
P
ro
ce
ed
in
gs

o
f
th
e
N
u
tr
it
io
n
So

ci
et
y

The Winter meeting of the Nutrition Society was held at the Royal College of Physicians, London on 6–7 December 2011

70th Anniversary: Body weight regulation – food, gut and brain signalling
Symposium I: Food–gut interactions

Nutrient sensing and signalling by the gut

Rojo Rasoamanana1,2, Nicolas Darcel1, Gilles Fromentin2 and Daniel Tomé1*
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Recent advances highlight that nutrient receptors (such as T1R1/T1R3 heterodimer, Ca sensing
receptor and GPR93 for amino acids and protein, GPR40, GPR41, GPR43 and GPR120 for fatty
acids, T1R2/T1R3 heterodimer for monosaccharides) are expressed in the apical face of the gut
and sense nutrients in the lumen. They transduce signals for the regulation of nutrient transporter
expressions in the apical face. Interestingly, they are also localised in enteroendocrine cells
(EEC) and mainly exert a direct control on the secretion in the lamina propria of gastro-intestinal
peptides such as cholecystokinin, glucagon-like peptide-1 and peptide YY in response to energy
nutrient transit and absorption in the gut. This informs central nuclei involved in the control of
feeding such as the hypothalamus and nucleus of the solitary tract of the availability of these
nutrients and thus triggers adaptive responses to maintain energy homoeostasis. These nutrient
receptors then have a prominent position since they manage nutrient absorption and are princi-
pally the generator of the first signal of satiation mechanisms mainly transmitted to the brain by
vagal afferents. Moreover, tastants are also able to elicit gut peptides secretion via chemo-
sensory receptors expressed in EEC. Targeting these nutrient and tastant receptors in EEC may
thus be helpful to promote satiation and so to fight overfeeding and its consequences.

Nutrient sensing: Gut–brain interaction: Signalling pathway

Studies conducted over the last few decades have greatly
improved the understanding of the mechanisms by which
the gut senses luminal nutrients and the role of the gut–
brain axis in the homeostatic control of energy metabo-
lism in response to fasting or feeding (Fig. 1 and Table 1).
On the basis of very recent advances it has been shown
that intestinal luminal nutrients (such as carbohydrate, fat
and protein) are sensed by specific ‘taste’ receptors or trans-
porters located in the membrane of cells in the intestinal
epithelium(1–3). This sensing of nutrients by entero-
endocrine cells (EEC) located in the intestinal epithelium
triggers the release of gastro-intestinal (GI) regulatory
peptides such as ghrelin, serotonin (5-hydroxytryptamine),
cholecystokinin (CCK), peptide tyrosine–tyrosine (PYY)
and/or glucagon-like peptide-1 (GLP-1) as important
players involved in the gut–brain connection(4–8). These GI
peptides can exert their regulatory effects in a paracrine

way by acting locally on specific receptors of vagal affer-
ent nerves termination that project in the nucleus of the
tractus solitary at the level of the brainstem. They can also
exert their regulatory effects in an endocrine fashion after
entering the systemic circulation or the lymphatic system
and acting on receptors located in the arcuate nucleus at
the level of the hypothalamus or in the area postrema at the
level of the brainstem, two areas sensitive to blood-borne
signals, respectively. Because of rapid break down by
proteases, the most important concentration of GI peptides
is found near the site of secretion in the lamina propria,
and the paracrine action via the vagus nerve is probably a
more potent signal transmitter to the brain(9). The afferent
vagal is made up of extrinsic primary afferent neurons with
cell bodies located in nodose ganglia and projecting to the
brainstem, of intraganglionic laminar endings located
between the circular and longitudinal muscle layers of the

Abbreviations: CaR, Ca sensing receptor; CCK, cholecystokinin; EEC, enteroendocrine cells; GI, gastro-intestinal; GIP, glucose-dependent insulinotropic
polypeptide; GLP-1, glucagon-like peptide-1; LCFA, long-chain fatty acid; PLCb2, phospholipase Cb2; PYY, peptide tyrosine–tyrosine; S-GLT1,
Na–glucose ATP co-transporter.
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oesophagus, stomach and small intestine, and of intramus-
cular arrays located in the oesophagus and stomach. These
branches of the vagus nerve that convey information from
the gut to the brain are sensitive to mechanosensory stimuli
(generated by bolus transit stretch on gut mucosa)(10) and

also express GI peptide receptors(11). Accordingly, nutrient
infusion (as for the case of protein or glutamate) in the
duodenum and stomach raises vagus nerve activity(12).
Subdiaphragmatic or total abdominal vagotomy signific-
antly reduce the anorectic potency of CCK, GLP-1 and

Fig. 1 (colour online) Consequences of nutrient sensing on the gut-to-brain signalling involved

in the control of food intake. (1a) Nutrients are detected in the gut by their receptors expressed

in the apical face of enteroendocrine cells. (1b) This sensing stimulates nutrient absorption

through nutrient carriers in the brush border membrane of epithelial cells (as precisely described

for glucose). (2) Inward Ca concentration of enteroendocrine cells increases consequently to

the detection of nutrient. This leads to the release of gastro-intestinal peptides such as serotonin

(5-HT), cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), peptide tyrosine–tyrosine

(PYY), in the lamina propria. In a paracrine pathway via their receptors expressed in the ending

nerves of enteric nervous system, these gastro-intestinal peptides transmitted signal of nutrient

availability to the brain by vagus nerve mainly. Systemic circulation is secondarily used in this

signalling. (4) Nucleus of the tractus solitary receives and integrates signalling from vagus nerve

while systemic signalling reaches in the arcuate nucleus of hypothalamus and area postrema in

the brainstem. (5) Hypothalamo-brainstem integrating network of this signal allows homoeo-

static control of feeding. EC-cell, endocrine cell; FFA, NEFA; GPR, G protein-coupled receptor;

L-His, L-histidine; L-Phe, L-phenylalanine; CaR, Ca sensing receptor; MCT-1, monocarboxylate

transporter isoform 1; NCS, nucleus of the solitary tract; Y2R, Y2 receptor.
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PYY(13–15) and tetracaine treatment (which desensitises
vagus nerve fibres in the lamina propria) inhibits lipid-
induced satiation and CCK-induced decrease in hepatic
glucose production(16,17). However, both the vagus-
mediated pathways and a blood pathway are involved in
the transfer of nutrient and GI peptide-associated infor-
mation from the gut to the brain, and although the vagus
nerve appears as the main pathway of gut–brain signalling
compensatory mechanisms using systemic circulation
and/or lymphatic transport appear when the vagus pathway
is abolished(18).

Sensing monosaccharide and taste stimuli in the gut

Digestible carbohydrates commonly found in food are
monosaccharides (such as glucose, galactose and fructose),
disaccharides (such as sucrose and lactose) and complex
carbohydrates coming from plant (starch) or animal pro-
ducts (glycogen). These are broken down to mono-
saccharides by digestive enzymes (such as a-amylase,
b-amylase and b-glucosidase) before absorption. Accord-
ing to current studies, chemical signals are mono-
saccharides and tastants acting on taste receptors.

Chemosensory receptors for taste stimuli in the gut

Receptors of the G-protein-coupled T1R and T2R families
sensitive to taste stimuli and monosaccharides have been
identified in the mouth and the gut epithelium. Bitter taste
involves T2R receptor family(19) whereas among the sub-
types of the T1R family, the heterodimers T1R1/T1R3 and
T1R2/T1R3 sense umami and sweet taste, respectively(3).

The a-subunit of the G proteins gustducin and transducin
mediate the downstream signalling of sweet, bitter and
umami tastes through T1R and T2R families(20,21). Trig-
gered by a-gustducin or a-transducin, the enzyme phos-
pholipase Cb2 (PLCb2) catalyse the formation of inositol
4,4,5-triphosphate leading to an increase in intracellular
Ca. This further activates Trpm5 (transient receptor
potential channel 5), thus facilitating entry of monovalent
cations for the taste signalling(22).

Taste stimuli are initially sensed in the epithelial cells of
the lingual bud, but the expression of the taste receptors or
their downstream enzymes has also been demonstrated in
different parts of the gut. In mice, expression was shown of
T1R1, T1R3, PLCb2 and Trpm5 transcripts in the stomach
and of T1R1, T1R2, T1R3, a-gustducin, PLCb2 and
Trpm5 in the intestine(23). In addition, transcripts of T1R2
and T1R3 were observed in mice and rat intestine(24,25), of
T1R3 in a human colon cell line(26) and of the T2R family
in mice and human intestine(26,27). Moreover, a-gustducin
and a-transducin were found in rat and mouse epithelial
gastric mucosa cells, in rat pancreatic endocrine cell line
AR42J and in the duodenal mouse cell line STC-1,
whereas PLCb2 and Trpm5 were seen in mouse and rat
intestinal cells(27,28).

Monosaccharide receptor and transport systems in
the gut

Monosaccharides (such as glucose, galactose and fructose)
having sweet taste are detected by the chemoreceptor
T1R2/T1R3 heterodimer expressed in the gut. This re-
ceptor senses luminal glucose and monosaccharide

Table 1 Nutrient sensing and transport in the gut and gastro-intestinal peptides secretion

Nutrient and tastant

Receptor/transporter

involved in the sensing

Receptor-expressing

enteroendocrine cell

GI peptides

secreted References

Bitter tastants T2R I-cells CCK Geraedts et al.(38,39)

L-cells GLP-1

Monosaccharides T1R2/T1R3 L-cells GLP-1, PYY Gerspach et al.(35)

Glucose, galactose S-GLT1, GLUT2, GLUT5 – Not reported

Fructose GLUT5 – Not reported

Amino acids T1R1/T1R3 – Not reported

CaR I-cells CCK Leech et al.(62), Hira et al.(63),

Nakajima et al.(64)

L-cells GLP-1

GPRC6A – Not reported

Peptone GPR93 I-cells CCK Choi et al.(1)Cordier-Bussat et al.(66)

L-cells GLP-1

Di, tri-peptide PEPT1 – CCK Darcel et al.(68), Liou et al.(85)

Medium and long-chain

fatty acids

NEFA1 (or GPR40) L-cells GIP, GLP-1 Edfalk et al.(72), Liou et al.(69)

GPR120 I-cells CCK Tanaka et al.(83), Hirasawa et al.(2)

L-cells GLP-1

FAT CD36, FATP4 – Not reported

SCFA NEFA2R (or GPR43) Enterochromaffin cells 5-HT Karaki et al.(91), Tazoe et al.(92)

L-cells PYY

NEFA3R (or GPR41) Enterochromaffin cells 5-HT Karaki et al.(91) Tazoe et al.(92)

L-cells PYY

SCFA MCT-1 – Not reported

GI, gastro-intestinal; GIP, glucose-dependent insulinotropic polypeptides; CCK, cholecystokinin; GLP-1, glucagon-like peptide-1; GPR, G protein-coupled receptor;
PYY, peptide tyrosine–tyrosine; CaR, Ca sensing receptor; PEPT1, peptide transporter 1; S-GLT1, sodium-dependent glucose transporter 1; 5-HT,
5-hydroxytryptamine; FAT, fatty acid transporter; FATP, fatty acid transport protein; MCT-1, monocarboxylate transporter isoform 1.
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concentration and transduces an adaptive response to trans-
porter expression or recruitment in the apical membrane
of enterocytes in order to regulate monosaccharide
absorption.

Apical absorption of monosaccharides through the duo-
denal brush border membrane requires the Na–glucose
ATP co-transporter (S-GLT1) for glucose and galactose
and the facilitating transporters GLUT2 and GLUT5 for
fructose(29). In the basolateral membrane of enterocytes,
GLUT2 is a sensor of inward glucose, galactose and fruc-
tose with their external concentration(30). With high lumi-
nal concentration of glucose, GLUT2 reached the apical
brush border membrane of intestinal cells and expression
of S-GLT1 was also up-regulated to potentiate glucose ab-
sorption, and this seemed to be under the control of chemo-
receptors that sense glucose availability. In fact, levels
of both the mRNA and protein of S-GLT1 were increased
2-fold in mice fed a 70% sucrose diet whereas in
T1R3 - / - or a-gustducin - / - mice a high-sucrose diet was
unable to up regulate S-GLT1(31). Moreover, it was sug-
gested that a constitutive S-GLT1 expression permits glu-
cose absorption under normal concentration and inducible
expression of S-GLT1 occurs in high luminal glucose
level(32).

Furthermore, artificial sweeteners such as acesulfame
K, sucralose and saccharin detected by the heterodimer
chemoreceptor T1R2/T1R3 also promote glucose absorp-
tion and trafficking in the brush border at least through
high recruitment of GLUT2. An increase in the chemo-
receptor downstream PLCb2 protein expression is
observed concomitantly with a high recruitment of GLUT2
in the apical membrane of rat jejunum cells within 30 min
of exposure to artificial sweetener and low-glucose con-
centration or high-glucose concentration alone(25). As high
postprandial glycaemia contributes to insulin resistance
and GLUT2 remains highly expressed in the apical
membrane during it(33), this raises the question of whether

artificial sweeteners prevent or favour insulin resistance
(Fig. 2).

Monosaccharide and sweeteners sensing and gut
endocrine functions

Taste stimuli and monosaccharides can be sensed along the
gut and induce the secretion of GI regulatory peptides by
EEC. The transductor a-gustducin was revealed in
EEC(26,34) and this downstream signalling, by inducing
membrane depolarisation and increasing intracellular Ca,
leads to the release of GI peptides.

According to current results, glucose potently elicits GI
peptide secretion including 5-hydroxytryptamine, PYY and
GLP-1 but not CCK(35). Enterochromaffin cells that express
transporters for monosaccharides (such as S-GLT1) and
salts (such as the apical sodium-dependent bile salt trans-
porter), and receptors for tastants (such as T2R) and olfac-
tants (such as OR1G1), secrete the anorectic peptide 5-HT in
response to glucose, artificial sweeteners, Na, tastants (such
as caffeine and tyramine) and olfactants (such as eugenol
and thymol), respectively(36). In addition, the heterodimeric
sweet taste receptor T1R2/T1R3 senses monosaccharide
availability in the gut and this seems to be involved in GI
peptide PYY and GLP-1 secretion. This role has been sup-
ported by different observations including the co-localisa-
tion of the downstream taste signalling protein a-gustducin
with PYY and GLP-1 in intestinal human L-cell line NCI-
H716(26), the marked decrease of GLP-1 secretion after
glucose exposure by isolated L-cells from a-gustducin null
mice(37), the suppression of glucose-induced GLP-1 and
glucose-dependent insulinotropic polypeptide (GIP) secre-
tion in a-gustducin - / - and T1R3 - / - mice(11), and finally
the impaired GLP-1 and PYY secretion in response to
glucose after blockade of the heterodimer receptor T1R2/
T1R3 by lactisole in human subjects(35).

Fig. 2 (colour online) Sensing of nutrient by enteroendocrine cells potentiates nutrient

absorption. The chemoreceptor T1R2/T1R3 senses luminal carbohydrate and transduces signal

to a-gustducin triggering phospholipase Cb2 (PLCb2) enzyme that catalyses the formation of

IP3 leading to an increase in intracellular (Ca2 + ). Consequently, gastro-intestinal peptides

such as glucagon-like peptide-1 and peptide tyrosine–tyrosine are released and carbohydrate

transporters such as S-GLT1 and GLUT2 are up regulated or highly recruited at the enterocyte

level to promote carbohydrate absorption. Sensing of artificial sweeteners by the

same chemoreceptor may favour this phenomenon. PYY, peptide tyrosine–tyrosine; 5-HT,

5-hydroxytryptamine; GLP-1, glucagon-like peptide-1.
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Bitter tastants, artificial sweeteners and other tastants are
also able to induce GI peptide secretion. Similarly to the
T1R receptors family, T2R receptors are thought to trigger
a-gustducin and PLCb2 signalling leading to intracellular
influx of Ca2 + . In the STC-1 cell line (a model of EEC), it
was shown that in response to bitter tastants such as
denatonium benzoate and quinine, CCK and GLP-1 secre-
tion is dose-dependent on Ca2 + influx, an effect also ob-
served with Cl and acetic acid for sourness, NaCl for
saltiness and the artificial sweetener sucralose(38,39). In
addition, non-digestible carbohydrates such as resistant
starch, gums (e.g. guar gum), pectins or psyllium, which
are also called dietary fibre are able to elicit gut peptide
secretion(40) but their detection in the gut is less explored.

Sensing of protein, peptides and amino acids in the gut

In the GI lumen, proteins are broken down by digestive en-
zymes to small peptides and amino acids that are absorbed
by specific transport systems in the intestinal epithelial
cells. Amino acid and peptide signals are sensed in the gut
and their downstream signalling also induces GI peptide
secretion.

Amino acid and peptide-sensitive receptor systems

In the bud and intestinal lumen, glutamate in the mono-
sodium form is acknowledged generating ‘umami’ taste
through the T1R1/T1R3(41). This heterodimer T1R1/T1R3
also senses L-amino acid availability in the gut. Amino
acid sensing depends upon the enantiomer: the natural
stereo-isoform L- can bind to the heterodimer taste receptor
T1R1/T1R3 unlike D-amino acids that have a broadly
sweet taste and are sensed by the heterodimer receptor
T1R2/T1R3 (as are artificial sweeteners and monosac-
charides)(42). Notably, the truncated metabotropic gluta-
mate receptor mGluR4 was previously thought to mediate
umami taste(43). Besides, neurotransmission of glutamate is
active inside the gut because nerve endings are thought to
be missing in the luminal membrane. Visceral glutamate
neurotransmission via mGluR5 receptor has recently been
focused on because its inhibition may reduce visceral pain
and gastro-oesophageal reflux(44).

Beyond this, other specialised receptors for amino acids
include the Ca sensing receptor (CaR) that detects mainly
aromatic L-amino acids (such as L-phenylalanine and L-
tryptophan) and in a moderate fashion some aliphatic and
polar L-amino ones (such as L-alanine)(45,46). Amino acids
and Ca, the main ligands of CaR, have two different bind-
ing sites. The G-protein-coupled receptor CaR becomes an
aromatic L-amino acid receptor under stable and up to a
threshold concentration of Ca2 + (1 mM)(47). Immunohis-
tochemistry demonstrated a broader expression of CaR on
epithelial cells and neurons of the stomach, large and small
intestine. Interestingly, detection of amino acids by CaR in
the stomach leads to a secretion of gastric acid, pepsinogen
and mucus(47,48). In addition, the G-protein-coupled
receptor GPRC6A that senses basic amino acids (such as L-
lysine and L-arginine) and is expressed in the gastric
mucosa and pancreas but not the small intestine(49) could
also induce gastric acid and pepsinogen secretion as CaR.
Moreover, GPRC6A activity seems to be dependent on

Ca2 + and it shares the same site of Ca binding with
CaR(50). It then appears that CaR and GPRC6A are very
similar except for the nature of amino acid they can sense.
Lastly, it has been shown that peptone in the intestinal
lumen is sensed by GPR93, a G-protein-coupled receptor
of the A family that is highly expressed in the small
intestine(1).

Amino acid transport and signalling in the cytosol

Amino acids and di- and tri-peptides are absorbed by spe-
cific transport systems in the gut. Usually, enterocytes and
all mammalian cells try to maintain the intracellular con-
centration of amino acids to be equal to or greater than the
extracellular pool. The presence of a multitude of amino
acid transporters that can actively concentrate amino acids
inside cells or support amino acids efflux facilitates this
process.

Amino acid transport systems are present in membrane
cells(51) including the apical membrane of the small intes-
tine cells. Non-polar (alanine, glycine, isoleucine, phenyl-
alanine, proline and tryptophan) and aliphatic (methionine,
leucine and valine) amino acids cross the brush border
membrane through System 1 (also called the B0 system
or SLC6A19 and B0AT1 for the cDNA), which is a Na-
dependent transporter. Cationic amino acids (arginine,
lysine, ornithine and cystine) are transported by the anti-
port Na-dependent System 2 or b0, + system (SLC3A1 and
SLC7A9), which exchange cationic with neutral amino
acid. Imino acids transporter or System 3 (SLC6A20)
works dependently on Na + and Cl - to carry proline,
hydroxy-proline and other N-methylated amino acids and
analogues. Anionic amino acids (aspartic acid and glu-
tamic acid) are absorbed via a proton, Na- and K-depen-
dent transporter which is the System 5 or X -

AG system
(SLC1A1)(52). Absorption of di- and tri-peptides, in enter-
ocytes passes through proton-coupled oligopeptide trans-
porters such as peptide transporter 1 (SLC15A1 gene) and
peptide histidine transporter 1 (SLC15A4 gene) expressed
in the duodenum and ileum of human subjects and
rats(53,54). Although it is important in peptide transport,
peptide transporter 2 (SLC15A2 gene) is essentially
expressed in the apical membrane of kidney, lung or spleen
but not in the small intestine(55). Of these peptide trans-
porter 1 is the most relevant in intestine because its local
disruption markedly decreases intestinal dipeptide absorp-
tion in mice(56).

Cellular amino acid sufficiency is controlled by GCN2
(general control non-repressed 2) which is activated in
response to amino acid deficiency. It blocks protein
synthesis except for a subset of proteins implicated in
amino acid uptake such as activating transcription factor
4(57) and by mTOR (mammalian target of rapamycin)
which is activated by an increase in amino acids and pro-
motes both translation of gene involved in cell growth and
inhibits GCN2 and AMP-activated protein kinase signal-
ling associated with energy deficiency. In response to high-
protein diet (which increases intracellular amino acid
concentration), mammalian target of rapamycin was up
regulated and AMP-activated protein kinase and GCN2
were reduced in liver(58) and possibly in gut cells.
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Accumulation of branched chain amino acids (such as
L-leucine) through System L is the most powerful stimu-
lator of the mammalian target of rapamycin pathway(59).

Protein, peptide and amino acid sensing and gut
endocrine function

Protein is a potent satietogenic nutrient(60,61) and this
may be due to the ability of protein or its digestion pro-
ducts (peptides and amino acids) to induce pre- and
post-absorptive signalling. Detection of both free amino
acid and peptide transport influence GI secretion of CCK,
PYY and GLP-1. In STC-1 cells, free amino acid sensing
by CaR led to CCK and GLP-1 secretion(62,63). Addition-
ally, blocking CaR by NPS2143 abolished mobilisation
of intracellular Ca2 + and CCK secretion(64). Protein
hydrolysates seem to be more potent at stimulating entero-
endocrine function than free amino acids: in an earlier
study, peptone treatment induced the secretion of CCK in
isolated jejuno-ileal cells(65). In STC-1 cells, peptone has
been demonstrated to elicit the release of GLP-1(66) and
CCK dependently on GPR93 protein receptor activa-
tion(67). In addition, the peptide transporter 1 also appeared
to be involved although indirectly in CCK secretion(68,69)

by inducing membrane depolarisation and an increase in
intracellular Ca2 + (70).

Sensing of fatty acids in the gut

During GI transit, under pancreatic TAG lipase and
colipase action, food TAG are cleaved and release NEFA
and monoacylglycerol the form of lipid being absorbed in
the intestine(71). Non-digestible carbohydrates, after being
metabolised by gut microbiota (mainly phylum of Bacter-
iodetes and Firmicutes) in the distal intestine, generate
SCFA whose receptors are broadly expressed in gut.

Fat-sensitive receptor and transporter systems

NEFA in lumen are sensed by a broad range of G-protein-
coupled receptor depending on the length of their aliphatic
chain. NEFA1 receptor (previously named GPR40) and
GPR120 are responsive to medium- and long-chain NEFA
(C>12)(2,72). GPR120 is abundantly expressed in human
and mouse intestine. SCFA such as acetate or butyrate
from food or produced from gut fermentable dietary fibres
in the distal intestine by gut microbiota, are detected by
NEFA2 and NEFA3 receptors (previously termed as
GPR43 and GPR41, respectively)(73,74). Moreover, oleoyl-
ethanolamide, produced in the small intestine with fatty
acid, is a ligand of GPR119(75).

Absorption of NEFA by enterocytes involves two carrier
systems including fatty acid transporter CD36 (FAT CD36)
and FATP (fatty acid transport protein 4). These transpor-
ters seem to be devoted to long-chain fatty acid (LCFA)
translocation(76,77). Although the efficient action of fatty
acid transporter CD36 in LCFA absorption in intestine
cells is acknowledged(77,78), the position of fatty acid
transport protein 4 is unclear. In fact, in a study with a
local deletion of FATP gene expression in mouse intestine,
kinetics of fatty acid absorption, concentration of TAG in
faeces, luminal concentration of fatty acid and feeding

under a high-fat diet were not different between wild-type
and transgenic mice, and a compensatory up regulation of
other fatty acid carriers was missing (fatty acid transporter
CD36)(79). This implies that FATP is not crucial for fatty
acid trafficking in the intestine. Another possible pathway
of NEFA uptake is diffusion(80). Transporters involved in
the colonic transport of SCFA produced mainly from colon
anaerobic fermentation of dietary fibre by microbiota are
not clearly identified. Tissue culture studies (culture of
human or rat colonocyte, Caco-2 cell line) have shown an
apical active transport with HCO3 exchange and an impli-
cation of monocarboxylate transporter isoform 1 in the
colonic absorption of SCFA(81).

Fatty acid sensing and gut enteroendocrine cells functions

Unlike protein, it has been suggested that only detection
of NEFA (the form being absorbed in gut) has an influence
on GI peptide release. For instance, NEFA but not TAG
were able to induce PYY and pancreatic polypeptide
secretion in human subjects(82). Elsewhere, perturbing the
expression of GPR120 receptor in STC-1 cells impaired
fatty acid-induced secretion of CCK and membrane depo-
larisation(83). It appeared thus that CCK secretion depends
upon GPR120 sensing. A recent study reported that Trpm5
requires intracellular Ca increase for its activation. Trpm5
is also involved in the CCK release induced by the sensing
of lipid through GPR120(84). Moreover, GLP-1 secretion in
response to fat stimulation is dependent on GPR120(2).
Elsewhere, NEFA1 receptor, being expressed in I-cells, is
implicated in LCFA-induced secretion of CCK. In fact,
mice genetically lacking NEFA1 receptor were unable to
increase CCK secretion after linolenic acid stimulation
although this has been observed in wild-type mice(85).
Furthermore, fatty acid sensing via NEFA1R elicits secre-
tion of incretins such as GIP and GLP-1 because of its co-
localisation with these peptides in EEC. Additionally, it
has been shown that substitution of the gene encoding for
NEFA1R with that of b-galactosidase in mice decreases
GIP and GLP-1 release in response to a fatty diet(72). It
thus seems that GPR120 and NEFA1 receptors are promi-
nent for gut endocrine signalling, at least for CCK and
incretins. Besides, LCFA were also shown to induce PYY
secretion in rats and in human subjects(86–88) but the
underlying mechanism is unknown and the role of LCFA
receptors has not been studied. A dose-dependent secretion
of PYY after fat exposure in the intestinal lumen (mostly
in the ileum) as described in the CCK case is not
observed(88). However, the unsaturation number and posi-
tion but not the chain length of fatty acids seem to be
important for the release of GI peptides, at least for PYY
or CCK. For stimulating their secretion, (i) unsaturated
fatty acids are more potent than saturated ones(87), (ii)
unsaturated n-9 (such as conjugated linoleic acid) are more
potent compared with unsaturated n-6 (arachidonic acid) or
n-3 (such as eicosapentanoic and DHA)(89), (iii) C12 (lauric
acid) and C18 (oleic acid) have a similar effect(90).

SCFA is sensed in the lumen by NEFA2 and NEFA3
receptors (previously named as GPR43 and GPR41), which
have been co-localised with PYY in EEC(91,92). We
suppose that these receptors may modulate the release of
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these peptides by EEC and may explain how fatty acid
stimulates PYY secretion. The most convincing data is for
the impairment of PYY secretion in NEFA3 receptor null
mice(93). Because dietary fibre generates SCFA, signalling
through NEFA2 and NEFA3 receptors may thus be one of
the pathways by which dietary fibre induces the release of
GI peptides, at least for PYY.

Fatty acid in the cytosol and metabolism-associated
signalling mechanisms

Post-absorptive signalling of fat also seems to be important
for gut endocrine function. Oleoyl-ethanolamide, a deri-
vative produced in the gut after fatty acid absorption, has
been shown to induce the release of GLP-1 and GIP
dependently on sensing by GPR119 receptor in the intes-
tines of rats(75) and human subjects(94). ApoIV, a peptide
secreted in response to LCFA absorption and involved
in TAG regeneration, may also contribute to CCK secre-
tion(95). After being absorbed, LCFA in the cytosol of
intestinal cells is processed by acyl-CoA synthetase gen-
erating LCFA-CoA. In the fed state (high energy avail-
ability), LCFA is conveyed by chylomicron and mainly
stored in adipocytes. During the postprandial phase charac-
terised by a decrease of energy availability, LCFA-CoA
reacts with carnitine to become an acyl-carnitine which is
transported by carnitine palmitoyltransferase-1 transporter
into the mitochondria. Here LCFA-CoA undergoes b-
oxidation to generate malonyl-CoA which is further
cleaved by malonyl-CoA decarboxylase to acetyl-CoA that
enters the tricarboxylic acid cycle to produce ATP.
Decrease in inward malonyl-CoA concentration in mito-
chondria reveals a cellular energy deficiency for ATP
production that could trigger hepatic glucose production. In
the opposite situation when energy is available after
refeeding, cytosolic LCFA-CoA concentration increases.
b-oxidation is thus inhibited inducing an increase in mito-
chondrial malonyl-CoA that inhibits carnitine palmitoyl-
transferase-1. This results in an increase in cytosolic
LCFA-CoA(96) that inhibits hepatic glucose production(97).
Accordingly, hypothalamic decrease of malonyl-CoA
stimulates feeding(98). The hypothalamic energy sensor
AMP-activated protein kinase may be of importance in
this process because it inhibits the activity of acetyl-CoA
carboxylase(99) and contributes to a decrease of malonyl-
CoA level. In a mechanistic study, hypothalamic blockade
of fatty acid synthase in mice ends in an increase in
malonyl-CoA which decreases food intake(100). Con-
centration of hypothalamic malonyl-CoA thus mediates the
influence of central LCFA-CoA availability on feeding(80).

Conclusion

Taken together, current knowledge indicates that two main
steps of ligand–receptor interactions are involved in the
gut–brain nutrient sensing and signalling pathway. The first
step is nutrient-specific ‘taste’ receptors or transporters
located in the intestinal epithelium sensing nutrient avail-
ability in the intestinal lumen that control the release of
GI regulatory peptides. The second step involves GI
regulatory peptide receptors located on the vagus nerve

and in the brain that control the activity of the hypotha-
lamic and brainstem networks, respectively. According to
this picture, the specific ‘taste’ receptors or transporters
located in the gut represent a key step triggering the release
of GI peptides and their subsequent effects in response to a
meal(101). The integrated activity of these receptors parti-
cipates with other signals related to the nutritional state to
modulate the activity of neuronal hypothalamo-brainstem
networks involved in the control of gut functions, energy
metabolism and food and energy intake. These receptors
act as sensors of luminal nutrient availability modulating,
for example, nutrient absorption and release of incretin
hormones from EEC. The nutrient-derived signals recog-
nised by specific taste receptors in the gut are mono-
saccharides, NEFA, free amino acids and peptides. Incretin
hormones are involved as signals in the gut–brain axis,
sending information to the brain on nutrient availability in
the gut lumen. These different nutrients (carbohydrate,
lipid and protein) are known to differently trigger GI pep-
tide release and gut–brain signalling, and this could sub-
sequently differently affect some of the related functional
responses to feeding. The release of GI peptides appears
to differently respond to the nutrient composition of
meals(7,40). It is established that CCK release is sensitive to
NEFA, amino acids and peptides but not to monosac-
charides, whereas the release of 5-hydroxytryptamine is
sensitive to monosaccharides but not NEFA, amino acids
and peptides. Moreover, 5-hydroxytryptamine and CCK
are mainly released in response to glucose by EC cells and
to protein and fat by I-cells at the level of the proximal
intestine, whereas PYY and GLP-1 are released by L-cells
in response to the three nutrients but probably with differ-
ent level of sensitivity at the level of the distal intestine.
These differences could modulate the nature of the signals
sent to the brain; it has been observed for instance that
intragastric protein hydrolysate and sucrose activate dif-
ferent neuronal subpopulations in the nucleus of the tractus
solitary in mice(102). Accordingly, the different nutrients
and different meal compositions differently modulate the
response to feeding as shown by gastric secretion, gastric
and intestinal motility or the induction of satiation and
satiety(61,103–106). As a consequence, gut nutrient receptors
could be pharmacologically targeted in order to stimulate
an optimised GI peptide secretion profile in relation to the
control of the feeding pattern.
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