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Influence of diabetes surgery on a gut-brain-liver axis regulating food
intake and internal glucose production
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Abstract

It has long been known that the brain, especially the
hypothalamus, can modulate both insulin secretion and
hepatic glucose fluxes, via the modulation of the sympat-
hetic system (promoting glycogen breakdown) and the
parasympathetic system (stimulating glycogen deposi-
tion). Central insulin signalling or hypothalamic long-
chain fatty acid oxidation can also control insulin’s
suppression of endogenous glucose production. Interes-
tingly, intestinal gluconeogenesis can initiate a portal
glucose signal, transmitted to the hypothalamus via the
gastrointestinal nervous system. This signal may modu-
late the sensation of hunger and satiety and insulin sensi-
tivity of hepatic glucose fluxes as well. The rapid impro-
vements of glucose control taking place after gastric
bypass surgery in obese diabetics has long been myste-
rious. Actually, the specificity of gastric bypass in obese
diabetic mice relates to major changes in the sensations of
hunger and to rapid improvement in insulin sensitivity of
endogenous glucose production. We have shown that an
induction of intestinal gluconeogenesis plays a major role
in these phenomena. In addition, the restoration of the
secretion of glucagon like peptide 1 and consequently of
insulin plays a key additional role to improve postpran-
dial glucose tolerance. Therefore, a synergy between
incretin effects and intestinal gluconeogenesis might be a
key feature explaining the rapid improvement of glucose
control in obese diabetics after bypass surgery.

(Nutr Hosp 2013; 28 (Supl. 2):109-114)
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INFLUENCIA DE LA CIRUGÍA DE DIABETES
SOBRE EL EJE INTESTINO-CEREBRO-HÍGADO

QUE REGULA INGESTA ALIMENTARIA 
Y PRODUCCIÓN INTERNA DE GLUCOSA

Resumen

Se sabe desde hace tiempo que el cerebro, especial-
mente el hipotálamo, puede modular la secreción de insu-
lina y los flujos hepáticos de glucosa mediante la modula-
ción del sistema simpático (promoviendo la degradación
del glucógeno) y el sistema parasimpático (estimulando el
depósito de glucógeno). La señalización central de la insu-
lina o la oxidación hipotalámica de los ácidos grasos de
cadena larga también pueden controlar la producción de
la glucosa endógena por la supresión de la insulina. De
forma interesante, la gluconeogénesis intestinal puede
iniciar una señal de glucosa portal, que se transmite al
hipotálamo a través del sistema nervioso gastrointestinal.
Esta señal puede modular la sensación de hambre y la
saciedad, así como la sensibilidad a la insulina de los flu-
jos hepáticos de glucosa. Las mejorías rápidas del control
de la glucosa que ocurren tras la cirugía de derivación
gástrica en los diabéticos obesos siguen siendo un miste-
rio. En realidad, la especificidad de la derivación gástrica
en ratones obesos diabéticos se relaciona con cambios
importantes en las sensaciones de hambre y con una
mejoría rápida de la sensibilidad a la insulina de la pro-
ducción endógena de glucosa. Hemos demostrado que la
inducción de la gluconeogénesis intestinal desempeña un
papel principal en estos fenómenos. Además, la restaura-
ción de la secreción del péptido 1 de tipo glucagón y, por
consiguiente, de la insulina, desempeña un papel clave
adicional en la mejora de la tolerancia a la glucosa post-
prandial. Por lo tanto, la sinergia entre los efectos de la
incretina y la gluconeogénesis intestinal podría ser un ele-
mento clave en la mejora rápida del control de la glucosa
en los diabéticos obesos tras la cirugía de derivación.  

(Nutr Hosp 2013; 28 (Supl. 2):109-114)
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Introduction

The worldwide increase of obesity, now considered as
an epidemic, has necessitated the development of new
therapeutic approaches of this metabolic state. In the
case of morbid obesity, which also increased dramati-
cally, bariatric surgery may be relevant when the patient
is in treatment failure with respect to the control of body
weight. Two types of gastric surgery are generally used.
The best known, gastric banding is restrictive. Its aim is
to reduce the size of the stomach using a gastric band. A
second type of technique, more invasive, is the so-called
gastric bypass, which in addition to reducing stomach
creates a diversion of food into the distal small intestine,
with the aim to associate a malabsorption of nutrients.
There are different variants of the bypass surgery, such
as the “Roux-en-Y”, duodenojejunal exclusion, or bilio-
pancreatic diversion (see 1 for review). However, all
produce similar metabolic effects.

A question still unresolved 5 years ago relates to the
mechanisms underlying the metabolic differences
observed between the major surgeries for morbid
obesity, especially when obesity is associated with
type 2 diabetes. Both types of operation induce subs-
tantial weight loss. However, “bypass” patients gene-
rally refer to their physician a significant loss of their
feelings of hunger, which is not the case of “banding”
patients. Patients also frequently mention changes in
the appetite for fatty food. Weight loss is also greater
after bypass than after banding.1 The various hypot-
heses proposed, generally based on differences in the
induced secretion of gastrointestinal hormones that
influence the phenomena of hunger and satiety
(ghrelin, cholecystokinine, glucagon like peptide-1
(GLP-1)), have proved insufficient to explain the
major difference between the two techniques. For
example, the secretion of ghrelin, an orexigenic
hormone, is unaffected by gastric bypass.2 In addition,
the results relating to the secretion of GLP-1, a hunger-
curbing hormone, were sometimes contradictory
among different studies.3,4 Another unexplained feature
of gastric bypass in obese diabetics is a dramatic
improvement in their diabetes.5 This improvement
takes place very rapidly (within some days), i.e. well
before any weight loss induced by surgery.5 In contrast,
patients treated using the banding technique show an
improvement in their diabetes much later, once they
have lost weight. The mechanism involved here was
still unexplained. The term “metabolic surgery”
applied to the gastric bypass was born from these
observations.

Central control of endogenous glucose production

Endogenous glucose production (EGP) is a crucial
function, which allows the body to maintain plasma
glucose concentration around 1 g/L in absence of food,
i.e. between the periods of assimilation of meals and

during the night. It is admitted that increased EGP is a
feature of type 2 diabetes, and that the augmentation of
EGP determines that insulin resistance without diabetes
finally becomes frank diabetes.6 Three organs only can
perform this function, because they are the only organs
known to express glucose-6-phosphatase (Glc6Pase),
the key enzyme of EGP.6 All three organs express all the
enzymes needed for glucose synthesis,7-9 and are able to
release glucose, e.g. during fasting.10-12 In line with this
key role in fasting glucose homeostasis, Glc6Pase
together with phosphoenolpyruvate carboxykinase
(PEPCK), the other key regulatory enzyme of EGP, are
regulated by nutrients and hormones (notably insulin) at
the level of gene expression and enzymatic activity in
the liver, kidney and small intestine.7-10,13-17 Among the
three organs capable of EGP, the liver is often regarded
as the major contributor. This is essentially due to its
specific capacity of glycogen storage, a store of glucose
that it can mobilize via the activation of glycogenolysis.
This allows it to rapidly and finely tune blood glucose
concentration. The other two organs (kidney and intes-
tine) do not exhibit this capacity, and it is generally
observed that they increase their participation in EGP as
fasting in lasting.6,11,13,18,19 For this reason, a vast majority
of previous studies about the regulation of EGP have
focused on hepatic glucose fluxes.

In addition to the control by insulin, the hypotha-
lamus, via the modulation of the sympatheticparasym-
pathetic balance, takes part in the control of whole
body glucose metabolism, notably at a liver level. The
hypothalamus influences insulin secretion,20 glucose
utilization in the skeletal muscle21 and liver glucose
storage and production.22,23 Particularly, the nervous
efferents connecting the hypothalamus to the liver
tightly control EGP via the regulation of hepatic
glycogen storage.22,23 More specifically, neurons in the
ventromedial hypothalamus control the stimulation of
liver glycogenolysis, through the activation of the
sympathetic system. Conversely, neurons in the lateral
hypothalamus stimulate liver glycogenogenesis, via
the activation of the parasympathetic system. Addi-
tional circuits from the paraventricular nucleus to the
liver have also been involved in the control of hepatic
glycogen storage, via a modulation of the sympathetic-
parasympathetic balance. In addition, the paraventri-
cular nucleus has been suggested to also serve as a
relay for signals from both the ventromedial and the
lateral hypothalamus to the liver.22

Furthermore, the role of the hypothalamus in the
control of hepatic glucose production has been recently
specified, either in rats or in mice with targeted gene
mutations affecting insulin receptor expression and
signalling. A key role for insulin within the hypotha-
lamus has been suggested. Hence, insulin’s suppres-
sion of EGP is decreased in rats with decreased insulin
signalling in the hypothalamus.24,25 Moreover, insulin
receptor-KO mice with partial restoration of insulin
receptor in the brain, liver and pancreatic b-cells are
rescued from neonatal death and diabetes ketoacidosis.
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However, despite a full restoration of insulin signalling
in the liver, they still exhibit defects in the control of
HGP by insulin, due to persisting partial deficiency of
insulin signalling in the arcuate and paraventricular
hypothalamic nuclei.26 At an intracellular mechanistic
level, a central sensing of long chain fatty-acids, through
their oxidation, and a relay via hypothalamic ATP-
dependent potassium channels, has been suggested to be
involved in the suppression of EGP by insulin.27-29 More-
over, the descending nerve fibres of the hepatic branch
of the vagus have been shown to convey a causal effe-
rent signal to the liver.28,29 In addition, the efferent
signal is also able to regulate both hepatic Glc6Pase
and PEPCK gene expression.29

Among the most recent advances in the central
control of both glucose and energy homeostasis, the

role of AMP-activated protein kinase (AMPK), a key
fuel sensor enzyme expressed in the whole body —
including the brain— occupies a central place.30

Hypothalamic AMPK, indeed, is a key target of both
insulin and leptin, which are two major hormones
able to curb hunger and to control glucose homeos-
tasis. Both hormones inhibit AMPK, which in turn
modifies the activity of acetyl-CoA carboxylase and
the lipid metabolism of those neurons involved in the
control of food intake and glucose metabolism.30 As a
result, the neurons expressing the neuromediators
acting on the melanocortin receptors of type 3
(controlling energy expenditure) and of type 4
(controlling food intake), may coordinately regulate
both glucose and energy homeostasis under the
control of leptin and/or insulin.3
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Fig. 1.—Synergy between IGNG and GLP-1 in the control of food intake and glucose homeostasis after gastric bypass: The two path-
ways operate in synergy. (1) the derivation of food in the distal small intestine (the grey route in the scheme) causes increased secretion
of GLP-1 in response to the meal. (2) This stimulates secretion of insulin. (3) Insulin inhibits hepatic glucose production (HGP). (4) the
derivation of food in the distal small intestine induces gene expression of IGNG in this portion, which expresses little or no IGNG in the
“out of surgery” situation. The genes of IGNG are thus expressed strongly over the length of the small intestine. This leads to the rele-
ase of glucose into the portal blood, which lasts between meals, and adds to the proximal IGNG to activate the portal glucose sensing
system. (5) The portal glucose sensor transmits the information to the brain via the afferent nervous system. (6) The brain’s response
involves a decrease in hunger and an enhanced suppression of hepatic glucose production by insulin.
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Role of a gut-brain-liver axis in gastric bypass

To understand the metabolic differences between
gastric banding and gastric bypass, two mouse models
representing the two types of surgery have been deve-
loped. For the bypass, a simple enterogastroanasto-
mose (EGA) without reducing the size of the stomach
was performed (fig. 1). Before surgery, mice were fed
for 12 weeks with a diet enriched in fat and sugars to
make them obese and insulin-resistant. The sham-
operated mice recover their pre-surgical food intake in
a few days. On the contrary, the EGA mice reduce their
food intake by 70% immediately after the operation.6 It
should be emphasized that they have a normal size of
the stomach, which strongly suggests that this decrease
is due to a diminution of their feelings of hunger. On
the contrary, even if the banded mice eat less, due to the
size restriction of their stomach, they tend to increase
their food intake again after one week. They eventually
die if we do not restrict their food, exhibiting notably a
strong expansion of the esophagus, suggesting that
their feelings of hunger are always present.

What is the role of GLP-1?

The different hormonal hypotheses frequently
proposed were studied. None has helped to explain the
observed differences in food intake for the two surge-
ries. Regarding the possible role of GLP-1, a hypot-
hesis that was often put forward (see above), EGA
mice recover significant secretion of the hormone (and
consecutively of insulin) in response to an oral glucose
load31 (fig. 1). Since both GLP-1 and insulin are
anorectic, it was crucial to study the possible role of
GLP-1. This was done using exendin-9, a potent anta-
gonist of GLP-1 receptor. Continuous infusion of
exendin-9 canceled insulin secretion in response to a
glucose load, reflecting the effectiveness of the antago-
nist, but only partially reversed the effects of EGA on
food intake. This strongly suggests that GLP-1 may
have an important role in the recovery of insulin secre-
tion after bypass, and thus in the observed improve-
ment of glucose homeostasis in general, but that
neither GLP-1 nor insulin, would play the key role in
reducing food intake.31

What is the role of the portal glucose signal 
and intestinal gluconeogenesis?

On decreased hunger

Since the eighties, we know that glucose, when
infused into the portal blood of fasting animals, results
in a decrease of their food intake.32 It is also established
that this signal, often called “portal glucose signal” is
detected in the walls of the portal vein, and is trans-
mitted by nervous afferents to the nervous centers

— hypothalamus and nucleus of the solitary tract—,
which are the major areas of control of energy homeos-
tasis.33 This particular location of the glucose sensor
gives the intestinal gluconeogenesis (IGNG)34 the
potential to be a player in the control of feelings of food
intake.35 IGNG, ideally located just upstream the site of
detection of glucose, allows the intestine to release
glucose into the portal vein and thus to activate the
portal glucose signal. We have provided the proof of
concept of this new paradigm by demonstrating that
induction of IGNG and activation of portal glucose
signal is the causal link between the ingestion of
protein-enriched meals and their well-known effects of
satiety, property used for a long time by nutritionists to
help their obese patients to loose weight.36

Thus, we considered the hypothesis of a possible
role of IGNG in the appetite suppressant effects of
gastric bypass. Hence, we showed that a strong induc-
tion of expression of regulatory genes of gluconeoge-
nesis, glucose-6 phosphatase and phosphoenolpyru-
vate carboxykinase-C, occurs in the distal small
intestine of EGA mice and not in “sham” or “band”
mice.31 In the normal situation, the gluconeogenic
function is expressed in the proximal intestine
mainly, and virtually not in the distal small intes-
tine.37-39 As in rats fed high-protein diet, the induction
of genes in EGA mice results in a release of glucose
into the portal blood (fig. 1). This lasts during the
post-absorptive period.31 A demonstration of its
causal role in the sharp decrease of food intake in
EGA mice was provided by two complementary
approaches. 1) The inactivation of the portal vein
afferents at the time of surgery completely cancels the
suppression of subsequent food intake induced by
EGA. 2) No effect of EGA is observed on food intake
of mice invalidated for the gene of the glucose trans-
porter Glut2, the glucose carrier necessary for the
detection of portal glucose in rodents.31

On improved glucose control

The portal glucose signal, in addition to its effects on
food intake, is also likely to interfere with control of
glucose homeostasis. Notably, it has been strongly
suggested that it inhibits the production of glucose by
the liver.40 It seemed logical to think that it could also
play a causal role in improving glycemic control
induced by gastric bypass. To study glucose tolerance
and insulin sensitivity in mouse models of “banding”
and EGA equivalent in nutritional conditions, the
different groups of mice were fed on a “pair-fed” basis,
adjusted on the consumption of EGA mice. EGA mice
showed an improvement in glucose tolerance and
insulin sensitivity at 10 days after surgery. While
weight loss was the same as that of “banding” or
“sham” mice, the two latter do not show significant
improvement in their glucose control.31 By experiments
of hyperinsulinemic euglycemic clamp, the improve-
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ment was shown to relate to the inhibition by insulin of
EGP, more specifically in the liver (fig. 1). EGA mice,
probably because of increased insulin sensitivity, have
a decreased expression of the gene of glucose-6 phosp-
hatase in the liver.31 Note that many hypotheses were
considered to try to explain this improved insulin sensi-
tivity (based on changes in leptin, adiponectin, resistin,
TNF, AMPK activity, etc.). None accounted for the
improvements observed. Similarly, “EGA” mice
treated with exendin-9 show a partial reversal of their
glucose tolerance, due to the cancellation of insulin
secretion, but are still sensitive to insulin during the
insulin tolerance test. However, the benefits of the
EGA do not take place in KO-Glut2 mice, or in mice
after denervation of the portal vein, which demons-
trates again the crucial role of the portal nervous
sensing of glucose in these effects. Taken together,
these data strongly suggest that, if the restoration of
secretion of GLP-1 and insulin has an important role in
improving glucose tolerance, it is the gut-brain-liver
axis of induction of IGNG and activation of the portal
glucose signal which is the mechanical link accounting
for improved insulin sensitivity after gastric bypass. It
is interesting to note that in the particular nutritional
situation that are the high-protein diets, insulin
suppression of endogenous glucose production is
potentiated as in EGA.41 In this situation also, the effect
occurs at the level of production of glucose by the liver,
which is particularly evident from improved liver
glycogen storage during the clamp.41

Both incretin effect and intestinal gluconeogenesis
explain the benefits of bypass on glucose control

In conclusion, the specificity of bypass surgery in
terms of benefits on glucose and energy homeostasis
can be summarized as follows. Without excluding
other mechanisms (many of them could play a role
after the remodeling of the structure of the digestive
system), the specificity of gastric bypass in obese mice
relates to major changes in the sensations of hunger and
to rapid improvement of glucose control. 1) The induc-
tion of IGNG plays a major role in changing the sensa-
tions of hunger, and in restoring insulin sensitivity of
endogenous glucose production. 2) The restoration of
the secretion of GLP-1 and insulin plays a key addi-
tional role, in this context of insulin sensitivity reco-
vered, in the improvement of postprandial glucose
tolerance. It is noteworthy that the occurrence of a net
portal release of glucose during the post-absorptive
period has been recently confirmed 6 days after gastric
bypass in morbid obese.42 Moreover, the improvement
of insulin sensitivity (and not the changes in GLP-1 or
insulin secretions) has been recently suggested underl-
ying the improvement in glucose metabolism shortly
after bypass in obese diabetics.43 The findings in mice
may therefore perfectly apply to what takes place in
humans.
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