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The role of sodium-coupled glucose co-transporter
3 in the satiety effect of portal glucose sensing
Fabien Delaere 1,2,3,4, Adeline Duchampt 1,2,3, Lourdes Mounien 5, Pascal Seyer 5, Céline Duraffourd 1,2,3,
Carine Zitoun 1,2,3, Bernard Thorens 5, Gilles Mithieux 1,2,3,*
ABSTRACT
Portal vein glucose sensors detect variations in glycemia to induce a nervous signal that influences food intake and glucose homeostasis. Previous
experiments using high infusions of glucose suggested a metabolic sensing involving glucose transporter 2 (GLUT2). Here we evaluated the
afferent route for the signal and candidate molecules for detecting low glucose fluxes. Common hepatic branch vagotomy did not abolish the
anorectic effect of portal glucose, indicating dorsal transmission. GLUT2-null mice reduced their food intake in response to portal glucose signal
initiated by protein-enriched diet. A similar response of Trpm5-null mice and portal infusions of sweeteners also excluded sugar taste receptors.
Conversely, infusions of alpha-methylglucose, but not 3-O-methylglucose, decreased food intake, while phlorizin prevented the effect of glucose.
This suggested sensing through SGLT3, which was expressed in the portal area.

From these results we propose a finely tuned dual mechanism for portal glucose sensing that responds to different physiological conditions.
& 2012 Elsevier GmbH. All rights reserved.
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1. INTRODUCTION

Glucose-sensing units in the portal vein area are implicated in the control of
feeding and glucose homeostasis. This hepatoportal glucose sensor is
activated by a nonnegative portoarterial gradient [1], which induces a nervous
afferent signal through vagal and spinal nerves [2,3] that results in decreased
food intake [4,5], appearance of a food preference [6], increased insulin
secretion [7] and glucose utilization by various tissues [8,9], depending on
experimental conditions. Hepatoportal sensing also contributes to detection of
slowly-induced hypoglycemia [10], in which studies suggested that the
sensor is localized upstream of the liver, in the portal area and perhaps
extending to the mesenteric vein [10,11]. The hepatoportal area is innervated
by spinal (dorsal root) and vagal afferents (ventrally through the common
hepatic branch and dorsally through the celiac branch, the former being the
more abundant [12]). The exact route for the nervous signal initiated by
glucose sensing is still unknown, though the ventral vagal pathway has
received much interest (e.g. [3]). Interestingly, the multiple effects of portal
glucose sensing on food intake and glucose metabolism are suppressed by
capsaicin, a neurotoxic agent that destroys all primary afferent nerves (vagal
and spinal) [10,13,14] which are small unmyelinated fibers similar to those
affected by neuropathy in diabetic or pre-diabetic patients [12,15].
It is known that protein-enriched diets improve overall glucose control,
postprandial blood glucose and glycated hemoglobin in people with type
2 diabetes [16]. In recent studies in rats, we linked portal appearance of
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neosynthetized glucose to the beneficial effects of high-protein diets on
glycemia control. Such diets increase satiety [17] and insulin sensitivity of
glucose production [18], and induce intestinal gluconeogenesis in the
postabsorptive state in animals [14]. We have recently demonstrated that
this small postabsorptive flux of glucose into the portal blood (�15–20%
of endogenous glucose production-EGP) and its detection are sufficient to
decrease food intake similarly to dietary proteins [14], and are necessary
for high-protein diets to induce satiety [14,19].
How small concentrations of portal glucose initiate the nervous signal is still
unclear. Early 2000s, Burcelin et al. showed that in fasted mice, the
response to a flux equivalent to EGP requires the presence of GLUT2 [20]
and an active glucagon-like peptide 1 (GLP1) receptor [21]. These studies
suggested a catabolic mechanism for portal glucose detection similar to the
paradigm of the pancreatic beta-cell response, i.e. initiated by cellular entry
through GLUT2 [22]. To our knowledge, even though GLUT2 is a potential
candidate in accordance with its low affinity for glucose [23], no study
explored its role in the hepatoportal detection of low glucose. More recently,
several studies on intestinal and hypothalamic glucose-detecting cells
proposed extracellular sites for detection of even small concentrations of
glucose, in addition to metabolic mechanisms. Sodium–glucose co-
transporters such as SGLT3 have been implicated in the activation of
hypothalamic glucose-excited neurons [24], the enteric secretion of GLP1 by
L-cells [25] or serotonin by enterochromaffin cells [26]. Although more
controversial [27,28], a role in the glucose-induced secretion of GLP1 was
ranoside; (EGP), endogenous glucose production; (GFAP), glial fibriallary acidic protein; (GLP1), glucagon-like peptide 1;
rogenase; (PGP9.5), protein gene product 9.5; (PED), protein-enriched diet; (SED), starch-enriched diet; (SGLT), sodium
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also suggested for the dimeric sweet taste receptor T1R2þT1R3 [29]. In
these models, glucose acts as a signal and binds to an extracellular receptor,
and initiates depolarization with Naþ entry (for SGLT3 [30]) or through
transient receptor potential melastin 5 (Trpm5) channels (for T1Rs [31]).
In this study, we tested whether GLUT2 or these extracellular
mechanisms are implicated in the hepatoportal detection of glucose
in the conditions induced by high-protein diets (low flux of glucose in
the postabsorptive state). As readout for this detection, we used the
decrease in food intake observed both in rats and mice [14,19].
2. MATERIALS AND METHODS

Animals were housed on 12 h light/dark cycle, had free access to
water, and, unless indicated otherwise, to a standard rodent starch-
enriched diet (SED, Harlan, Lyon, France). All procedures were in
accordance with the principles and guidelines of the European
Convention for the Protection of Laboratory Animals, and approved by
the regional animal care committee (CREEA, CNRS Rhône-Alpes-
Auvergne, France).

2.1. Food intake on standard and protein-enriched diets
Food intake of male adult control (C57BL/6J) and transgenic
(ripglut1;glut2� /� [20] and Trpm5 knock-out [31]) mice (n¼4–8 per
group) was monitored every day for 2–3 weeks using an 8-chamber
Oxymax system (Columbus Instruments). After 5–6 days on SED, mice
were switched to a protein-enriched diet (PED), deriving from SED in its
starch-glucose/protein ratio (50%/17% vs. 13%/53%, w/w). Both diets
were isocaloric (3.3 kcal/g). Proteins in PED were soya protein and
casein (50/50). Global and group comparisons were carried out using
repeated measures analysis of variance. In each group, daily food
intake after diet change was compared to the mean intake for the first
days on SED using Student’s t-test for paired values. Significance levels
were set at 0.05.

2.2. Gene and protein expression analysis
Animals were killed in the postabsorptive state (6 h after food removal).
Total RNAs and protein were extracted from frozen tissues with TRIzol
reagent (Invitrogen), using glycogen to improve mRNA yield in small
samples (mice portal area). Reverse transcription, real-time PCR and
Western blots were performed as described previously [18], using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA for nor-
malization, and anti-G6PC, anti-GLUT2 (Chemicon, Temecula, CA), anti-
SGLT3 (Interchim, Montluc-on, France) antibodies at 1:5000, 1:2500,
1:1000 dilutions, respectively. Table 1 contains primer sequences.

2.3. Portal vein infusions
Adult male Sprague-Dawley rats (Harlan, Lyon, France, n¼3–9 per
group) were equipped with an indwelling catheter, positioned at the
junction of the mesenteric and the pancreaticoduodenal veins, as
previously described [14]. To inactivate afferents, during surgery the
portal vein area was isolated from surrounding tissues using paraffin films
Gene Forward primer (50 �30 ) Reverse primer (50 �30 )

GLUT2 GCTGGAAGAAGCGTATCAGG AATCCTGATTGCCCAGAATG

SGLT3a TGCTGAAGACGAACCGAAGCAC ACCAGCAGCAAGGCAAACGA

SGLT3b TCGTACAGCGCTGCTTATGTGGT ACCGCAGTGCCACACTGTTTCT

GAPDH TTCCAGTATGACTCCACTCACG AGACTCCACGACATACTCAGCA

Table 1: Primer sequences.
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and cotton compresses. A gauze compress moistened with 80 ml of
capsaicin (10 mg/ml in water:ethanol:tween20, 8:1:1, vol/vol), was
applied around the portal vein for 15 min. For ventral vagotomy, the left
and caudal hepatic lobes were gently deflected, and the common hepatic
branch, along with the fascia surrounding the nerve, was completely
sectioned after mid-level between the liver and the esophagus (see [32]
for schematics), with the aid of a binocular microscope. Successful
ablation was verified at the end of the experiment for each animal. In
preliminary experiments, we were unsuccessful in specifically inactivating
afferents of this common hepatic branch using capsaicin, because of
diffusion on the nearby portal vein (thereby destroying both vagal and
spinal fibers). Rats were allowed to recover from surgery for one week
with free access to SED and water.
Infusion experiments were performed as described previously [14].
Briefly, 4 h before light onset, rats were isolated without food (free
access to water) and infused with saline or test solutions. Upon light
onset, rats were given SED while infusion was maintained. Food intake
was measured 3 h later. Each rat was studied at least three times with
each solution, infused in a random order. Mean values for each solution
were first calculated in each rat. These values were then used to
calculate mean values for each solution in each group (saline vs. test)
and compared using Student’s t-test for paired values. When saline was
compared to two or more solutions, global comparison was performed
using analysis of variance, followed by multiple paired comparisons
with Holm–Bonferroni correction (all significance level at 0.05).
2.4. Immunofluorescence
These procedures were performed as previously described [14,33].
Tissues removed comprised an extended portal vein area (containing
mesenteric vein and all hepatic lobes). Before freezing, tissues were
embedded and vessels were injected with Tissue-Teks (Sakura-
Finetek, Villeneuve-d’Ascq, France) using custom-made syringes.
Coronal sections were analyzed using antibodies indicated in Supple-
mentary Table 1. Staining was absent when primary antibodies were
omitted. For double labeling, no cross-reactivity occurred, as assessed
by inverting staining order or omitting the second primary antibody. The
relative extent of innervation was assessed by counting all visible
reactive fibers within randomly selected sample field views
(200 mm� 200 mm) on 5 different sections of intact or capsaicin-
treated portal veins, and values were compared using Student’s t-test
(significance level at 0.05).
3. RESULTS

3.1. Ventral vagal innervation is not necessary for portal glucose
effects on food intake
To evaluate the supposed role of vagal afferents as route for the
glucose signal, we performed a surgical ablation of the common
hepatic branch of the vagus in rats. This is the major branch of
hepatoportal vagal innervation [12,34], and it also innervates parts of
the stomach, pyloric sphincter, pancreas and proximal duodenum. We
measured food intake in response to either saline (thus allowing control
for potential baseline physiological changes) or glucose perfusion in our
experimental paradigm (25 mmol/kg/min, in the postabsorptive state).
Despite this local vagotomy, portal glucose elicited a similar decrease
in food intake (�52%) compared to saline infusions (P¼0.01), as
observed in intact, non-vagotomized, animals (Figure 1).
OLISM 2 (2013) 47–53 & 2012 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



Figure 1: Ventral vagal innervation is not necessary for portal glucose effects on food intake. Effect of infusion of saline (0, white bars) or glucose (25 mmol/kg/min, black bars) on the food intake of SED-fed rats, either (A) non-denervated or (B)

vagotomized at the level of the common hepatic branch (n¼3–6 per group); data are expressed as means7SEM; *Po0.05 vs. saline.

Figure 2: GLUT2 is present in the portal area but not necessary for glucose sensing. A: relative mRNA expression of GLUT2 in the portal area and liver of rats (n¼3); data are expressed as means7SEM. B: protein expression of GLUT2 and glucose-6-

phosphatase (catalytic unit, G6PC) in the portal area, liver and ileum of mice (representative image; three different animals are represented for portal vein). C: daily food intake of wild-type (n¼8, white circles) and GLUT2-null mice (n¼6, black circles) fed

successively on a standard chow diet (SED, day 1–6) then on a protein-enriched diet (PED, starting day 7); for each animal data are expressed in percentage of its mean daily food intake during the 6 days under SED (reference), and represented as

means7SEM for each group; *Po0.05 and **Po0.01 compared to this reference.
This strongly suggests that ventral vagal innervation is not essential to
convey the nervous signal elicited by glucose detection in the
portal vein.

3.2. GLUT2 is present in the portal area but not necessary for the
effect of glucose signal on satiety
In order to evaluate implication of GLUT2 in the detection of a low
portal flux of glucose that leads to satiety, we first examined its
presence in the portal area (comprising the portal vein, the hepatic
artery and the common bile duct) from rats and mice. In both species,
GLUT2 mRNA and protein were expressed (Figure 2A, B). We used liver-
expressed glucose-6-phosphatase (catalytic subunit, G6PC) to control
the absence of hepatocytes in the portal samples (Figure. 2B). We then
tried to visualize GLUT2 in the portal area using immunohistochemistry,
especially in relation to nervous structures, that convey the portal
glucose signal [3]. Using glial fibriallary acidic protein (GFAP) and
protein gene product 9.5 (PGP9.5) as markers we could observe a
dense network of entangled glial and neuronal cells around the portal
vein, hepatic artery and bile duct. In the portal (and mesenteric) vein,
and contrary to the hepatic artery, glial and neuronal cells were seen
ending near the lumen, suggesting potential detection of circulating
metabolites (Supplementary Figure 1). However we failed to visualize
GLUT2 in the area, despite strong immunodetection in the liver or
pancreas. Moreover, using portal injections of 2-[N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino]-2-deoxy-D-glucose (2-NBDG), a fluorescent
2-deoxyglucose analog transported by GLUT2 that accumulates in the
cell without catabolism, we could not detect candidate cells
MOLECULAR METABOLISM 2 (2013) 47–53 & 2012 Elsevier GmbH. All rights reserved. www.molec
transporting glucose through GLUT2 in the portal area (despite strong
2-NBDG visualization in the liver).
Then we functionally investigated implication of GLUT2 in low glucose
detection using a transgenic approach and recent results demonstrating
that the satiety elicited by protein-enriched diets is caused by intestinal
production of glucose in the postabsorptive state and its portal
detection [14,19]. After 6 days on standard chow diet (SED, 20%
energy from protein), wild-type and GLUT2-null mice were switched to
protein-enriched diet (PED, 64% energy from protein) for 2 weeks. As
described previously for standard diet [35], GLUT2-null mice had higher
mean daily food intake than wild-type (Po0.0005) under SED (6.3 g/d
vs. 4.4 g/d), and PED (4.6 g/d vs. 3.6 g/d), with similar body weight
(P¼0.6 between genotypes). In agreement with previous results on
mice and rats [19,36], both groups ate slightly less the first day of diet
change and adjusted their intake for 3 days. Then both wild-type and
GLUT2-null mice ate daily around 20% less under PED than under SED
(�1873% and �2674% for WT and GLUT2-null respectively,
P¼0.09 between genotypes), and maintained this lower food intake
throughout the experiment (Figure 2C).
These data demonstrate that though present in the portal area, GLUT2
is not necessary for the effects of PED on food intake that are mediated
by portal glucose signal.

3.3. Trpm5 activation is not responsible for the portal glucose signal
To investigate if the activation of Trpm5, a key component of the sweet
taste transduction cascade controlled by T1Rs, could be involved in the
portal detection of glucose, we infused one of two structurally different
ularmetabolism.com 49



Figure 3: Sugar taste sensing is not responsible for portal glucose sensing. A, B: effect of portal vein infusion of saline (0, white bars), acesulfame K (A, 13 mmol/kg/min, black bar) or sucralose (B, 6.7 mmol/kg/min, black bar) on the food intake of SED-

fed rats (n¼3–6 per group); data are expressed as means7SEM. C: daily food intake of wild-type (white circles) and Trpm5-null (black circles) mice (n¼ fed successively on a standard chow diet (SED, day 1–5)) then on a protein-enriched diet (PED,

starting day 6); for each animal data are expressed in percentage of its mean daily food intake during 5 days under SED (reference), and represented as means7SEM for each group; *Po0.05 and **Po0.01 compared to this reference.
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sweeteners, acesulfame K and sucralose, through the portal vein of rats in
the postabsorptive state at 13 mmol/kg/min and 6.7 mmol/kg/min
respectively. These rates were chosen for comparison with infusions of
glucose sufficient to elicit satiety (12–25 mmol/kg/min [14]), and taking
into account their relative affinity for sugar taste receptors (around twice
as high for sucralose vs. acesulfame K [37]). We measured subsequent
food intake on standard chow during 3 h. Both sweeteners did not
significantly modify food intake compared to saline infusions (Figure 3A, B,
P¼0.23 for acesulfame K, P¼0.25 for sucralose).
Then we used Trpm5-null mice in the same paradigm as GLUT2-null
mice. Trpm5-null mice are indeed deprived of the cation channel required
for a response to sweet taste [31], without significant effect on food
intake under SED (4.16 g/d vs. 4.14 g/d for wild-type, P¼0.99). As in the
experiment with GLUT2-null mice, when adapted to protein-enriched
diets, both wild-type and Trpm5-null mice ate less under PED (3.13 g/d
and 1.52 g/d, i.e. �1774% and �54712% vs. SED for WT and
Trpm5-null respectively, Po0.01 between genotypes, Figure 3C).
These data demonstrate that Trpm5 activation, an essential step in the
sweet taste transduction cascade, is not responsible for the satiety
response to portal glucose.

3.4. Portal glucose sensing exhibits the characteristics of detection
through SGLT3
We then explored the hypothesis that portal glucose leads to a nervous
signal through binding to SGLT3, as was proposed for hypothalamic
neurons [24] and enterochromaffin cells [26].
We first measured food intake in response to portal infusions in the
postabsorptive state of the non-metabolizable glucose analog
a-methylglucopyranoside (aMDG), a specific substrate of all SGLTs
but not of GLUTs. As shown in Figure 4A, portal infusions of aMDG
(25 mmol/kg/min) induced a significant 37% decrease in the food
intake of rats compared to saline infusions (2.4470.31 g vs.
3.8970.41 g, Po0.05).
To verify that the effect is due to portal detection, since SGLTs are
present in different organs throughout the body [38], we treated portal
veins of rats with capsaicin, a neurotoxic agent which inactivates
weakly myelinated or unmyelinated afferent fibers, and therefore
prevents portal glucose signal [14]. To confirm the efficacy of
denervation, we observed that the number of neuronal and glial cells
in the portal area was substantially decreased (Supplementary Figure 2)
in line with the relative abundance of afferents vs. efferents in vagal
hepatoportal innervation [34], and that portal infusions of glucose
(25 mmol/kg/min) had no effect on food intake (Figure 4B,
2.9370.73 g vs. 3.4470.29 g, P¼0.82 for global comparison).
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When receiving portal infusions of aMDG (25 mmol/kg/min), dener-
vated animals did not decrease their food intake (Figure 4B,
3.6370.20 g), indicating that the satiety elicited by portal infusions
of this SGLTs substrate is mediated by a portal nervous signal.
To further evaluate the role of SGLTs in portal glucose detection, we
used phlorizin, a competitive SGLT inhibitor. In order to limit adverse
effects (e.g. on renal glucose reabsorption), we infused phlorizin at the
very low rate of 0.2 mmol/kg/min. When infused alone, we did not
observe any significant effect of this inhibitor neither on glycemia
(4.6570.21 mM vs. 5.0070.1 mM for saline, P¼0.33) nor on food
intake (Figure 4C, 4.3970.63 g vs. 4.6970.10 g for saline, P¼0.63
vs. saline). However, when co-infused with glucose (25 mmol/kg/min),
phlorizin abolished the decrease in food intake elicited by portal
glucose (Figure. 4C, 4.7570.72 g, P¼1 vs. saline).
To specify which SGLT could be responsible for this detection, we used
3-O-methyl-D-glucopyranose (3-O-MDG), which is transported by SGLT1
but does not bind to SGLT3 (nor SGLT4) [39]. In response to portal 3-O-
MDG infusions, rats did not significantly change their food intake
compared to saline (Figure 4D, 6.3071.07 g vs. 6.8471.01 g,
P¼0.63), suggesting that SGLT1 is not involved in portal glucose signal.
Given the suggested glucosensing role of SGLT3, we assessed its
presence in the portal area, using RT-PCR and Western blots on mouse
samples (same samples as in Figure. 2B, i.e. controlled for contamina-
tion by hepatocytes). Both SGLT3 mRNA (Figure 4E) and protein
(Figure 4F) were identified in the portal area of each animal tested.
Western blots revealed two spots corresponding to the two isoforms
SGLT3a (71 kDa) and SGLT3b (72 kDa).
Altogether these data strongly suggest that portal detection of a small
flux of glucose (equivalent to intestinal glucose production in response
to protein-enriched diets) could be mediated by SGLTs, particularly
by SGLT3.
4. DISCUSSION

In the context of decreased food intake elicited by portal glucose
sensing, our data strongly suggest that under the conditions of a small
glucose flux, such as that contributed by intestinal gluconeogenesis
elicited by protein-enriched diets, portal glucose detection occurs
independently of GLUT2, and is mediated by SGLTs, possibly SGLT3,
to eventually induce a dorsally transmitted nervous signal.
Our denervation experiment clearly shows that the ventral vagal
pathway is not essential for the transmission of the hepatoportal signal
under our postabsorptive conditions. Solely based on our present
OLISM 2 (2013) 47–53 & 2012 Elsevier GmbH. All rights reserved. www.molecularmetabolism.com



Figure 4: Portal glucose sensor exhibits the characteristics of SGLTs, particularly SGLT3. A: effect of infusion of saline (0, white bar) or a-methylglucose (25 mmol/kg/min, black bar) on the food intake of SED-fed rats (n¼9 per group); data are expressed

as means7SEM; *Po0.05 vs. saline. B: effect of infusions of saline (white bar), glucose (25 mmol/kg/min, black bar), or a-methylglucose (25 mmol/kg/min, gray bar) in rats with capsaicin-treated portal vein (n¼5 per group); data are expressed as

means7SEM. C: effect of infusion of saline (white bar), glucose (25 mmol/kg/min, black bar), phlorizin (0.2 mmol/kg/min, gray bar), or phlorizin and glucose (0.2 mmol/kg/min and 25 mmol/kg/min respectively, hatched bar) on the food intake of SED-fed

rats (n¼4); data are expressed as means7SEM; *Po0.05 vs. saline. D: effect of infusion of saline (0, white bar) or 3-O-methylglucose (25 mmol/kg/min, black bar) on the food intake of SED-fed rats (n¼5); data are expressed as means7SEM. E:

relative mRNA expression of SGLT3a and SGLT3b in the portal area (white bars) and kidney (black bars) of rats (n¼3); data are expressed as means7SEM. F: protein expression of SGLT3 in the portal area, kidney, liver and ileum of mice (representative

image; six different animals are represented for portal vein, two different animals for kidney). In each lane, the two spots correspond in weight to the two isoforms SGLT3a and SGLT3b.
results, we cannot conclude on the respective importance of the two
dorsal pathways, either vagal through the celiac branch or spinal
through dorsal root afferents. The spinal route seems more plausible,
since celiac branch has minor contribution to innervation, and dorsal
root afferents were shown to convey the influence of portal glucose on
the electrical activity of neurons in the lateral hypothalamus [40].
Although the contribution of the dorsal vagus remains to be fully
investigated, the implication of spinal afferents in the transmission of
the hepatoportal glucose signal and its effects has been thus far mainly
disregarded, and deserves to be given a fresh impetus.
Transgenic mice helped us establish that GLUT2 is not necessary for
the satiety elicited by portal glucose sensing in these conditions of a
small glucose flux (12–25 mmol/kg/min, around 20% of endogenous
glucose production in the postabsorptive state [14]). We then tested
other sensing mechanisms, focusing on extracellular detection through
which glucose can act rather as a signaling molecule than as a nutrient
per se. T1Rs could be involved in glucose sensing in intestinal L-cells
[29]. Despite their ability to induce much higher responses from sweet
taste receptors than glucose [37], the sweeteners acesulfame K and
sucralose did not elicit satiety when infused in the portal vein.
We confirmed that portal glucose sensing does not require the
activation of the sweet taste transduction cascade using transgenic
mice devoid of Trpm5, an essential cation channel for taste signaling
pathway. These mice were surprisingly even more sensitive to protein-
enriched diet, perhaps suggesting a partially compensating role for
Trpm5 in wild-type mice linked to its implication in the gustatory
detection of sweet and aminoacid tastes [31].
Our in vivo experiments strongly suggest that portal glucose could be sensed
by SGLTs, particularly SGLT3, to elicit satiety. Food intake was decreased by
low portal concentrations of both glucose and aMDG, and glucose-induced
satiety was abolished by phlorizin, indicating detection of glucose by SGLTs.
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The absence of response to 3-O-MDG, and its expression in the portal area
pointed out SGLT3 as a very likely candidate, even though we cannot
exclude a potential role of other members in the SLC5 family with these
sugar responses (e.g. SGLT4, also expressed in the intestine). SGLT3 is
particularly plausible since previous results showed that in the SGLT family,
SGLT3 is expressed in enteric neurons (in humans [30]) and rather acts as
sugar sensor responding to small variations in glucose concentration. In vitro
experiments showed indeed that both human [30] and mouse [41] proteins
display electrochemical characteristics compatible with sensing of physio-
logical concentrations of glucose. Accordingly, physiological studies on
rodents suggested that SGLT3 is involved in glucose sensing by hypotha-
lamic neurons and enterochromaffin cells in the intestinal mucosa [24,26].
Despite our observations of an extensive innervation network (neuronal and
glial cells) in the portal area, and more specifically in inner layers of the
portal vein membrane (Supplementary Figure 1), we could not visualize cells
bearing SGLT3, so we cannot conclude whether glucose sensing through
SGLTs occurs directly on portal afferents or on intermediate (e.g. glial or
neurotransmitter-releasing) cells.
In our present experiments, GLUT2 is not required for the effects of PED on
food intake that are conveyed by portal glucose sensing [14,19]. Previous
studies had proposed metabolic mechanisms for this sensing (e.g. for
hypoglycaemic detection [42]), and showed that GLUT2 is necessary for the
effects of a glucose load into the portal vein [20]. The simplest explanation
for this discrepancy certainly lies in the very different experimental
conditions, and more specifically in the variations of portal glucose
concentration. In our study, sugars are perfused at a very low rate while
animals are in the postabsorptive state (25 mmol/kg/min in 250–270 g rats,
whose mean portal blood flow is around 16–20 mL/min [43,44], i.e. a rate
equivalent to a o0.4 mM increase in portal glycemia). These conditions
mimic natural intestinal gluconeogenesis (occurring notably under high
protein diet), whereby neosynthetized glucose compensates and
ularmetabolism.com 51
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eventually delays the onset of a small negative gradient between portal
vein and hepatic artery glycemia [14]. In studies by Burcelin et al. [20] a
much higher load of glucose was infused in animals fasting for 6 h (2 mL/
min of a 330 g/L solution in mice whose mean portal blood flow is around
2 mL/min [45], i.e. an approximate 1.8 mM increase in portal glycemia).
Under these physiological conditions a larger negative gradient exists
between portal and arterial glycemia at the time of infusion, and is much
more than compensated by the glucose load. We propose that the
sensitive portal glucose sensor may rely on different mechanisms (an
extracellular, energy-sparing, detection through SGLT3 and/or catabolism
via entry through GLUT2) depending on the variations of glucose gradient
in the portal area. Such a multimodal detection was proposed for
glucosensing hypothalamic neurons, with different molecular mechanisms
implicated in the response to small (from 0.5 to 2.5 mM) or high (from
5 to 20 mM) changes in glucose concentrations [46]. Both catabolic [47]
and extracellular detection mechanisms [48] have been proposed within
the subcategory of neurons inhibited by small changes in glucose. Based
on our results, we propose that, to induce satiety, portal glucose sensor
acts preferably through SGLT3 for ‘‘small’’ (e.g. o1 mM) variations in
portal-arterial glucose gradient, and through GLUT2 for ‘‘large’’ (e.g.
41 mM) gradient changes. For the latter, the small electrogenic
response through SGLT3 would indeed be inhibited by background
currents caused by glucose metabolism (following entry through GLUT2),
as suggested by previous results in neurons [24] and L-cells [49].
In conclusion, our findings strongly suggest that in conditions of a small
flux of glucose in the portal vein (occurring naturally for instance under a
high protein diet as a consequence of intestinal gluconeogenesis), satiety
elicited by portal glucose sensing is mediated not by GLUT2 but by an
extracellular detection through SGLT, possibly SGLT3, that eventually
initiates a dorsal nervous signal. We propose that these two mechanisms
operate predominantly for large (4�1 mM) or small (o�1 mM)
variations in porto-arterial glucose gradient, respectively. This enables a
fine tuning for the portal glucose signal and its effect on food intake and
glucose metabolism. Future studies are now required to fully precise this
hypothesis and the nature of the cells and downstream pathways
converting these detection mechanisms into a nervous signal.
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