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Abstract

Background—Specialized endoderm derived epithelial cells, /.e. enteroendocrine cells (EECs),
are widely distributed throughout the gastrointestinal (GI) tract. EECs form the largest endocrine
organ in the body and play a key role in the control of Gl secretion and motility, the regulation of
food intake, postprandial glucose levels and metabolism. EECs sense luminal content and release
signaling molecules that can enter the circulation to act as classic hormones on distant targets, act
locally on neighboring cells and on distinct neuronal pathways including enteric and extrinsic
neurons. Recent studies have shed light on EEC sensory transmission by showing direct
connections between EECs and the nervous system via axon-like processes that form a well-
defined neuroepithelial circuits through which EECs can directly communicate with the neurons
innervating the Gl tract to initiate appropriate functional responses.

Purpose—This review will highlight the role played by the EECs in the complex and integrated
sensory information responses, and discuss the new findings regarding EECs in the brain-gut axis
bidirectional communication.
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INTRODUCTION

The endocrine system is distributed throughout the human body, providing a constant
control of physiological and homeostatic functions by secreting hormones, which act on
different cell targets. The largest endocrine system in terms of number of cells is located in
the gastrointestinal (GI) tract, where it is comprised of individually scattered
enteroendocrine cells (EECs) distributed along the entire GI mucosa in the crypts and villi
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representing 1% of the total gut epithelium cell population.1-3 EECs are specialized cells
capable of sensing luminal content, producing and releasing hormones/signaling molecules
and modulating a variety of physiological Gl and homeostatic functions. Despite their well-
established role, the molecular sensing mechanisms and the modalities of transmission are
not completely understood. However, there is increasing evidence that EECs are equipped
with a chemosensory machinery to initiate appropriate functional responses through gut-
brain and brain-gut interaction and that transmission involves at least in part direct EEC-
neurons connections via basal cytoplasmic processes. The first report of EEC basal
processes was in 1979 when Larsson et a/. described basal cytoplasmic prolongation in
somatostatin containing EEC that appeared to contact other cells thus providing evidence for
a paracrine function of somatostatin D cells.* Similar processes of various length have been
reported by other investigators in L cells containing polypeptide YY (PYY) in addition to
somatostatin D cells.>” Whereas basal processes are prominent in L and D cells, in other
types of EECs such as | cells secreting cholecystokinin (CCK) basal processes are typically
short.8 Independently of the prominence of the basal processes, direct or indirect
communication of EECs with nerves is a major mechanism underlying EEC function in the
gut mucosa through peptide release.9-11

Recently, there has been considerable interest in the role of EECs in gut-brain/brain-gut
communication and the reader is referred to a series of excellent review articles.12-14 The
present review focuses on EECs function in nutrient sensing and food intake regulation
emphasizing their role in brain-gut bidirectional communication.

EECs: MORPHOLOGY, LOCALIZATION AND FUNCTION

EECs are specialized endoderm-derived epithelial cells that differentiate from pluripotent
stem cells at the base of intestinal crypts and migrate up the crypt-villus axis.1> The wide
distribution of EECs in the villi and crypts, where they are interspersed between non
endocrine cells, is regulated by an interplay of different factors including the cell surface
protein ‘notch’ and the basic helix-loop-helix transcription factor family, which control
terminal cell differentiation.1®16 Depending on their individual morphology and position in
the Gl mucosa, EECs are divided into “gpen type” with a bottle neck shape and an apical
prolongation with microvilli facing towards the intestinal lumen or “closed type” that are
located close to the basal membrane, do not reach the lumen of the gut and lack
microvilli.317:18 The open type EECs directly detect luminal contents through the microvilli
reaching the lumen, whereas the close types are believed to be activated by luminal content
indirectly either through neural or humoral pathways. Both open- and closed-type cells
accumulate their secretory products in cytoplasmatic granules and release them by
exocytosis at the basolateral membrane upon mechanical, chemical or neural stimulation.
The secretory products, mainly peptides/hormones, can act locally in a paracrine manner,
activating other EECs and other cell types in the mucosa, reach distant targets through
release in the bloodstream or act directly on nerve endings close to the site of release.11:17
Evidence for direct EEC-nerve transmission has been provided by Bohorquez et a/1920 who
have combined high resolution imaging with transgenic mice with EECs expressing green
fluorescent protein (GFP) and shown that basal processes of | and L cells have synaptic
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features, are accompanied by glia cells and contact nerves innervating the mucosa forming
neuroepithelial circuits.

Distinct types of EECs expressing more than 20 peptides/hormones have been identified
along the GI mucosa (Fig. 1) and it is now clear that many EECs contain more than one
signaling molecule.1:19.11 Evidence for a complex phenotype of EECs is supported by
studies using transgenic CCK-eGFP mouse, which showed the broad co-expression of six
functionally different peptides (CCK, GIP, secretin, glucagon-like peptide-1 [GLP-1], PYY
and neurotensin) in intestinal mucosa EECs.2! Other studies combining transcriptional
profiles, fluorescence-activated cell sorting analysis and cell culture systems have shown that
cells expressing the same peptide/hormone vary depending on the region of the intestine
where they are located.?2 The complexity of EEC phenotypes has been further confirmed by
a study using triple labeling immunohistochemistry which has reported that in both mouse
and pig small intestine and colon, a subset of L and K cells overlaps (hence also referred to
as K/L or L/K EECs) with different gradients of hormonal marker co-localization (i.e.
GLP-1, PYY and gastric inhibitory peptide [GIP]).23 These findings clearly indicate that
EEC type classification based on the content of the cytoplasmic granules/vesicles is flawed
and that a nomenclature review is necessary. However, the factors that determine how the
EECs differentiation process occurs are still largely unknown and there is also evidence of
plasticity of the EEC system.18 In this review, we have elected to use the classic
nomenclature based on the major hormone secreted by the different EEC subtypes
throughout the gut mucosa.

EEC secretory products are released in response to diverse types of stimuli and influence a
variety of physiological functions. For instance, gastrin, secreted by open-type G cells of the
gastric antrum and pylorus in response to luminal aminoacids and calcium, controls gastric
acid secretion by acting on closed-type enterochromaffin-like cells of the gastric corpus,
which release histamine. In turn, histamine activates parietal cells to secret gastric acid.2
Somatostatin, which is released by closed-type D cells of the gastric corpus in response to
intestinal hormones such as CCK or transmitters, inhibits gastric acid secretion by direct
inhibition on parietal cells and through inhibition of histamine release.24 By contrast,
somatostatin released from open type D cells in the antrum inhibits gastric acid secretion
through inhibition of the production and release of gastrin.2> 5-HT is a polyfunctional
signaling molecule contained in the closed-type enterochromaffin cells (EC) and in a
subgroup of open type I and L cells as well as in enteric neurons, mostly interneurons.26:27
5-HT has been regarded as playing a major role in promoting intestinal motility through a
combination of neuronal and mucosal mechanisms. The classic notion that 5-HT released
from ECs upon chemical stimulation or mechanical distortion initiated the peristaltic reflex
and propulsion has been challenged.26-29 Investigators have suggested that 5-HT-neurons
play a more important role in gut motility than 5-HT-EC cells though other studies are in
disagreement with this conclusion?’ .However, other functions have been recently ascribed
to mucosal (EC-derived) 5-HT, including worsening inflammation in a rat model of
experimental colitis, promoting hepatic regeneration, lowering bone mass by inhibition of
osteoblast proliferation and serving as a growth factor.27:30 The satiety hormone, leptin
secreted by gastric chief cells and open-type P cells3!, and the orexigenic hormone, ghrelin
secreted by closed- and open-type X/A-like cells, regulate appetite.31:32 Ghrelin cells are
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mostly abundant in the stomach, where they have the morphology of the closed-type,
whereas in the small and large intestine there are both types with an increasing gradient of
open-type cells toward the large intestine, though the physiological significance of this
finding is unknown.33 GLP-1, glucagon like peptide-2 (GLP-2) and PYY, are contained in
open type L cells and are released in response to ingested nutrients, including carbohydrates
and fat. GLP-1 regulates postprandial glucose levels, promotes satiety and has an inhibitory
effect on energy intake.3* GLP-2 regulates intestinal lipid absorption, promotes epithelial
growth and exerts mucosal defense.3537 PYY3_ 35 inhibits food intake and induces food
aversion,38:39 and in combination with GLP-1 plays a major role in the ileal brake, a
physiological mechanism delaying gut motility and transit in order to allow for nutrient
(mainly lipids) absorption.32:40-42 G|P secreted by open type K cells as well as by L cells
containing GLP-1 and/or PYYY leads to the release of insulin in the postprandial phase of
digestion thus participating in the postprandial glucose level control 324043 |t is important to
keep in mind that, as stated above, subsets of EECs overlap in term of their secretory
products supporting that different peptides may affect each other function once released in
response to luminal changes.2223

EECs AS KEY REGULTORS OF GUT CHEMOSENSING, FOOD INTAKE AND ENERGY
HOMEOSTASIS

EECs respond to a wide range of substances present in the lumen, classifiable as nutrients,
non-nutrient chemicals, food-born toxins, and microorganisms.1944 EECs represent the first
level of integration of the information from the gut lumen and upon stimulation release
signaling molecules that activate neuronal circuits, which send information to different
regions of the brain to generate appropriate functional responses.1-3 Chemosensing of
luminal contents elicits a variety of functions, including digestion and absorption of
nutrients as well as defense responses against harmful/toxic substances such as vomiting,
diarrhea and food aversion. A major function of EEC-secreted peptides/hormones is to
coordinate the response of the gut to ingested nutrients. This includes induction of Gl,
pancreatic and biliary secretion, and modulation of GI motility to facilitate digestion and
absorption as well as other physiological activities such as tissue growth and repair, and
increase in the intestinal barrier function through the activation of local and neuronal
pathways and the brain-gut axis.31011 By contrast, potentially harmful substances in the
lumen are likely to initiate a protective response possibly via EEC activation to reduce, reject
or avoid the threat by delaying gastric emptying, increasing intestinal secretion, inducing
vomiting, diarrhea or food aversion presumably through the activation of vagal afferents and
neurons of the caudal (visceral) nucleus of the solitary tract (NTS), parabrachial nucleus,
central nucleus of the amygdala, and paraventricular nucleus of the hypothalamus as shown
by intraluminal administration of bitter tastants.*>#8 For instance, rotavirus encoded
enterotoxin, a major cause of gastroenteritis in children, is likely to cause emesis, a hallmark
of the virus-induced illness, by acting on EC cells with subsequent release of 5-HT, which
activates areas of the NTS and area postrema in the brain stem associated with nausea and
vomiting via vagal activation.4?

Sensory receptors expressed on EECs—EECs have a key role in gut chemosensing
and are equipped with a wide array of receptors expressed on the luminal side of the gut
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mucosa, many of which are G protein coupled receptors (GPCRs) and respond to selective
luminal substances.10:11

Taste Receptors: EEC sensory receptors include taste receptors (TRS) and taste signaling
molecules implicated in taste transduction originally described in taste buds of the mouth
where initial gustatory processing occurs.3°0-54 These include two major families of taste
detecting GPCRs, the T1Rs sensing sweet and umami, and the T2Rs detecting bitter
taste.3:52:55 The T1R family is composed of three isoforms that function as heterodimers, the
T1R1-T1R3 dimer detects umami taste, while the TIR2-T1R3 dimer senses sweet taste,
including glucose and artificial sweeteners.>3:5%:56 Gut T1Rs recognize ingested nutrients
such as carbohydrates (T1R2-T1R3) and amino acids (T1R1-T1R3). Studies indicate that
the gut TIR2-T1R3 may control glucose homeostasis through a combination of GLP-1
release and glucose transporter activation,®® however there is still controversy about the
exact role of T1Rs in glucose homeostasis.11 TIR1-T1R3 have been implicated in appetite/
satiety regulation by releasing CCK through a pathway that might involve the gut-brain
axis.®’ By contrast, T2Rs, a large family of receptor subtypes (more than 25 different genes
in humans and more than 30 in rodents)®8 detect a large group of bitter substances and are
believed to play a role in defending the body from external threats.5® Distinct subtypes of
T2Rs have been localized in the Gl mucosa, including subpopulations of EECs.22:54
Intraluminal bitter tastants have been shown to induce release of ghrelin by EECs* and
activate vagal neurons expressing CCK1 and Y2 receptors which bind to CCK and PYY,
respectively, thus suggesting release of these peptides in response to bitter tastants.*6

Amino acids Receptors: Different types of amino acids activate distinct receptors on EECs
in addition to the umami-T1R1-T1R3 sensing receptors?; examples include the Gg-coupled
calcium sensing receptor (CaSR) that detects aromatic and basic aminoacids and is located
in G, D and I cells,®% and GPRC6A and GPR92 that are activated by basic and neutral
aminoacids or protein hydrolysates, respectively, which are predominantly expressed by G
and D cells.57:61

Free fatty acid receptors (FFARS): GPCRs which bind free fatty acid are involved in
sensing medium and long chain fatty acids and are associated with different types of EECs,
such as X/A, P, 1, K, and L cells as well as EC-containing 5-HT.62-64 In the colon, non-
digestible carbohydrates are processed by bacterial fermentation with production of short
chain fatty acids (SCFA) detected by FFARs.%% Activation of FFARL, 2, 3 (also known as
GPR40, 43 and 41, respectively) and CaSR induce release of CCK to increase satiety and
delay gastric emptying. GLP-1 and PY'Y are also secreted in response to FFAR1,2,3,
activation.%6-69 Thus, nutrients and non-nutrient tastants are detected by EECs in the entire
Gl system from the proximal stomach to the rectum. In addition, recent data indicate that
also the “‘gut microbiota’, i.e. the myriad of bacteria - as well as viruses and fungi — present
in diverse abundance throughout the gut lumen, contribute to gut chemosensitivity.”0:71
Indeed, bacterial products including SCFA metabolites act as a ligand and activate specific
receptors such as GPR41 and GPR43 located on EECs, triggering the release of Gl
hormones (e.g. GLP-1, GLP-2 ad PYY) and a subsequent regulation of physiological,
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homeostatic and barrier functions.”%:72 Bacterial metabolites are also recognized by toll-like
receptors, some of which have been localized to the Gl mucosa.1?

The understanding of the multiple pathways and systems involved in nutrient sensing can
provide opportunities to develop strategies for the treatment of food associated disorders by
targeting specific EEC receptors.

EECs AND THE BRAIN-GUT AXIS

Brain-Gut Axis Crosstalk—The relationship between the brain and the gut represents an
important area of investigation in neurogastroenterology. The brain receives constant input
of different stimuli/signals from the Gl tract and initiates the appropriate integrated response
to target cells in the Gl tract.”3 The information is predominantly carried from the gut to the
brain via vagal and spinal afferent neurons, immune mediators, gut hormones and
microbiota-related signaling molecules, while information from the brain to the gut is via
autonomic neurons and neuroendocrine factors.10.73 Although it is now well established that
there is bidirectional crosstalk between the brain and the gut (Fig. 2) many questions remain
unsolved such as how the interplay between the central nervous system (CNS) and the
periphery is perturbed in pathophysiological states. A typical example of brain-gut axis
dysfunction is apparent in functional Gl disorders, such as the irritable bowel syndrome
(1BS) and functional dyspepsia.’*

EECs: Role in Brain-Gut Axis Communication—The brain-gut axis is a multi-level
system to manage various aspects of GI physiology including nutrient signals and related
central processing. EECs contribute to these mechanisms by exerting regulatory effects on
this bidirectional communication between the brain and the gut. Vagal afferent terminals
innervate the wall of the Gl tract, reaching the mucosa and the lamina propria and are in
close proximity to the mucosal epithelium.”® Peptides/hormones secreted by EECs act on
receptors located along the vagal afferent fibers. Vagal afferent pathways convey stimuli
generated by EECs to the brainstem, specifically the NTS, and the nodose ganglion
represents an intermediate station in the brain-gut axis bidirectional communication.
Therefore, vagal afferent pathways activated by peptides released by EEC mediate numerous
functions including the regulation of food intake, motility, secretion, inflammatory response
and mucosal defence.”3:76 Below are some examples of EEC-brain communication.

EECs secreting Cholecystokinin: CCK is mainly secreted in the upper small intestine in
response to fat and proteins.3’’ The postprandial release of CCK activates intestinal
feedback through extrinsic neural (vagal) pathway to control Gl functions such as short-term
inhibition of gastric emptying and acid secretion, through CCK receptors expressed by
vagal afferent terminals that run in the lamina propria adjacent to the mucosal epithelium.”®
CCK can transmit sensory signals from the gut lumen by direct EEC-nerve communication
and/or activation of vagal pathways through a paracrine mechanism.21.7> Exogenous
administration of CCK activates CCK receptors on vagal terminals and induces satiation
and reduction of meal size, while the administration of CCK; receptor antagonist reverses
these effects. Furthermore, exogenous administration of CCK or nutrients, such as protein or
fat, in CCK receptor null mice does not affect inhibition of food intake and gastric
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emptying, thus supporting the role of CCK/CCK; receptor in mediating these specific
effects.”® Moreover, in CCK receptor null mice there was a strong decrease in activation of
the vagal afferent pathways in response to intestinal lipids compared to wild type mice,
confirmed by lack of firing NTS neurons.”8 The effect of CCK in the peripheral regulation
of food intake is enhanced by leptin. When co-administered, CCK and leptin increase the
excitatory response on vagal afferents, which leads to an exaggerated inhibition of gastric
emptying and food intake.”® Moreover, the expression of leptin receptors on vagal afferent
neurons increase and decrease respectively in fasting or re-feeding states.80 In addition to
satiety, the exogenous administration of CCK-8 in rats contributes to lower glucose
production.81 The role of CCK receptor on vagal afferent terminals innervating the small
intestine is fundamental to activate the protein kinase A signaling pathways involving the N-
methyl-d-aspartate (NMDA) receptor, which mediates neuronal transmission in the NTS to
regulate glucose homeostasis.8?

EEC secreting PYY: PYY is a 36 amino acid peptide produced mainly in the ileum and
colon in response to feeding especially lipids, but also carbohydrates and proteins.32 PYY s
a member of the neuropeptide Y (NPY) family of peptides which are expressed in different
areas of the CNS, and five different NPY receptors (Y1,Y2,Y3,Y4,Y5) have been
characterized along the brain-gut axis.83 PYY positive neurons are found in the rodent NTS,
and nerve terminals containing PY'Y are localized in the pons, hypothalamus (key energy
balance regulating area in the brain) and spinal cord.8* The role of PYY in reducing food
intake is mainly due to the activation of Y2 receptor in the hypothalamus.8® However,
exogenous administration of PY'Y3._35 has been shown to exert effects on gastric emptying at
least in part via the activation of vagal afferent pathways.8¢ The localization of Y2 receptor
on vagal afferent neurons support that PY'Y neurons and nerve terminals in the vagus nerve
convey visceral sensory information from the gut to the brain and provide a central and
peripheral control of food intake.8”

EEC secreting GLP-1: GLP-1, an incretin hormone, is released in the small intestine in
response to food ingestion, especially carbohydrates and fats, and its main effect is on
energy balance and blood glucose homeostasis.32 GLP-1 receptor (GLP-1R) is peripherally
distributed in the gut, pancreatic p-cells, kidney and in the vagus nerve as well as centrally in
the NTS and hypothalamus.88 Exogenous stimulation of GLP-1R, peripherally or centrally,
results in different physiological responses, such as inhibition of gastric emptying,8°
glucose-stimulated insulin secretion®? and reduced food intake.8” However, the short half-
life of GLP-1 due to the rapid breakdown results in higher hormone concentration close to
the site of secretion, and in pig intestine only a small part of that reaches the systemic
circulation before it is degraded by Dipeptidy! peptidase-1V (DPPIV).% Thus, a question
that arises, is whether GLP-1 physiological levels (bloodstream) in human are capable of
reaching and activating receptors in the hypothalamus and brainstem. GLP-1, secreted by
EECs, acts as an endocrine substance and also in a neural manner by activating receptors on
the vagal afferent terminals close to the site of secretion, or receptors expressed by the ENS.
Indeed, the inhibition of food intake due to an intraperitoneal administration of GLP-1 in
rodents is attenuated by the ablation of vagal-brainstem-hypothalamic pathways.8”
Prominent basal processes are frequently described in L-type EEC,20 which are likely
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involved in driving the GLP-1 secretion directly on nerve terminals receptors as “real time”
response to the ingested nutrient present in the gut lumen.

Taken together, these data provide evidence supporting the concept that hormones released
from the EECs activate vagal afferent pathways in a paracrine manner or via direct EECs-
sensory neuron communication, and therefore influence gut activity (e.g. intestinal motility,
acid secretion, pancreatic enzyme production and secretion and gallbladder contraction)
through the brain-gut axis.

EECs: Role in Sensory Neural Regulation—A significant challenge in the study of
EECs and their connection with epithelial cells and nerves is their sparse and irregular
localization in the mucosal epithelium. Indirect methods, such as the measurement of plasma
hormone levels in response to drugs or meals, result in indirect evidence to support the
physiological role(s) of EECs and are not helpful when addressing mechanisms of hormone
release.”® EEC lines are a useful tool to assess their role and function, but an obvious
limitation of isolated cell lines is that they are not fully representative of the more complex
response seen /n vivo.”® The development of transgenic mice tagged for hormone promoters
driving the expression of GFP provides an excellent means to study the relationship of EECs
with other cells, including sensory neurons. These studies have discovered that basal
cytoplasmic processes in CCK- and PYY-GFP cells resemble axon with synaptic-like ends
containing most of the cell secretory vesicles, many of which are distributed to the tips thus
suggesting they guide hormone secretion.8:20-92 These basal cytoplasmic processes, which
have been named “neuropods”, contain intermediate filaments, are surrounded by glial® and
appear to make a direct connection with nerves, including sensory nerve endings.20
Furthermore, /n vitro study showed a strong attraction and subsequently connection between
enteroendocrine CCK-GFP cells and sensory neurons enzymatically dissociated from the
trigeminal nerves and from the dorsal root ganglion of wild type mouse.2% Although these
findings do not exclude other mechanisms of action of EECs such as paracrine or through
the bloodstream, they provide evidence for a direct connection between EEC basal processes
and mucosal nerves supporting the dual function of EECs as nutrient chemosensing at the
top of the cell, while conveying electrochemical information with cell-to cell and/or cell to
nerve connections at the bottom of the cell.

EECs: Therapeutic Potential—The EEC-sensory neuron connection has thus opened a
new exciting prospective on EECs and their role in the communication with ENS and CNS.
The direct cell-to-sensory nerves and neurons connections and the presence of presynaptic
and postsynaptic genes in the basal cytoplasmic processes2? shed new light on our
understanding of the complexity of the bidirectional communication between the brain and
the gut. EEC receptors on the luminal side could be a potential target of new drugs to
activate hormonal and neuronal pathways providing a novel approach to treat diseases such
as diabetes and obesity. Currently, GLP-1R agonist is used to treat diabetes mellitus type 2,
based on its function to stimulate insulin secretion from pancreatic p-cells.3 Recently,
researchers have highlighted the beneficial role of GLP-1 and PY'Y3_3g Secretion in the
reduction of food intake in patients undergoing gastric bypass surgery.%* Thus, PYY and
GLP-1 are now targets to treat obesity, a major worldwide public health problem.%>
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Furthermore, drugs acting to alter EEC functions may participate in the control of
depression, anxiety and visceral hypersensitivity, which are key components of functional Gl
disorders.96 Recently, a significant amount of attention has been given to a subgroup of
EECs secreting 5-HT and their role in visceral perception. 5-HT is a key neurotransmitter in
the control of nociceptive responses and mood, with receptors located in both the periphery
and CNS. Much evidence suggests that activation of 5-HT receptors, specifically 5-HT3 and
5-HT,, sends signals from the gut to the CNS through vagal afferent fibers, which activate
multiple pathways including those involved in nociception.97-99

SUMMARY AND CONCLUSION

EECs play an important role in gut chemosensing to orchestrate appropriate functional
responses to a variety of stimuli ranging from nutrients, food degradation products, toxic
chemicals, microorganisms and bacteria products. This complex balance between
maximizing nutrient assimilation and minimizing danger to maintain optimal homeostasis is
the result of the interplay of different detection systems including the distinct types of
sensory receptors expressed by EECs, the variety of signaling molecules released by EECs
and the targets that are activated directly and indirectly such as neighboring cells, distant
targets reached via the bloodstream and neuronal pathways. Considerable progress has been
made in understanding EECs relationship with neurons of the ENS and CNS and EEC
bidirectional communication with the brain. There is now strong evidence that EECs can
directly participate in the brain-gut axis bidirectional communication through axon-like
processes or basal cytoplasmic processes. The basal processes connect EECs and neurons
innervating the gut forming neuroepithelial circuits, which allow sensory transmission from
the gut lumen and feedback from the brain to the gut EECs. The activation of afferent and
efferent nerve pathways may be explored for the management of diseases related to feeding
disorders and GI dysfunction. Alterations in the bidirectional communication between the
brain and the gut are likely associated with an impairment of gut functions (e.g. intestinal
secretion, motility, blood flow and afferent sensitivity). The modification of the homeostatic
reflex might lead to a chronic perturbation of the gut such as visceral hypersensitivity.
Therefore, a better understanding of the EEC roles and their relationship with the brain and
sensory nerves is an important research target. Future studies are required to fully decipher
this complex network. The direct EEC to nerve connection opens a new horizon of research
and provides new tools to understand the mechanisms underlying EEC control of food intake
and GI dysfunction as well as potential new therapeutic targets.
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Abbreviations

5-HT 5-hydroxytryptamine/serotonin

CaSR calcium sensing receptor

CCK cholecystokinin

CNS central nervous system

DPPIV Dipeptidyl peptidase-1V

EC enterochromaffin cell

EECs enteroendocrine cells

FFARs free fatty acid receptors

GFP green fluorescent protein

Gl gastrointestinal tract

GIP gastric inhibitory peptide

GLP-1 glucagon like peptide-1

GLP-1R glucagon like peptide-1 receptor

GLP-2 glucagon like petide-2

GPCRs G protein coupled receptor

IBS irritable bowel syndrome

NMDA N-methyl-d-aspartate receptor

NPY neuropeptide Y

NTS nucleus of the solitary tract

PYY peptide YY

SCF short chain fatty acid

TRs taste receptors
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Key Messages

«  Enteroendocrine cells (EECs) located in the entire Gl tract are involved in
luminal chemosensing and new evidence suggests that they have a role in
Sensory nerve sensitization.

«  EECs have direct cell connections to the nervous system. The EEC basal
cytoplasmic processes interact with the enteric nervous system (ENS), vagus
nerve, and spinal afferent fibers, supporting their participation in the complex
and sophisticated activation of brain-gut axis bidirectional pathways.

»  Perturbation of this critical communication between EECs, ENS and central
nervous system might alter the primary physiological and homeostatic gut
functions.
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Enteroendocrine Cells Subpopulation in the Gastrointestinal tract
A (X-like) cells G Cell

Location: mainly in the stomach Location: Stomach (antrum), duodenum

Ghrelin

Gastrin

D Cell

Location: Stomach (gastric corpus
and antrum), small intestine

EC Cell

Location: Stomach, small and large intestine

5-HT Somatostatin

L Cell

Location: Distal small intestine, colon Location: Proximal small intestine

GLP-1

GLP-2

PYY
5-HT

K Cell

P . )
Location: Proximal small intestine

Figure 1. Enteroendocrine cells (EECs) Subpopulations in the Gastrointestinal Tract
EECs comprise different subgroups producing and releasing a variety of hormones under

appropriate stimulation. EECs are largely distributed in the gut. The stomach corpus is rich
in A cells secreting ghrelin (dark red circle), the antrum is populated by G cells secreting
gastrin (purple circle), while in the pylorum there is a high density of D cells secreting
somatostatin (red circle). D cells are also present in the proximal segment of the small
intestine. | (dark blue circle) and K (orange circle) cells, which secrete CCK and GIP,
respectively, are located in the small intestine and L cells secreting GLP-1, GLP-2 and PYY
(light blue circle) are widely distributed in the distal small intestine and in the colon
(mainly in the proximal portion). Up to 95% of the total 5-HT is produced in the Gl tract.
EC (green circle) are situated in the pylorus, small and large intestine. 5-HT is also released
by I cells (dark blue circle) located in the distal portion of the small intestine and L cells
(light blue circle) in the large intestine. Only some example of EECs subgroups and relative
hormones secreted are represented in the figure. Abbreviations: EC, enterochromaffin cell;
5-HT, 5-hydroxytryptamine; CCK, cholecystokinin; GLP-1, glucagon like peptide-1; GLP-2,
Glucagon like peptide-2; PYY, peptide YY; GIP, gastric inhibitory peptide.
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Rapresentation: Open type EEC, Closed-type EEC, ik Open type

EEC with short or long basal cytoplasmic processes.
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Figure 2. EECs in the Brain-Gut Axis Bidirectional Communication
Green and Orange arrows indicate the bidirectional interplay referred to brain-gut axis,

which include the mucosal EECs, ENS, vagus nerve, spinal cord and CNS. The basal
cytoplasmic processes have a role in activating intrinsic and extrinsic sensory neurons. The
activation of EECs may leads to sensitization via direct cell to neurons contact. Hormones
released by EECs upon stimulation act on receptors located on the vagal and spinal neurons
and influence neuronal pathways in the bidirectional brain-gut communication. Open type
EECs sense luminal content and make contact with enteric nervous system (black), vagal
nerve (afferent and efferent pathways, violet lines) and spinal nerve (afferent and efferent
pathways, blue lines), closed-type EEC also contribute to activate these feedback signals
from the gut to the brain. Together, this information sends positive or negative feedback to
the brain (CNS), which modulates functions of the Gl tract, glucose homeostasis and satiety.
Moreover, impairment in the brain-gut axis pathways could be implicated in obesity, visceral
hypersensitivity, intestinal disorders such as irritable bowel syndrome and inflammatory
disorders such as inflammatory bowel disease. Abbreviations: NTS, nucleus tractus solitarir,
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DRG, dorsal root ganglia; ENS, enteric nervous system (myenteric and submucosal plexus);
EEC, enteroendocrine cell.
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