of mouse, rat, and
human. These authors suggested a novel pathway where molecules, including peptides, in
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the mesenteric lymphatic fluid (MLF) directly activate LPAS5 receptors on sensory nerves.
MLF may provide signals to comprise a ‘neurolymphocrine’ system in which nerve fibers of
the lacteal are part of a visceral sensory system that may function separately from those of
the vagus, perhaps through primary spinal afferent nerves [11°]. Irrespective of this,
peptone-stimulated GLP-1 release was not reduced in GPR92/93 knockout mice [7°°],
suggesting that this alternative sensory pathway is less important, than the canonical sensing
mechanism, at least in mice. The taste receptor type 1 heterodimer, TARL/T1R3 (umami
taste receptor) is expressed in duodenal brush cells and L-cells. TLIR1/T1R3 is the luminal
sensor for natural isoforms of aliphatic-nonessential L-AA and glutamate in the
monosodium form (MSG) [12]. In humans T1R1/T1R3 only responds to MSG and Asp,
whereas in rats and mouse T1R1/T1R3 senses Phe, Leu, and Glu but not Trp [12]. Sensing
by the TIR1/T1R3 receptor is defined by its allosteric modulation by the nucleotides inosine
monophosphate (IMP) or guanosine monophosphate (GMP). In mouse proximal intestinal
explants and in the cultured L-cell line STC-1, Phe, Leu, and Glu, but not Trp stimulated an
IMP enhanced secretion of cholecystokinin (CCK) [13].

T1R1/T1R3 is involved in the crosstalk between nutrients with reciprocal modification of
absorption through convergent signaling pathways: TIR1/T1R3 activation by glutamate
inhibits di-peptide transport by downregulating PepT1 expression at the apical membrane of
enterocytes [14]; For TLR1/T1RS3, this involves a shared cytosolic pool of protein kinase C
(PKC) BII.

The CaSR (calcium sensing receptor; CaR) also detects luminal aromatic AA such as Phe
and Trp and some aliphatic and polar AA. While Ca2* is the primary ligand for the CaSR, L-
Phe allosterically modulates its activity. CaSR can also bind di-peptides, tri-peptides and
oligo-peptides. In primary (colonic) L-cells, peptone-triggered GLP-1 secretion is sensitive
to CaSR antagonists, while the CaSR agonist calindol increases peptone-induced GLP-1
secretion [7°°]. Yet, the physiological relevance for CaSR as a sensor for larger peptides
remains unclear.

CaSR is present in enteroendocrine D, G, |, and L cells, although its localization in intestinal
epithelial cells is unclear. According to gPCR of isolated CCK-eGFP cells and
immunochemical staining, CaSR is expressed in duodenal CCK-secreting enteroendocrine
cells but not in absorptive epithelial cells. Administration of L-Phe increased CCK plasma
concentrations, decreasing food intake in humans, which is likely mediated by CaSR [15°],
in combination with TIR1/T1R3 [13]. Additionally, in STC-1, and in native intestinal I-
cells, aromatic amino acids stimulated CCK and GLP-1 release via CaSR, respectively. In
isolated rat intestinal loops, luminal AA also release incretins, further enhanced by the CaSR
agonist [16°].

Sensing of luminal AA is also linked to solute carriers (SLC), a family of transmembrane
proteins that facilitate transmembrane solute movement. Electrogenic AA transport
depolarizes the plasma membrane, initiating a signaling cascade that includes Ca2* influx
via the voltage-gated Ca2* ion channels (Ca%*\/) and the final secretion of GI hormones. For
example, glutamine, transported through the Na* coupled transporter SLC38A family,
stimulates GLP-1 secretion via voltage-gated Ca2* ion channels [17].
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The H* coupled oligopeptide transporter, PepT1 may also serve as an intestinal peptide
chemosensor, stimulating CCK [15°] and GLP-1 secretion [7°°], in response to peptides.
Peptone stimulates CCK and GLP-1 secretion through PepT1-dependent electrogenic uptake
as well as by activation of CaSR by oligopeptides. Both of these pathways, highly expressed
in L cells, may contribute to the observed ability of ingested protein to elevate plasma
GLP-1 concentrations. Luminal perfusion of peptone stimulated a PepT1-dependent CCK-
responsive vagal afferent discharge that inhibited gastric motility [15°].

Carbohydrate and monosaccharide sensing

Duodenal sensing of carbohydrates requires the presence of dimers or monomers. Luminal
glucose evokes incretin (GLP-1 and GIP) release, although the details of the signaling
pathways still are debated.

The sweet taste receptor heterodimer TIR2/T1R3 may be important for duodenal sugar
chemosensing since it has a broad sensitivity for naturally occurring sweet substances,
including sucrose, sweet-tasting D-amino acids, and commonly used artificial sweeteners.
T1R2/T1R3, expressed in brush and EEC cells, may be linked to GLP-1 and GIP release
from EEC. Duodenal T1R2 expression is regulated by luminal glucose in healthy subjects
according to glycemic status but is disordered in type 2 diabetes during acute hyperglycemia
[18]. Artificial sweeteners, which activate TIR2/T1R3 but are not transported by
monosaccharide transporters, fail to trigger incretin release from EEC /n vivo, casting doubt
on the contribution of TIR2/T1R3 to direct intestinal glucose sensing.

A much higher concentration of GLP-1 is present in the intestinal lymphatic fluid than in the
venous blood [19°]. Using parallel approaches, Sato et al. collected lymph samples from the
thoracic duct after bolus administration of dietary nutrients into the duodenum of rats,
demonstrating that sweetener-induced and fatty acid-induced GLP-2 secretion are mediated
by distinct pathways, with T1R3 involved in the regulation of the former [20].

The sodium-dependent glucose transporter 1 (SGLT-1) is a key transporter for transport of
glucose across the BBM [21,22,23°] and is highly expressed in the duodenum [24]. SGLT-1
is also targeted as the L-cell sweet sensor [22,25] where it may potentially act through two
pathways: electrogenic, where Na* directly depolarizes the plasma membrane and opens
voltage-gated Ca?* channels or, metabolic, where increased cellular glucose increases
metabolism and closure of ATP-sensitive K* (Karp) channels. Deletion of SGLT1 in mice
reduced blood glucose elevations and abolished GIP and GLP-1 secretion in response to
luminal glucose [23°], supporting the hypothesis that apically localized SGLT1 mediates
glucose-induced incretin secretion [22,25], and also that this sensory mechanism is intrinsic
to EEC, with no involved coupling through neighboring enterocytes [25]. Other electrogenic
glucose transporters like SGLT3 also depolarize the plasma membrane, activating voltage-
gated Ca2* channels, but the chemosensory function of SGLT3 is believed to be minor [25].

GLUT?2 is a facilitative glucose transporter expressed in the upper Gl tract. There is
conflicting evidence regarding glucose sensing, incretin secretion, and epithelial absorption
of glucose by this transporter [26,27]. The sensory mechanism is based on elevated
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intracellular glucose concentrations increasing Karp channel closure: in isolated loops of rat
small intestine, inhibition of GLUT2 completely abolished incretin secretion due to
sucralose, a model dipeptide (glycylsarcosine), a lipid (oleoylethanolamine), a short chain
fatty acid (propionate), and a bile acid (taurocholate), all nutrient-sensing GPCR ligands
[14]. On the basis of these data, the authors proposed that GLUT2 is important in the control
of GIP, GLP-1 and peptide YY (PYY) secretion through its effect on the Karp channels in
K-cells and L-cells. This view was challenged by Roder et al. [23°] who reported no
differences in glucose uptake, transporter abundance in apical membrane fractions, or
plasma GIP, GLP-1 and insulin levels between GLUT2-deficient mice and controls.

Sensing of fructose appears to be different than that of glucose. In healthy humans, rats, and
mice, fructose elicits similar patterns of CCK and GLP-1 secretion, but without
simultaneous release of GIP or PYYY [28]. In GLUT cells, a murine L cell model, fructose
was metabolized and stimulated GLP-1 secretion dose-dependently by Karp channel closure
and cell depolarization [28]. The signaling pathway is unknown, but may be linked to the
fructose transporter GLUTS present in L cells and GLUTggq cells [25]. A putative, but
unknown, sensing pathway has also been proposed for maltose, based on the expression
response of sucrase-isomaltase to different substrates in a Caco-2 cell model [29].

Lipid and fatty acid sensing

Fat is a strong stimulus for the release of several Gl peptides, including CCK, GIP and
GLP-1 [10]. The sensory mechanisms involved, at least for triacylglycerol (TAG), appear
reliant of prior hydrolysis [30], with little information regarding signaling pathways for
other lipid components such as phospholipids and cholesterol.

Digestion of TAG from most food sources mainly releases long-chain fatty acids (LCFA),
which stimulate CCK secretion, with the secretory response correlating to non-esterified FA
(NEFA) chain length between C15_5, and the degree of saturation [31]. A possible function
for chylomicrons underlying CCK release by an unclear, but yet essential mechanism have
been proposed, although lack of observed chylomicrons makes this less likely as an
important pathway in the duodenum. Luminal perfusion of LCFA oleate (C;g) activated
mouse intestinal afferents /7 vitro in a concentration-dependent fashion. A L-type calcium
channel blocker reduced the effect of oleate [32°]. Vagotomy significantly reduced (>60%)
whereas a CCK-1 receptor antagonist nearly abolished the responses to CCK and oleate.
This suggests that oleate activates vagal afferents but non-vagal fibers also contribute.

Short-chain fatty acids (SCFA), including, acetate, propionate, and butyrate, though present
at high concentrations in the hindgut [33], are also involved in foregut chemosensing and
signaling. The salivary concentration of SCFA produced by oral flora is 4-6 mM. Duodenal
juice contains 0.1-0.4 mM, mainly acetate, even after overnight fasting [34—36]. SCFA are
also present in foods such as vinegar and in a range of fermented products. Chyme entering
the duodenum may thus contain SCFA in sub-mM concentrations as part of luminal contents
of normal physiology.
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As described above, most receptors for long chain fatty acids are activated by NEFA. The
GPCR fat-sensitive receptors, highly expressed in EEC, are categorized according to their
sensitivity to NEFA chain length (Figure 2). Free fatty acid receptors (FFAs), FFAl
(GPR40) and FFA4 (GPR120), activated by medium-chain FA and LCFA, mediate some of
the observed hormonal responses to luminal FA [37°,38]. Both receptors transduce their
signals through the Gg-phosphatidylinositol pathway. FFA2 (GPR43) and FFA3 (GPRA41)
are NEFA receptors that selectively respond to SCFA with FFA2 activated by C,—C3 FFAS,
whereas FFA3 responds to C3-Cs. FFA2 signals are linked with the Gg and G/, pathways
whereas FFA3 is linked with the G/, pathway [38,39]. Both receptors are expressed in
duodenum. FFA2 is expressed in EEC and in lamina propria leukocytes, while FFA3 is
expressed in most EEC and also in the enteric plexus [40°].

Most foregut FFA2-immunoreactive cells co-express with serotonin (5-HT) [41], strongly
suggesting that enterochromaffin (EC) cells sense SCFA. Yet, in terminal ileum and in large
intestine, FFA2 is colocalized with L cell-derived peptides [42]. FFA3 transcripts are
expressed in EEC producing CCK, GIP and secretin in the upper Gl tract and also in EC
cells [40°]. SCFA receptors are also expressed in the submucosal and myenteric plexus with
varying expression profiles. FFA3, but not FFA2 is expressed in dorsal root ganglion (DRG)
neurons, whereas FFA2 and FFA3 are expressed in nodose ganglion neurons [41]. FFA2
transcripts are also present in leukocytes [40°]. These reports support the premise that FFA2
and FFA3 have differential function regarding nutrient sensing and downstream signaling
pathways in the upper Gl tract. How FFA2 and FFAS3 affect neural signaling remains
controversial. Expression of FFA3 in sympathetic ganglia supports its contribution to
autonomic metabolism regulation [43,44].

GPR119 is not activated by FFA, but rather by lipid derivatives like oleoylethanolamide
(OEA) and lysophosphatidyl choline [10]. GPR119, expressed in L and K cells, also
correlates with elevated plasma concentrations of the incretins GIP and GLP-1 after
administration of these lipid substrates in rats, further supported by impairment of incretin
release in GPR119 knockout mice [10].

CD36, a LCFA transporter proposed to act as a sensor in lingual taste papillae, is also
expressed in duodenal EEC (secretin and CCK positive cells) BBM [45°]. Since CD36
transports LCFA into the cytoplasm, CD36 may indirectly facilitate chemosensing by
supplying cytoplasmic LCFA that are converted to OEA that then activate GPR119 [10].
Data obtained /in vivoand in vitro suggest that CD36 also facilitates FA-induced CCK and
secretin release [45°].

Sensing and epithelial defense systems

As part of its normal function, the duodenum is exposed to strong gastric acid. Acid-sensing
mechanisms underlie a well-described system for increased post-prandial epithelial and
pancreaticobiliary HCO3™ (equimolar) secretion that neutralizes acid and strengthens
epithelial defense (see recent reviews [46—48]). During continuous acid exposure, as occurs
during and after a meal, all components of the duodenal defense system, including a thicker
mucus gel layer, higher secretion of HCO3™, elevated mucosal blood perfusion, and a higher
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cellular buffering effort to protect against acid damage are augmented (Figure 2a—d) [47]. In
addition to luminal acid/CO, sensing, other small molecules present in the post-prandial
duodenum such as amino acids, bile acids and fatty acids enhance duodenal mucosal
defenses through some of the signaling pathways described above. Recent research in the
field has focused on continued elucidation of molecular mechanisms involved in this
protection, including TRPV (transient receptor potential vanilloid)-1 and TRPA1 [49],
T1R1-T1R3 and GLP-2 receptors [50], and bile acid receptor TGR5 (GPR131) [51] (Figure
2).

Clinical perspectives

Since GLP-2 is an intestinotrophic peptide via the actions of insulin-like growth factors, is
released by luminal nutrients, and is rapidly degraded by DPPIV, one can assume that
DPPIV inhibition combined with luminal nutrients may be useful therapy for small intestinal
injury. Exogenous GLP-2 or the DPPIV inhibitor prevented the formation of indomethacin-
induced small intestinal ulcers [52]. Furthermore, DPPIV inhibition combined with umami
receptor ligands accelerated small intestinal ulcer healing via the GLP-2 pathway. Activation
of GLP-2 pathway by luminal nutrient sensing may be a novel therapeutic for the treatment
of small intestinal injury and the short bowel syndrome.

Loss of gut luminal nutrient sensing contributes to intestinal mucosal atrophy and loss of
epithelial barrier function (EBF). These conditions, often associated with intravenous
feeding or parental nutrition (PN), are ameliorated by oral L-Glu [53"°]. In the mouse model,
atrophy prevention was associated with upregulation of the signaling molecules pAkt/
mTOR, but independent of TIR3 and mGIuR5 signaling. L-Glu protected EBF via T1R3
signaling, whereas mGIuR5 was associated with EBF loss. T1IR3, mGIuR5 and a-gustducin
were downregulated by PN and upregulated by luminal L-Glu. Luminal L-Glu may improve
the absorption of luminal nutrients during PN, by also stimulating expression of multiple
transporters such as excitatory amino acid transporter 2 and 3, and SGLT-1 [53"].

Duodenal chemosensing may contribute to the pathogenesis of functional dyspepsia [54].
For example, duodenal acidification is implicated in the onset of epigastric pain in healthy
subjects [55], suggesting that duodenal chemosensing may control epigastric sensation via
neuro-hormonal pathways [56].

Despite the importance of duodenal luminal nutrient sensing, bypassing the duodenum
improves metabolic disorders, including obesity and type 2 diabetes. Gastric bypass
improves glucose tolerance [57,58] and bariatric surgery improves type 2 diabetes in obese
patients [59]. Possible explanations for this observation are that direct exposure of glucose to
the distal small intestine, where L-cells are more abundant than in proximal intestine,
releases more GLP-1, improving glycemic control. Nevertheless, bypassing the duodenum
may eliminate proximal nutrient sensing with associated gut hormone release. Duodenal
feeding in piglets was superior to jejunal feeds in terms of more weight gain and less fat
malabsorption and diarrhea [60], supporting the importance of duodenum for nutrient
absorption. Therefore the primary duodenal function is likely to maximize nutrient
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absorption, which was evolutionarily important when nutrients were scarce, but may be
unnecessary in the era of nutrient overabundance for most of the world.

Conclusions

The upper Gl mucosa ‘tastes’ small luminal solutes such as H*, CO5,, amino acids, bile
acids, and fatty acids, which enhance mucosal defense mechanisms through specific
signaling cascades. Novel and known signaling pathways are described in high resolution
and provide more insight into the mechanisms that underlie release of gut hormones and
stimulation of nerves and how this affects mucosal protection, appetite, satiety, and systemic
metabolism. Further knowledge of each chemosensory mechanism may guide most efficient
therapies by suggesting combinations of the multiple pathways used to treat disease
conditions.
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Gallbladder T(f) to CNS

Stomach

Pyloric

Pancreatic juice

Duodenum Ampulla of Vater

Figurel.
The ‘master controller’ role of the duodenum. There are multiple physiological processes

involving long and short regulatory loops with primary sensors in the duodenum. Acidic
chyme entering the duodenum (1) evokes local mucosal autocrine and paracrine mechanisms
involved in epithelial defense, that is, safe handling and absorption of large amounts of
gastric acid (2) and stimulates a series of additional actions (3) related to the luminal
digestion of nutrients (4) including secretion of bile from gallbladder (&), production and
release of pancreatic secretions (b), activation of the ‘duodenal brake’ that inhibits gastric
emptying and acid secretion (c,d), and increases duodenal motility (€). There are also
signaling pathways to the brain (f). Appropriate handling and response to molecules is based
on specific sensory information of luminal contents.
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Figure2.

Sensing, signaling pathways and duodenal epithelial defense. Sensing of luminal contents
relies on G protein-coupled receptors (GPCR) and solute carriers (SLC; transporters) many
of which are located at the apical brush border membrane (1) GPCR also known as seven-
transmembrane receptors are cell surface receptors activated by a diverse range of inputs and
ligands. Ligands bound to the extracellular face of the receptor activate intracellular G
proteins, generating cascade-like downstream signaling pathways. SLCs exchange small
solutes across plasma membranes or transfers solutes coupled to the transmembrane
electrochemical gradient of ions such as Na* or H*. Sensing is often linked to electrogenic
activity that alters the transmembrane potential which subsequently enhances voltage-gated
Ca%* influx and subsequent Ca2*-induced stimulation of peptide hormone secretion. Binding
of EEC sensors (1) in turn activates intracellular signaling pathways eventuating in the
secretion of Gl peptides or aromatic amines into the submucosal space (2). Released
hormones act as paracrine mediators, can circulate systemically via blood flow or lymphatic
flow, or are rapidly degraded. The release of Gl peptides evokes local mucosal autocrine and
paracrine mechanisms. Most of these signals are mediated through receptors in vagal,
splanchnic and intrinsic afferent nerves (3). Mediators in efferent nerves evoke some or all
factors in the duodenal mucosal defense system, including (a) stimulation of HCO3~
secretion, (b) stimulation of mucus exocytosis resulting in a thicker mucus gel layer, (c)
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higher cellular buffering effort to protect against acid damage and (d) hyperemic response.
For abbreviations, see Table 1. *Displayed to show classical EEC cell categories. Recent
work suggests EEC may comprise a single cell type [3°,4°].
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Table 1

Abbreviations

5-HT
AA
ACh
AITC
cAMP
CaSR
CCK
CCK1
CD36
CGRP
COX
DPPIV
EAAT2
EBF
EC cell
EEC
FFA
FFAl
Gl

GIP
GLP
GLP2R
GLUT
GPCR
GPR
IAP
IP3
Karp
LCFA
LPAS5
mGIuR
MLF
NEFA
NO
OEA
PepT1
PGE2
PKA
PKC

PLCB2

5-Hydroxy tryptamin, serotonin

Amino acid

Acetylcholine

Allyl isothiocyanate

Cyclic adenosine monophosphate
Calcium-sensing receptor
Cholecystokinin

Cholecystokinin 1 receptor

Cluster of differentiation 36

Calcitonin gene-related peptide
Cyclooxygenase

Dipeptidyl peptidase 1V

Excitatory amino acid transporter 2
Epithelial barrier function
Enterochromaffin cell

Enteroendocrine cell

Free fatty acid

Free fatty acid receptor (type given with numbers)
Gastrointestinal

Glucose-dependent insulinotropic peptide
Glucagon-like peptide

Glucagon-like peptide2 receptor

Glucose transporter (type given with numbers 1-)
G protein-coupled receptor

G protein-coupled receptor

Intestinal alkaline phosphatase

Inositol 3,4,5 triphosphate

ATP-sensitive K channel

Long-chain fatty acids

Lysophosphatidic acid receptor 5 (LPARS5)
Metabotropic glutamate receptor (member given by number)
Mesenteric lymphatic fluid

Non esterified fatty acid

Nitric oxide

Oleoylethanolamide

Peptide transporter 1

Prostaglandin E2

Protein kinase A

Protein kinase C

Phospholipase C beta 2

Curr Opin Pharmacol. Author manuscript; available in PMC 2016 April 26.

Page 16



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rannestad et al.

Abbreviations

PYY Peptide YY

SCFA Short-chain fatty acid

SGLT-1  Sodium-glucose cotransporter 1

SLC Solute carrier transporters

STC-1 A mouse enteroendocrine-like cell line

T1R1 Taste receptor type 1 member 1 (member given by numbers)

T2Rs Taste receptor type 2, Bitter receptors

TRPA1  Transient receptor potential cation channel, subfamily A, member 1
TRPV1  Transient receptor potential cation channel, subfamily V, member 1

VIP Vasoactive intestinal polypeptide
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