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Abstract

The gut-brain axis is of crucial importance for controlling
glucose homeostasis. Alteration of this axis promotes the
type 2 diabetes (T2D) phenotype (hyperglycaemia, insulin
resistance). Recently, a new concept has emerged to demon-
strate the crucial role of the enteric nervous system in the
control of glycaemia via the hypothalamus. In diabetic pa-
tients and mice, modification of enteric neurons activity in
the proximal part of the intestine generates a duodenal hy-
per-contractility that generates an aberrant message from
the gut to the brain. In turn, the hypothalamus sends an ab-
errant efferent message that provokes a state of insulin re-
sistance, which is characteristic of a T2D state. Targeting the
enteric nervous system of the duodenum is now recognized
asaninnovative strategy for treatment of diabetes. By acting
in the intestine, bioactive gut molecules that we called “en-
terosynes” can modulate the function of a specific type of
neurons of the enteric nervous system to decrease the con-
traction of intestinal smooth muscle cells. Here, we focus on
the origins of enterosynes (hormones, neurotransmitters,

nutrients, microbiota, and immune factors), which could be
considered therapeutic factors, and we describe their modes
of action on enteric neurons. This unsuspected action of en-
terosynes is proposed for the treatment of T2D, but it could
be applied for other therapeutic solutions that implicate
communication between the gut and brain.

© 2019 S. Karger AG, Basel

Generalities about the Enteric Nervous System

Structural and Functional Organization of the Enteric

Nervous System

The enteric nervous system (ENS), referred to as the
“second brain,” is an extensive network of different cell
types located along the digestive tract (Fig. 1). Here, the
ENS comprises three panenteric juxtapositioned net-
works — enteric neurons, enteric glial cells (EGCs), and
interstitial cells of Cajal (ICCs) - organized in two main
ganglionated plexuses: the submucosal plexus (also
called Meissner’s plexus) within the connective tissue of
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Fig. 1. Communication between different
cellular networks is important for ENS ho-
meostasis. EEC, enteroendocrine cells;
EGCs, enteric glial cells; ICCs, interstitial
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the submucosa of the intestinal wall and the myenteric
plexus (also called Auerbach’s plexus) located between
the circular and longitudinal muscle layers [1]. The neu-
rons, localized in the myenteric and submucosal plex-
uses, are organized into microcircuits and include intrin-
sic primary afferent neurons (IPANs) that can initiate
reflexes, descending and ascending interneurons, and
excitatory/inhibitory motor neurons that innervate the
muscle [1]. Each functional type of enteric neurons is de-
fined by a neurochemical code with extensive phenotyp-
ic diversity and is found in the central nervous system
(CNS) [1]. The ENS is mostly composed of choline acetyl
transferase and neuronal nitric oxide synthase (nNOS)
neurons that respectively stimulate or inhibit directly in-
testinal smooth muscle cells or act on the hyperpolariza-
tion of ICCs [2].

Initially considered passive nutritional support cells
for enteric neurons, EGCs regulate neuromediator ex-
pression, participate in neurotransmission and exert
neuroprotective roles in the ENS. Enteric glia form a
cellular and molecular integrator between enteric
nerves, enteroendocrine cells, immune cells, and epi-
thelial cells [3]. The ICCs are responsible for the gen-
eration of electrical impulses to smooth muscle cells,
facilitating the slow-wave peristaltic movement of the
stomach and intestines and are referred to as “pacemak-
er” cells [4].

To regulate gut functions and intestinal homeostasis,
the ENS requires an accurate degree of regulation and co-
ordination among these cell types.
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Physiological Role of the ENS

The ENS provides local control of the gastrointestinal
(GI) tract functions, such as secretion, barrier function and
movement of fluid across the lining epithelium, regulation
of local blood flow, interaction with the immune and en-
docrine systems of the gut, and intestinal motility [1].

The submucosal IPANSs, in close proximity to the
muscularis mucosae, intrinsic vasculature, and mucosa,
regulate the secretion of hormones and neurotransmit-
ters to maintain a regionally appropriate pH as well as
tightly regulate the concentrations of electrolytes, en-
zymes, and mucus [1]. The epithelial cell facilitates the
nutrient absorption and regulates the translocation of
metabolites across the intestinal wall and maintains gut
homeostasis [5, 6]. EGCs play an essential role in main-
taining the integrity of barrier functions. Previously,
Bush et al. [7] have demonstrated that genetic ablation of
enteric glia leads to increased oxidative stress, myenteric
neuron degeneration, and intraluminal haemorrhage in
mice.

Secretion and barrier functions are linked to gut motil-
ity: neuronal monitoring of the luminal content allows
the transport of the chyme at a rate that allows each com-
partment to accomplish its task (e.g., digestion of food
and absorption of nutrients) [5]. After food intake, me-
chanical and chemical stimuli induced by chyme activate
first IPANs and mechanosensitive enteric neurons to reg-
ulate motility [8, 9]. Motility reflexes, mainly regulated by
myenteric neurons, are necessary for physiological diges-
tion (propulsion by peristaltic waves and mixing the

Knauf/Abot/Wemelle/Cani

Downloaded by:

=
o
®
©
3
®
—
=)
2
S
g
I}
=




...To impact central
and peripheral
glucose homeostasis

-

(galanin)

(apelin)

Hormonal & neuronal
Enterosynes

* Neuropeptides
* Epithelial peptides

* Incretins (GLP-1...)

~

Nutritional Enterosynes

* Glucose

* Free fatty acids

* Amino acids (glutamine,
cysteine, glycine, glutamic
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chyme by segmentation along the digestive tract) and fa-
vour nutrient absorption [1, 10].

The control of motility requires coordinated activa-
tion of neurons, EGCs and ICCs (for review: [3, 4]). For
instance, EGCs participate in intestinal motility and en-
teric neurotransmission by releasing NO or ATP, two
major neurotransmitters involved in gut relaxation [11,
12],and, in ICC-lacking mice (W/Wv mutant), they pres-
ent alteration of cholinergic and nitrergic neurotransmis-
sion in the small intestine [13].

Furthermore, the ENS is closely connected to the CNS,
which also contributes to the regulation and coordination
of GI functions. Actually, 80-85% of the sensory neurons,
following either vagal or spinal routes, are afferent and
project to the brain. The intestine wall is also supplement-
ed with extrinsic efferent input from the CNS via auto-
nomic (both sympathetic and parasympathetic) path-
ways. Therefore, the CNS can influence enteric behaviour
to mediate the gut-brain communication and maintain
gut homeostasis [14].

Pathological Aspect of the ENS
The alteration of ENS activity leads to enteric neurop-
athies, defined by a remodelled and dysfunctional ENS,

Gut Neurons to Treat Diabetes and
Obesity

that include the following: a reduced number and struc-
ture of intrinsic enteric neurons, intra-neuronal bio-
chemical changes, a decrease in neurotransmitters re-
lease, alteration of immunomodulatory function of the
EGCs, neuroinflammation, and altered gut-brain com-
munication through spinal afferents and vagal terminals
[15]. These changes cause altered GI motility, and secre-
tory functions imply pathological complications.

Early in foetal ENS development, congenital alterations
of migrative, proliferative, and maturation processes of
enteric neural crest cells that populate the distal gut lead
to Hirschsprung disease. This pathology is characterized
by an abnormal glial phenotype, severe motility disorders,
and lethal pseudo-obstruction due to enteric ganglia defi-
ciencies in patients and experimental models [16-18].

During life, ENS deficiencies are correlated with an in-
creased number of CNS disorders from neurodevelop-
mental (autism disorders) to neurodegenerative (Parkin-
son and Alzheimer diseases). In some of these patholo-
gies, dysfunctional GI symptoms might occur even before
CNS manifestations become evident and include altera-
tion of neurotransmission, release of pro-inflammatory
cytokines from EGCs, Lewy’s bodies, or A plaque depos-
its on enteric neurons (for review: [19-21]).
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Furthermore, environmental conditions have a signif-
icant negative impact on the function of the ENS such as
an inflammatory state and/or oxidative stress. Numerous
pieces of evidence have shown that diabetes alters the mi-
croenvironment within the ENS. This deleterious effect
could have various origins that include gluco- and lipo-
toxicity, oxidative stress, inflammation, reduction of neu-
rotrophic factors, and alteration of gut microbiota [15,
22]. Theresulted selective loss of nitrergic neurons (which
control gut relaxation) is associated with intestinal hyper-
contractility [22-25]. Nutritionally, experimental models
have shown that a high-fat diet induces functional and
structural damage in myenteric neurons and ICCs that
disrupt neural circuits, causing symptoms of dysmotility
and correlating with neuropathy in the myenteric plexus
of obese mice with symptoms of type 2 diabetes from the
duodenum to the colon [26, 27]. In previous studies, we
have demonstrated that alterations of nutrients and/or
hormone sensing in the intestine are associated with ab-
errant hypothalamic responses that could lead to patho-
logical states, including type 2 diabetes [24, 25].

In fact, physiopathological mechanisms of GI enteric
neuropathies are complex and multifactorial and can affect
both afferent and efferent connections between ENS and
CNS, leading to the emergence of pathologies. Thus, gut-
brain communication is essential for health maintenance.

ENS and “Enterosynes”

Numerous factors can modulate the activity of the
ENS. Because most have an intestinal origin and due to
their growing physiological impact, we decided to call
them “enterosynes” (Fig. 2). To introduce the general
concept, targeting the ENS is now considered a (relative-
ly) recent approach to treat metabolic disorders and as-
sociated pathologies such as type 2 diabetes, obesity, and
overfeeding. The chemical nature of enterosynes is ex-
tremely variable (e.g., bioactive peptides/lipids, sugar,
gaseous factors), as well as their origins (i.e., host, gut mi-
crobiota, and food). Here, we will focus our attention on
the most described enterosynes with an impact on the
control of metabolism in the whole body.

Neuronal and Hormonal Enterosynes

Numerous receptors for hormones and/or neurotrans-
mitters are expressed at the level of the membrane of en-
teric neurons. The activity of ENS neurons could be un-
der the influence of various molecular actors from the
sympathetic and parasympathetic system, enteric neu-
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rons themselves, and gut hormones. As we define “en-
terosynes” as “local intestinal” factors, we will here focus
only on gut neurotransmitters and gut hormones.

Regarding gut neurotransmitters implicated in the con-
trol of glucose homeostasis, galanin is one of the most im-
portant factors that controls the ENS. Galanin is located on
ENS neurons that also express other neurotransmitters
such as substance P and corticotropin-releasing factor. Im-
munoreactivity for the 3 galanin receptors (GalR1, GalR2,
and GalR3) has been demonstrated in the myenteric neu-
rons of various species [28]. Galanin can decrease cholin-
ergic transmission [29] and stimulate nitrergic transmis-
sion [25] of the ENS to decrease intestinal contractions. Re-
cently, we have discovered that oral treatment of galanin is
associated with improved glucose tolerance in diabetic
mice [25]. In fact, this treatment decreases the duodenal
hyper-contractility [25] observed during type 2 diabetes in
humans and mice [30]. In this model, the apparent reduc-
tion in duodenal mechanical contraction is then sensed by
the hypothalamus, which, in turn, sends a message in the
periphery to increase glucose uptake. This observation was
one of the first to present this new concept that targeting
the “ENS-duodenal contraction” couple could be consid-
ered a novel target to treat type 2 diabetes [31].

Another gut factor implicated in the control of ENS
activity is apelin. Apelin is released in the intestinal lumen
by enterocytes in response to glucose [32]. Thus, apelin
can be reached via transcytosis in the ENS and stimulate
NO release from nNOS neurons that express the apelin
receptor APJ [24]. Similar to galanin, the decrease in du-
odenal contraction observed in response to apelin im-
proves the metabolic status of diabetic mice via the gut-
brain axis. The study of the effects of apelin in the gut is
only at the beginning and its role in the control of gut
physiology starts to be documented (for review: [33]). To
complete this idea, the link between apelin and CCK re-
lease is well documented because its receptors are also
expressed on CCK-releasing neurons [34].

Another example of enterosynes is the hormone glu-
cagon-like peptide-1 (GLP-1). GLP-1 is released by L-
cells in response to various nutrients such as lipids and
glucose [35] but also through different metabolites pro-
duced by the gut microbiota [36-38]. The GLP-1 receptor
(GLP-1R) is expressed on enteric neurons [39], and its
stimulation decreases cholinergic and stimulates nitrer-
gic neurotransmissions [40]. This effect of GLP-1 on ENS
is associated with a relaxant action in the antrum [41] and
colon [42]. A part of the action of GLP-1 on enteric neu-
rons could be responsible for the well-known effect of this
peptide on the reduction of food intake [43].
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Nutritional Enterosynes

Different nutrients such as glucose, free fatty acids,
and amino acids modulate the activity of ENS neurons.
As evidence, an unbalanced and hyper-caloric diet may
participate in the alteration of ENS, leading to hypergly-
caemia. The link between ENS and glucose was discov-
ered by Paton and Zar in 1968 [44], who discovered that
the output of acetylcholine from the Auerbach’s plexus is
decreased in absence of glucose. Whether the “glucose
sensor” of enteric neurons is of crucial importance for the
control of whole-body metabolism is poorly studied (for
review: [45]). To summarize, evidence has suggested that
glucose sensing in the enteric neurons can be indirect via
GLP-1, which acts on its enteric receptor or directly by an
action of glucose on a specific transporter [45]. By per-
forming immunohistochemistry studies, Diez-Sampedro
et al. [46] showed that SGLT3 is expressed on cholinergic
enteric neurons in the myenteric and submucosal plexi
that potentially gives glucose the possibility to modulate
directly the release of acetylcholine. During type 2 diabe-
tes, enteric glucose sensing is profoundly altered, leading
to the disturbance of the gut-brain axis, which results in
an insulin-resistance state [47-49]. However, the electro-
physiological modifications of glucose detection by en-
teric neurons during diabetes remain to be determined.

Among all amino acids, glutamine is one of the most
documented amino acids for its action on ENS. In the gut,
glutamine is considered a precursor for the synthesis of
glutathione, one of the major endogenous cellular antioxi-
dants. As explained above, the ENS is altered during type
2 diabetes, and glutamine supplementation to diabetic rats
prevents the neuronal loss in the myenteric plexus [50].
This neuroprotective action of glutamine on ENS is ex-
erted on various types of neurons that include nNOS, va-
soactive intestinal polypeptide, and calcitonin gene-related
peptide neurons [51]. Glutathione formed by the addition
of cysteine, glycine, and glutamic acid seems to be more
efficient than glutamine alone [52]. The neuroprotective
effect of glutamine on nNOS neurons could decrease the
duodenal hyper-contractility observed in diabetic mice [5,
24, 25] and then could exert an anti-diabetic effect. At this
time, almost nothing is known regarding this potential
new mode of action on ENS neurons, but the anti-diabetic
impact of glutamine is well documented. However, the
group of Fiona Gribble has clearly shown that oral gluta-
mine could improve glycaemia in diabetic patients [53-55]
via a direct action on GLP-1-synthesized cells [56, 57].

The potential direct effect of free fatty acids on enteric
neurons seems only to require the free fatty acid receptor
3 (FFAR3 or GPR41) expressed on ENS neurons [58]. This

Gut Neurons to Treat Diabetes and
Obesity

receptor binds to specific ligands such as the short-chain
fatty acids (SCFAs) acetate, propionate, or butyrate. Most
FFAR3-expressing neurons in the ENS are cholinergic
neurons, and activation of FFAR3 leads to the inhibition of
these neurons [59]. In this context, Kaji et al. [60] have
demonstrated that activation of FFAR3 suppresses neuro-
genic activity of the intestine by suppressing nicotinic ace-
tylcholine receptor-mediated neural pathways. This last
result suggests that FFAR3 activation could be considered
a new target to treat colon hyper-contractility observed
during diarrhoea. This concept adapted to the duodenal
hyper-contractility to prevent hyperglycaemia remains to
be determined. In addition, as gut microbiota is considered
the major source of SCFAs in the whole body [61], the im-
pact of the microbial SCFAs will be described below.

Microbial Enterosynes

The human gut microbiota is now perceived as a key
partner, contributing to the production of numerous fac-
tors that regulate host metabolism. Although the human
Gl tract can digest and absorb the nutrients present in our
diet, a certain amount of nutrients escapes the digestive
process and is then handled by the gut microbes.

Among the undigested nutrients, some carbohydrates
will be fermented by the gut microbiota and are then
transformed into SCFAs (for review: [62]). Interestingly,
it was demonstrated that SCFAs activate specifically
FFARS3 (as described earlier) but also FFAR2 (also known
as GPR43), which are expressed on enteroendocrine L-
cells, thereby promoting the secretion of different gut pep-
tides involved in glucose and energy metabolism, such as
GLP-1and PYY [58]. Therefore, depending on the source
of fermentable carbohydrates [63, 64], the gut microbiota
will control the production of those intestinal peptides
and eventually regulate appetite, body weight, and fat
mass gain but also insulin sensitivity (for review: [36]).

Gut microbes harbour various enzymatic machinery,
contributing to the production of SCFAs, but many other
compounds are also made and can reach not only the in-
testinal epithelial cells but also different organs located at
a distance from the gut, such as the liver, brain, and adi-
pose tissue [65-67]. In fact, the gut microbiota is also syn-
thesizing different neurotransmitters. The effects of these
different molecules are various, and, although produced
at the level of the intestinal tract, their effects can be ob-
served at the local but also at the peripheral level. Actu-
ally, those neurotransmitters not only act at the local lev-
el, thereby controlling the gut physiology (i.e., motility,
intestinal hormones production) but also at a distance,
such as on the brain (i.e., appetite, cognition, and behav-
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iour). Among the different microbiota-derived neu-
rotransmitters, we can cite those derived from amino ac-
ids, such as serotonin, histamine, and gamma-aminobu-
tyricacid,butalso catecholamines, suchasnorepinephrine
and dopamine [68]. The gut bacteria residing in the hu-
man gut can also release several types of gases composed
of the following chemical elements: nitrogen, oxygen, hy-
drogen, methane, and carbon monoxide [69, 70]. Conse-
quently, gut microbes synthesize the so-called gaseous
neurotransmitters nitric oxide (NO) and hydrogen sul-
phide (H,S) [71]. Along these lines, it is important to note
that a novel concept linking microbial molecules and glu-
cose metabolism has recently emerged and demonstrates
that the inhibition of proximal gut motility improves hy-
perglycaemia observed during type 2 diabetes [24, 25].
More precisely, given that NO and H,S exert tonic inhibi-
tion of smooth muscle cells, it is speculated that, by im-
pacting on gut muscle relaxation, gut bacteria directly
participate in the control of glycaemia [24, 25, 72].

In conclusion, the gut microbiota composition is now
considered an important contributor that regulates health.
However, the causality between gut bacteria and diseases
remains debated and requires further investigations.

Immune Enterosynes

Intestinal inflammation is a well-described process
that occurs during metabolic disorders. Recently, we pub-
lished a review summarizing the link between immune
cells and the ENS [73]. Essentially, enteric neurons ex-
press various receptors for immune factors such as TNF-a
[74]. Regarding its origin, TNF-a could be released by
immune cells [73] or by enteric neurons themselves [75].
TNEF-a can potentiate the response to nicotinic receptor
stimulation in cultured rat myenteric neurons [76], which
could provoke intestinal hyper-contractility. In addition,
this increase of pro-inflammatory cytokines could have a
direct impact on enteric glucose sensing. In fact, Duparc
et al. [49] have demonstrated that jejunal IL-1 expres-
sion is increased in diabetic mice associated with an al-
teration of gut glucose sensing-to-brain axis. Nonethe-
less, a controversy exists in the literature because cyto-
kines (such as TNF-a and IL-1() can exert beneficial
neurotrophic effects [77].

Conclusion
Targeting the ENS to treat metabolic disorders and as-

sociated phenotypes such as insulin resistance, hypergly-
caemia, or overfeeding is now considered an original ap-
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proach. Although this concept is well described for gut
peptides (i.e., apelin, galanin, and GLP-1), the develop-
ment of different innovative molecules such as specific
bioactive lipids and bacterial factors will offer new oppor-
tunities to improve the efficacy of novel anti-diabetic
drugs. As the link between ENS and the brain is of crucial
importance in this physiological system, the concept of
“targeting the ENS” can be applied for multiple patholo-
gies. This can also be the case for neurological disorders,
such as Parkinson’s disease. Nevertheless, the concept
can be extended to all physiological functions that are un-
der the control of the brain.
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