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Abstract
Purpose of review—This review discusses the role of enteroendocrine cells of the gastrointestinal
tract as chemoreceptors that sense lumen contents and induce changes in gastrointestinal function
and food intake through the release of signaling substances acting on a variety of targets locally or
at a distance.

Recent findings—Recent evidence supports the concept that chemosensing in the gut involves G
protein-coupled receptors and effectors that are known to mediate gustatory signals in the oral cavity.
These include sweet-taste and bitter-taste receptors, and their associated G proteins, which are
expressed in the gastrointestinal mucosa, including selected populations of enteroendocrine cells. In
addition, taste receptor agonists elicit a secretory response in enteroendocrine cells in vitro and in
animals in vivo, and induce neuronal activation.

Summary—Taste-signaling molecules expressed in the gastrointestinal mucosa might participate
in the functional detection of nutrients and harmful substances in the lumen and prepare the gut to
absorb them or initiate a protective response. They might also participate in the control of food intake
through the activation of gut–brain neural pathways. These findings provide a new dimension to
unraveling the regulatory circuits initiated by luminal contents of the gastrointestinal tract.
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Introduction
Chemosensing of potentially beneficial or harmful substances in the lumen by the
gastrointestinal mucosa triggers various gastrointestinal functions including secretion, motility
and regulation of blood flow that are essential for digestion and absorption of nutrients, but
that are also important for the initiation of protective responses, including vomiting and food
aversive behaviour, through the activation of hormonal and neuronal pathways.
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Enteroendocrine cells are likely to be the first level of integration of information from the gut
lumen, acting as specialized transducers of luminal factors, releasing signaling molecules that
activate nerve fibers or other local or distant targets [1–3]. The neurons that detect luminal
contents comprise extrinsic afferent neurons (mostly vagal) and intrinsic afferent neurons
whose cell bodies are part of the enteric nervous system, which generate reflexes affecting
motility, blood flow, and water and electrolytes secretion [4]. This paper reviews the current
notion on chemosensing of luminal contents and focuses on recent discoveries of chemosensory
signaling molecules in enteroendocrine cells of the gastrointestinal mucosa which, upon
activation, might initiate a cascade of events inducing digestion and absorption of nutrients or
neutralization and expulsion of drugs, toxins and microorganisms.

The gastrointestinal endocrine system
Enteroendocrine cells are specialized epithelial cells dispersed among mucosal cells of the
gastrointestinal tract that represent less than 1% of the entire gut epithelial population. They
constitute the largest endocrine organ of the human body, which produces and secretes a variety
of hormones or signaling molecules, including gastrin (G cells), ghrelin (P or X cells),
somatostatin (D cells), cholecystokinin (CCK) (I cells), serotonin (enterochromaffin cells),
glucose-dependent insulinotropic peptide (GIP) (K cells), glucagon-like peptides (GLPs) and
peptide YY (PYY) (L cells). Gastrointestinal peptides are derived from different genes and are
expressed in multiple forms due to alternative splicing or differential processing [5–8].
Enteroendocrine cells can be distinguished in ‘open cells’ with microvilli extending to the
lumen, and ‘closed cells’ that do not reach the lumen. Their secretory products are accumulated
in secretory granules and secreted upon stimulation by exocytosis at the basolateral membrane
into the interstitial space, where they can act locally or on distant targets through the
bloodstream [1–3,5,7]. In this respect, enteroendocrine cells can be regarded as primary
chemoreceptors, capable of responding to luminal constituents by releasing secretory products
that activate neuronal pathways, nearby cells or distant targets through different mechanisms
(Fig. 1). This model is particularly suitable for the ‘open cells’ that reach the luminal surface.
‘Closed cells’, however, can be regulated by luminal content indirectly through neural and
humoral mechanisms [3].

Luminal amino acids and calcium are the major chemicals signaling the release of gastrin from
G cells (‘open cells’) of the gastric antrum and pylorus [6]. Gastrin enters the systemic
circulation and induces release of histamine via CCK-2 receptors expressed by
enterochromaffin-like cells. Histamine stimulates acid secretion from parietal cells, which are
also targets of gastrin [9]. Somatostatin released by ‘closed’ D cells of the gastric corpus upon
stimulation by intestinal hormones and neurotransmitters, inhibits acid secretion by acting
directly on parietal cells and indirectly via inhibition of histamine release. By contrast, ‘open’
D cells of the pylorus can be directly activated by luminal content.

‘Open’ I cells of the upper small intestine produce CCK in response to saturated fat, long-chain
fatty acids, amino acids and small peptides from protein digestion [2,10]. CCK, in turn, triggers
the release of digestive enzymes from the pancreas and the emptying of bile salts from the
gallbladder into the duodenum, thus inducing protein and fat digestion. CCK release also
regulates gastrointestinal functions, including inhibition of gastric emptying and food intake
through activation of CCK-1 receptors on vagal afferent fibers innervating the gut [11]. These
effects can be modulated by orexigenic peptides; orexin and ghrelin inhibit, whereas leptin
potentiates CCK effects on vagal neurons [2]. Interestingly, ghrelin is the only peptide that
increases food intake [8].

The primary nutrients that induce release of PYY from L cells of the distal ileum and colon
are lipids and carbohydrates that can act directly on L cells or indirectly by neurohumoral
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signals deriving from the proximal gut, for example, via GIP released by the K cells [12]. PYY
plays an important role in the inhibitory feedback mechanism regulating nutrient transit, known
as the ileal brake, by inhibiting gastrointestinal motility and secretion and reducing gastric
emptying [12]. There has been increasing interest in PYY3–36 for its inhibition of food intake
and induction of aversive food response [13,14], even though there are controversies about the
food intake effect [15]. GLP1 is also released by L cells and is involved in the regulation of
ileal brake induced by peptones; together with GIP, it mediates food-stimulated, glucose-
dependent secretion of insulin from pancreatic β cells [16,17]. PYY, GLP1 and GIP have been
implicated in the pathogenesis of metabolic disorders, including obesity and type 2 diabetes
[18]. PYY and GLP1, together with CCK, have been regarded as satiety signals [8].
Carbohydrates are likely to induce release of serotonin from enterochromaffin cells into the
lamina propria where it acts in a paracrine fashion on distinct receptors located on nerve endings
[19].

G protein-coupled receptors as sensors of luminal contents
The cellular and neural pathways that mediate the biological responses to luminal molecules
are still poorly understood. Recent evidence supports a role for members of the G protein-
coupled receptor (GPCR) superfamily as sensors of luminal contents which, upon stimulation,
initiate functional responses through the activation of G protein signaling cascades. The
background for this hypothesis resides in the identification of the molecular transduction
mechanisms operating in the mouth. Nutrients and nonnutrients are initially detected in the
mouth by interacting with different transduction elements, including ion channels, ligand-gated
channels, transporters and GPCRs that are expressed in the apical membranes of specialized
epithelial cells, known as taste receptor cells. These cells, localized in taste buds of the oral
epithelium, transmit taste information to the brain as changes in neural activity through afferent
gustatory fibers [20]. This detection process might influence ingestive behavior by stimulating
secretions that facilitate digestion and absorption or by inducing a behavior that protects from
potentially harmful substances. The sensors detecting sweet and bitter sensations and amino
acids have now been identified and characterized as unrelated GPCR families–the T1R and
T2R taste receptors families [21–23]. The T1R family comprises three distinct members that
heterodimerize to sense sweetness (T1R2 and T1R3) and amino acids (T1R1 and T1R3),
whereas the T2R family includes numerous divergent GPCRs that act as broadly tuned bitter
sensors [21,24]. Taste receptors interact with specific Gα subunits, including α-gustducin, a
taste-specific signaling protein with a prominent role in bitter taste [25,26]. Not all bitter-
sensitive taste cells contain α-gustducin, however. In addition, α-gustducin knockout mice have
reduced but not abolished response to bitter compounds, indicating the existence of other G-
protein α-subunits in bitter taste transduction, including α-transducin and Gi. Other transducers
associated with taste signaling include phospholipase Cβ2 and transient receptor potential
channel type 5, a calcium-activated cation channel [24]. Several of these proteins, including
α-gustducin, are also involved in sweet-taste transduction [20,24]. Coupling of T1R and T2R
taste receptors with signaling proteins activates transduction pathways through different
effector systems, including cAMP and inositol phosphate P3, leading to intracellular Ca2+

increase and transmitter release [20,24].

Some of the key molecules implicated in taste signaling are expressed in the gastrointestinal
mucosa and enteroendocrine cell lines, providing strong support to the hypothesis that
transduction mechanisms identified in the oral epithelium also operate in the gut. Multiple T2R
transcripts have been detected in the mucosa of the mouse and rat gastrointestinal tract and
human colon, some of which have known ligands, like mT2R138 and hT2R38, the
phenylthiocarbamide receptor, and mT2R108 and hT2R47, the denatonium benzoate receptor
[27–29]. The sweet taste receptors, T1R2 and T1R3, have also been described in rodent and
human intestine [30,31•,32••]. In addition, transcripts for α-gustducin have been reported in rat
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and mouse gastrointestinal mucosa [29,30,31•,32••,33,34]. Immunoreactivity for α-gustducin
or α-transducin 2 has been localized to the mucosa of mouse stomach and duodenum [29], and
α-gustducin cells have been observed in the rat intestinal mucosa and pancreatic duct [35,36],
and in human gastric and intestinal mucosa [27]. Finally, co-expression of α-gustducin with
T1R2 and T1R3 has been described in the mouse duodenum, further supporting the role of this
G protein in taste sensation [32••].

Localization of α-gustducin to subpopulations of enteroendocrine cells
Different epithelial cell populations are likely to utilize gustducin signaling in the
gastrointestinal tract. These include enteroendocrine cells, as indicated by the colocalization
of α-gustducin immunoreactivity with markers for enteroendocrine cells like chromogranin A
[27,29,34,37]. Alpha-gustducin immunoreactivity was localized to different types of
enteroendocrine cells, including ‘open’ cells like those producing PYY, GLP1, GIP [27,32••,
38••,39] and CCK (unpublished results) in rodents and humans, and ‘closed’ cells like those
containing serotonin in the mouse jejunum [39], but not in the human colon [27]. Alpha-
gustducin immunoreactivity has also been reported in a subset of cells containing villin, or the
lectin Ulex europaeus agglutinin, in the rat and mouse gastrointestinal tract [35–37,39], but
not in the human gastrointestinal tract where α-gustducin was observed in enteroendocrine
cells but not in other epithelial cells [27,32••]. Brush cells are a population of specialized
epithelial cells that are scattered within the epithelial lining of the gastrointestinal tract, and
are characterized by the lack of intracellular secretory vesicles [3]. Their function is unknown,
but it has been suggested that they are involved in chemosensory functions, based on their
morphology and expression of α-gustducin.

Functional significance of taste-signaling elements in enteroendocrine cells
The expression of taste-signaling molecules in the gastrointestinal tract provides the foundation
for the hypothesis that GPCR-mediating sensations of sweet and bitter in the tongue function
as luminal sensors for nutrients or non-nutrients, thus participating in the chemosensory
processes responsible for the induction of functional responses. Several additional lines of
evidence support this hypothesis. These include the finding that bitter agonists induce an
increase in intracellular Ca2+ in enteroendocrine cell lines expressing bitter-taste receptors and
G α-proteins, but not in cell lines that do not express these molecules [29,40•], providing
indirect evidence for the functionality of bitter-taste receptors outside the tongue. It is
reasonable to postulate that activation of bitter-taste receptor signaling molecules expressed in
enteroendocrine cells by luminal content (nutrients, drugs and toxins) induces increase in
intracellular Ca2+ that triggers release of peptides like PYY, GLP1 or CCK, as suggested by
their colocalization with α-gustducin [27], and by the observation that bitter agonists induce
release of CCK in intestinal endocrine cell lines [40•] (Fig. 2).

Additional support for a functional role of taste-signaling pathways in the gut is provided by
recent studies in vivo showing that the deletion of α-gustducin prevents GLP-1 release in
response to intragastric administration of carbohydrates, and impairs insulin release with
consequent hyperglycemia [38••]. Since L cells that produce GLP-1 express sweet-taste
receptors and α-gustducin, these findings are an indication that glucose-induced GLP-1
secretion from L cells is mediated by gustducin-coupled sweet-taste receptors. Furthermore,
the deletion of the α-gustducin gene abolishes the sodium-dependent glucose transporter
isoforms 1 (SGLT1) response induced by dietary sugars or sweeteners, emphasizing the
importance of T1R3 and the α-gustducin system in the maintenance of glucose homeostasis
through the regulation of the sodium–glucose cotransporter SGLT1 [32••]. This is consonant
with the proposal that sweet-taste receptors in enteroendocrine cells sense luminal glucose
concentrations. Finally, sweet-receptor ligands have been reported to increase the expression
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of the glucose transporter GLUT2 in perfused rat jejunum, which might be due to the activation
of sweet-taste receptors expressed by epithelial cells together with α-gustducin and transducin
[31•]. Taken together, these findings support a role of taste receptors and their signaling
molecules in mediating physiological responses induced by luminal contents.

The current concept is that luminal contents activate GPCRs on enteroendocrine cells, resulting
in the activation of distinct signal transduction pathways through different effector systems,
ultimately leading to Ca2+ increase and peptides release (Fig. 2). Once released, peptides could
enter the circulation to reach peripheral targets acting as classical hormones or activate neuronal
pathways, including intrinsic and extrinsic (predominantly vagal) afferent neurons, to induce
a functional response (Figs 1 and 2). Indirect evidence that bitter-taste receptors’ stimulation
might induce neuronal activation through extrinsic vagal pathways derives from the
observation that intragastric administration of bitter-taste ligands induces expression of the
immediate-early gene product, c-fos, a neural activity marker, in the nucleus of the solitary
tract, where most of upper gastrointestinal vagal afferents terminate (H.E. Raybould, C.
Sternini, unpublished observation). Ingested substances could also be sensed by other intestinal
epithelial cells (Fig. 1), including the brush cells, which have been shown to express G α-
proteins [36]. Sensing of luminal content by these cells could trigger release of nitric oxide,
since brush cells have been reported to contain nitric oxide synthase, which in turn could
activate adjacent enteroendocrine cells or neuronal processes innervating the villi [3,36].

Conclusion
The recognition that several GPCRs and G proteins that respond to bitter and sweet compounds
and amino acids are expressed by gastrointestinal epithelial cells has provided strong support
for the concept that the gastrointestinal mucosa lining is equipped with a chemosensory
machinery that resembles the one operating in the lingual epithelium. GPCRs are envisaged to
function as sensors, which couple to G proteins upon activation by distinct luminal contents,
and through second messengers and ion channels lead to intracellular Ca2+ increase, the key
signal that triggers transmitter release (Fig. 2). This signaling cascade is responsible for
orchestrating appropriate responses to specific nutrients or harmful substances, thus preparing
the gut to absorb them or initiate a protective response including vomiting and aversive
behavior. As a result of the presence of taste-signaling molecules in gastrointestinal mucosa,
and given that bitter and sweet tastants induce peptide (CCK, GLP1) release from
enteroendocrine cell lines and in vivo, it is reasonable to propose that enteroendocrine cells act
as sites of ‘taste’ in different regions of the gastrointestinal tract. Enteroendocrine cells
expressing these taste-signaling molecules produce and release brain–gut peptides that are
involved in the regulation of gastrointestinal secretion and motility, food intake and satiety,
and glucose homeostasis, including CCK, GIP, PYY and GLP1. Modulation of these peptides’
secretion in gastrointestinal ‘taste cells’ might provide novel approaches to develop therapeutic
agents for the treatment of aberrant conditions ranging from feeding disorders, obesity, and
impairment of glucose homeostasis to intoxication and inflammation, which might be triggered
by luminal contents.
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evidence for a function of bitter taste receptors in enteroendocrine cell lines by showing [Ca2+]i
and CCK release in response to bitter taste agonists]
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Figure 1. Possible pathways involved in nutrient sensing by enteroendocrine cells
Putative sites of chemosensing are localized on the cell surface. When the luminal content
(nutrients and non-nutrients) comes in contact with enteroendocrine cells, it induces release of
hormones that enter blood vessels or signaling molecules that activate extrinsic or intrinsic
afferent neurons thereby sending neuronal messages to the central nervous system and to
enteric neurons. Released molecules can also act directly on adjacent cells, including other
enteroendocrine cells and other types of epithelial cells like brush cells.
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Figure 2. Postulated mechanism involving sweet (T1R) and bitter (T2R) taste receptors on
enteroendocrine cells
Taste receptors couple to G proteins upon activation to induce intracellular Ca2+ increase
resulting in release of peptides, which regulate a variety of gastrointestinal functions, including
action on organs associated with the gut like the gallbladder and pancreas, via neuronal or
humoral pathways to induce digestion and absorption or protection from harmful substances.
Released peptides can also control food intake through the gut–brain axis.
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