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Abstract

In the intestine, changes of sugar concentration generated in the lumen during digestion induce adaptive

responses of glucose transporters in the epithelium. A close matching between the intestinal expression of glu-

cose transporters and the composition and amount of the diet has been provided by several experiments. Func-

tional evidence has demonstrated that the regulation of glucose transporters into enterocytes is induced by the

sensing of sugar of the enteroendocrine cells through activation of sweet taste receptors (T1R2 and T1R3) and

their associated elements of G-protein-linked signaling pathways (e.g. a-gustducin, phospholipase C b type 2

and transient receptor potential channel M5), which are signaling molecules also involved in the perception of

sweet substances in the taste receptor cells (TRCs) of the tongue. Considering this phenotypical similarity

between the intestinal cells and TRCs, we evaluated whether the TRCs themselves possess proteins of the glu-

cose transport mechanism. Therefore, we investigated the expression of the typical intestinal glucose transport-

ers (i.e. GLUT2, GLUT5 and SGLT1) in rat circumvallate papillae, using immunohistochemistry, double-labeling

immunofluorescence, immunoelectron microscopy and reverse transcriptase-polymerase chain reaction analysis.

The results showed that GLUT2, GLUT5 and SGLT1 are expressed in TRCs; their immunoreactivity was also

observed in cells that displayed staining for a-gustducin and T1R3 receptor. The immunoelectron microscopic

results confirmed that GLUT2, GLUT5 and SGLT1 were predominantly expressed in cells with ultrastructural char-

acteristics of chemoreceptor cells. The presence of glucose transporters in TRCs adds a further link between

chemosensory information and cellular responses to sweet stimuli that may have important roles in glucose

homeostasis, contributing to a better understanding of the pathways implicated in glucose metabolism.
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Introduction

Glucose and fructose are the principal energy substrates

absorbed by epithelial cells lining the intestinal lumen; they

are transported to the bloodstream by membrane-

associated carrier proteins, the glucose transporters (Wright

et al. 2003; Thorens & Mueckler, 2010). The classic intestinal

glucose transport pathway occurs primarily through the

serial work of two transporter proteins: SGLT1 and GLUT2.

SGLT1 is a member of the Na+-dependent glucose trans-

porter (SGLT) family, which cotransports, from the lumen to

the interior of the cell, the sodium and glucose substrates in

the same direction across the apical membrane, using the

energy from a downhill sodium gradient against an uphill

glucose gradient. Elevated intracellular glucose concentra-

tion induces the extrusion of glucose out of the cells by

GLUT2, an isoform of the sodium-independent, facilitative

glucose ⁄ hexose transporter (GLUT) family, located on the

basolateral membrane (Thorens et al. 1990; Kellett, 2001;

Scheepers et al. 2004). This mechanism is valid for other

sugars like galactose and mannose, but not for fructose,

which can only be extruded by GLUT2 (Cheeseman, 1993),

but needs to be taken up from the lumen by the GLUT5

isoform (Burant et al. 1992; Burant & Saxena, 1994).

In the intestine, the transport of glucose is considered an

important example of how luminal sweet stimuli have a

regulatory effect on glucose transporters, because changes

of sugar concentration generated in the lumen during

digestion induce adaptive responses of glucose transporters

in the intestinal epithelium. Evidence for a close matching

between the intestinal expression of glucose transporters

and the composition and amount of the diet has been
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provided by several in vivo or in vitro experiments. It has

been shown that the expression of SGLT1 in enterocytes is

related to the amount of luminal monosaccharides (Dyer

et al. 1997, 2007; Stearns et al. 2010). An additional intesti-

nal sugar absorption through the GLUT2 pathway appeared

to be induced by high levels of glucose generated during

digestion of carbohydrate-rich food (Kellett & Helliwell,

2000; Kellett, 2001; Kellett & Brot-Laroche, 2005), and it seemed

to occur entirely in enterocytes and required the insertion of

GLUT2 into the apical membrane (Mace et al. 2007). Similarly,

the intestinal expression of GLUT5 showed to be markedly and

specifically increased by high-fructose diets or solutions (Inukai

et al. 1993; Shu et al. 1997, 1998; Ferraris, 2001).

Chemosensing of luminal contents by receptors is now of

interest also in the gastrointestinal tract, because it is possi-

ble that chemoreceptors might play a role in food intake

control. Enteroendocrine cells and enterocytes are consid-

ered to be the main agents in the perception and absorp-

tion of intraluminal free sugars, respectively (Sternini et al.

2008). It is now well established that the sweet receptors in

enteroendocrine cells are the same T1R2 and T1R3 receptors

that perceive sweet substances in the taste receptor cells

(TRCs) of the tongue (Bezençon et al. 2006; Dyer et al.

2007). The sweet receptor functions associated in the

T1R2 + T1R3 heterodimer and belonging to the G-protein-

coupled receptor superfamily use G-protein-linked signaling

pathways involving a-gustducin, phospholipase C b type 2

(PLCb2), inositol 1,4,5-triphosphate and transient receptor

potential channel M5 as signaling elements (Perez et al.

2002; Hofmann et al. 2003; Liu & Liman, 2003).

The oral cavity is like a gateway to the digestive system in

which sugars contained in ingested food are partially broken

down by salivary enzymes, generating a local buildup of

sugar. Recently, we have shown that amylase is expressed in

taste bud cells of the circumvallate papillae, suggesting that

a local release of amylase by taste cells could increase sugar

levels in the external milieu of TRCs, which could in turn mod-

ulate initial events in taste perception (Merigo et al. 2009).

Considering the regulatory effect of luminal sugar con-

centrations on glucose uptake and transport in intestinal

cells, it is conceivable that TRCs are responsive to local

changes of sugar concentration through modulation of

mechanisms having direct effects on glucose homeostasis.

In other words, it may be that TRCs respond to increased

levels of external sugar not only by detection of sweet stim-

uli but also through mechanisms of glucose absorption.

Some reports have demonstrated, using electrophysiology

experiments, a sugar-activated lingual Na transport system,

stimulated by both mono- and disaccharides, in the dorsal

lingual epithelia from dog (Mierson et al. 1988), and a D-

glucose transport system in the human oral cavity, predomi-

nantly localized in the dorsum of the tongue (Kurosaki

et al. 1998; Oyama et al. 1999). On these evidences implying

the existence of glucose transport in the tongue, we

hypothesized that glucose transporters might be present in

the gustatory epithelium of tongue as mechanisms of sub-

strate-induced regulation, and that TRCs may participate in

sugar sensing by molecular elements analogous to those

observed in intestinal cells.

To test this hypothesis, in the present study we examined

the expression of the major intestinal glucose transporters

(SGLT1, GLUT2, GLUT5) in rat circumvallate papillae, which

are localized in the dorsal part of the tongue where glucose

transport has previously been described, using immuno-

staining at light and electron microscopy and reverse trans-

criptase-polymerase chain reaction (RT-PCR) analyses. In

addition, using double-labeling confocal laser microscopy,

the glucose transporter immunolabeling was compared

with that of a-gustducin and T1R3 receptor.

Materials and methods

Tissue preparation

The study was conducted on 15 adult Wistar rats of both sexes

(150–200 g; Morini Company, Reggio Emilia, Italy) kept at the

departmental animal facility. The rats were allowed free access

to food and water, and were handled in accordance with the

guidelines for animal experimentation established by Italian

law. The animals were anesthetized with ether and perfused

with 4% paraformaldehyde in 0.1 M phosphate buffer (PB),

pH 7.4. The excised tissues (i.e. circumvallate papillae, pancreas,

proximal jejunum) were further fixed by immersion in the same

fixative for 2 h at 4 �C. After rinsing in 0.1 M PB, the tissues were

put into 30% sucrose overnight and cut (40 lm thickness) on a

freezing microtome (Reichert-Jung, Vienna, Austria). Sections

from seven animals were processed both for immunoperoxidase

and single-immunofluorescence labeling, and sections from

eight animals for double-immunofluorescence labeling. Two or

three sections per animal were used for each immunohisto-

chemical experiment.

Primary antibodies

For this study we used the following primary antibodies: anti-

GLUT2 (Chemicon International, Temecula, CA, USA, cat #AB1342

and LifeSpan Biosciences, Seattle, WA, USA, cat #LS-C15390 ⁄
25520); anti-GLUT5 (Chemicon International, cat #AB1348 and

Lifespan Biosciences, cat #LS-C15414 ⁄ 7781); anti-SGLT1 (abcam,

Cambridge, UK, cat #ab14686); anti-a-gustducin (Santa Cruz Bio-

technology, Heidelberg, Germany, cat #sc-395); T1R3 (abcam, cat

#ab74732).

Peroxidase-immunohistochemistry

Sections were blocked for 1 h in 0.3% Triton X-100, 1% bovine

serum albumin (BSA) and 1% normal swine serum in 0.1 M phos-

phate-buffered saline (PBS; blocking solution); the same solu-

tion was used to dilute the antibodies. Immunohistochemical

staining was performed using the avidin-biotin complex (ABC)

technique. Briefly, endogenous peroxidase was quenched by

immersion in a solution of 0.3% hydrogen peroxide in methanol

for 30 min. After washing in PB, the sections were treated with
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blocking solution for 20 min. Subsequently, sections were incu-

bated overnight at 4 �C with anti-GLUT2 (1 : 1000 abcam,

1 : 400 LSBio), anti-GLUT5 (1 : 1000 abcam, 1 : 400 LSBio), or

anti-SGLT1 (1 : 1000), and then reacted with biotinylated swine

anti-rabbit immunoglobulins (DAKO, Milan, Italy; 1 : 400) for

2 h. The immunoreaction was detected using a Vectastain Elite

ABC kit (Vector, Burlingame, CA, USA) and then visualized with

3.3¢-diaminobenzidine tetrahydrocloride (DAKO) for 5–10 min.

Finally, sections were collected on polylysine-coated slides and

mounted with DAKO� Faramount Aqueous Mounting Medium.

Control sections were prepared by preabsorbing the glucose

transporter antibodies with the corresponding peptide (5 lg per

1 mL of antibody) or by omitting the primary antibody. Sections

were observed under an Olympus BX51 photomicroscope

equipped with a KY-F58 CCD camera (JVC). Electronic images

were analyzed and stored using IMAGE-PROPLUS software (Media

Cybernetics, Silver Springs, MD, USA).

Immunofluorescence

Single-labeling

Free-floating sections were blocked for 1 h in 0.3% Triton X-

100, 1% BSA and 1% normal goat serum in 0.1 M PBS (blocking

solution). Subsequently, they were incubated overnight in anti-

GLUT2 (1 : 200 abcam and LSBio), anti-GLUT5 (1 : 200 abcam

and LSBio) or anti-SGLT1 (1 : 200), and after washes, reacted

with a secondary rhodamine (TRITC)-conjugated goat anti-rabbit

IgG antibody (Jackson Laboratories, West Grove, PA, USA;

1 : 200) for 1 h at room temperature. Control sections were pre-

pared as described above.

Double-labeling

The glucose transporter immunolabeling was compared with

that of a-gustducin and T1R3. The double-label assay was

carried out sequentially with a method that relied on the use of

secondary monovalent Fab fragments (Lewis Carl et al. 1993;

Negoescu et al. 1994), because all primary antibodies are raised

in the same species. Free-floating sections were blocked for 1 h

in blocking solution and then incubated overnight at 4 �C with

anti-GLUT2, anti-GLUT5 or anti-SGLT1. After washes, they were

reacted with Cy�3-conjugated Affinity Pure Fab Fragment Goat

anti Rabbit IgG (Jackson Laboratories; 1 : 200) at room tempera-

ture for 1 h. Unoccupied antigen-binding sites in the primary or

secondary antibody were then blocked by incubation with nor-

mal rabbit serum (nrs; DAKO; 1 : 50) followed by an excess of

unconjugated Affinity Pure Fab Fragment goat anti-rabbit IgG

(Jackson Laboratories; 1 : 20) for 4 h. After washes, the blocking

solution was again applied for 1.5 h, followed by incubation

overnight with the second primary antibody anti-a-gustducin

(1 : 200) or anti-T1R3 (1 : 200). Finally, sections were exposed to

FITC-conjugated Affinity Pure Fab fragment goat anti-rabbit IgG

(Jackson Laboratories; 1 : 200) for 1 h. Sections were mounted

with fluorescent mounting medium (DAKO), and observed with

a Zeiss LSM 510 confocal microscope equipped with argon

(488 nm) and helium ⁄ neon (543 nm) excitation beams. Sequen-

tial acquisition, i.e. one color at a time, was utilized on double-

label tissues to avoid side-band excitation of the inappropriate

fluorophore. All images for publication were composed using

ADOBE PHOTOSHOP software (version 6.0; Adobe Systems, Mountain

View, CA, USA), adjusting only brightness and contrast.

Control sections were prepared by one of the following methods:

(1) adding the corresponding peptide (5 lg per 1 mL of antibody)

to glucose transporter antibodies;

(2) replacing the second primary antibody with nrs;

(3) exchanging the fluorophores of the secondary antibodies;

(4) omitting the primary antibody;

(5) changing the sequence of secondary antibody application.

Immunoelectron microscopy

For ultrastructural examination, free-floating sections, previously

immunostained using the ABC technique, were postfixed in 1%

OsO4 in PB for 1 h, dehydrated in graded concentrations of

acetone, and embedded in a mixture of Epon and Araldite

(Electron Microscopic Sciences, Fort Washington, PA, USA). Semi-

thin sections (thickness 1 lm) were examined using light micros-

copy to locate areas showing immunoreactivity. Ultrathin

sections were cut at 70 nm thickness on an Ultracut-E ultrami-

crotome (Reichert-Jung) and observed unstained on an EM 10

electron microscope (Zeiss, Oberkochen, Germany).

Total RNA isolation and RT-PCR

Five adult Wistar rats were used to perform this experiment.

Tongues and other control tissues (i.e. duodenum, pancreas, liver,

kidney and spleen) were quickly removed from animals anesthe-

tized with ether and killed by vertebrae dislocation. Circumvallate

papillae of the tongues were carefully resected with the use of a

stereo-microscope, and peeled from the muscles and Von Ebner’s

glands. The total RNA was isolated using TriZol reagent (Invitro-

gen, Life Technologies, Milan, Italy) according to the manufac-

turer’s instructions. Following spectrophotometric determination

of total RNA content, samples of RNA (about 1 lg of the total

RNA) from each tissue were digested with RNase-free DNase I Amp

Grade (Invitrogen), reverse transcribed to cDNA and amplified

with gene-specific primers by using the SuperScript First-Strand

Synthesis System for RT-PCR kit (Invitrogen). The following primer

sequences were used: glyceraldehyde-3 phosphate dehydrogenase

(GAPDH), 5¢-ACTGGCGTCTTCACCACCAT-3¢ (forward) and 5¢-AT-

CCACAGTCTTCTGGGTGG-3¢ (reverse), product size 273 bp; SGLT1

(gene name SLC5A1), 5¢-GACTCGTTCCACATATTCCGAGACC-3¢ (for-

ward) and 5¢GTAGGCGATGTTGGTACAGCCCA-3¢ (reverse), product

size 318 bp; GLUT2 (gene name SLC2A2), 5¢-TCCAGTTCGGATATG-

ACATCGGTG-3¢ (forward) and 5¢GTGACGTCCTCAGTGCCCCTTAG-3

(reverse), product size 738 bp; GLUT5 (gene name SLC2A5), 5¢-
GTACAACGTGGCTGCTGTCAACTC-3¢ (forward) and 5¢-CGCTTGCC-

AAGACACTCCGAAG-3¢ (reverse), product size 467 bp. Expression

of GAPDH was used as the internal standard. PCR amplification

was performed in an Eppendorf Mastercycler gradient at 95 �C for

30 s, 60 �C for 30 s and 72 �C for 25–45 s for 36 cycles. The PCR

products were identified on the basis of their size, determined by

gel electrophoresis in 1.5% agarose gels.

Results

Immunohistochemical localization of glucose

transporters in TRCs

Glucose transporters in TRCs were detected by light immuno-

histochemistry and immunofluorescence experiments
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using anti-GLUT2, -GLUT5 and -SGLT1 antibodies (Fig. 1).

Two polyclonal anti-GLUT2 and -GLUT5 antibodies were

used, and the comparison of their results showed a simi-

lar labeling pattern. Immunostaining was observed in

basoapically elongated cells with round or oval nuclei,

and in bipolar cells. A cytoplasmic and ⁄ or vesicular pat-

tern of staining was observed for all the antibodies used.

In particular, GLUT2 reactivity was mainly localized in the

basolateral region (i.e. below and around the nucleus)

and ⁄ or in the apical cell process (Fig. 1A,B).

GLUT5-immunoreactivity was distributed around the

nucleus or in the apical cell pole or throughout the entire

cytoplasm (Fig. 1D,E). GLUT5 staining was also seen in nerve

fibers located within the subepithelial connective tissue

layer.

SGLT1-immunoreactivity was mainly observed through-

out the entire cytoplasm, also with vesicular pattern

(Fig. 1G,H). Immunoreactivity was never seen in nerve fibers

located within the subepithelial connective tissue layer.

We assessed the specificity of GLUT2 antibody in the pan-

creas, and those of GLUT5 and SGLT1 in the jejunum, being

well-known sites of their localization. As expected, GLUT2-

immunoreactivity was observed in pancreatic islet cells

(Fig. 1C); GLUT5- and SGLT1-expressions were found in the

apical membrane of epithelial cells in jejunum (Fig. 1F,I,

respectively).

Immunoreactivity was not observed when anti-glucose

transporters antibodies were preincubated with an excess

control peptide or the primary antibody was omitted.

By laser-scanning confocal microscopy, the glucose

transporter immunolabeling was compared with that of

a-gustducin and T1R3. GLUT2-, GLUT5- and SGLT1-immu-

noreactivities were observed in some cells expressing

a-gustducin, with a labeling pattern that mainly coex-

pressed around the nucleus or in the apical process

(Fig. 2A–I). However, not all GLUT2-, GLUT5- or SGLT1-

immunoreactive cells were a-gustducin-positive. No spe-

cific labeling was seen when glucose transporters anti-

bodies were preincubated with the corresponding antigen

peptide (Fig. 3A–I), or the second primary antiserum was

replaced with nrs (Fig. 3J–L).

Dual immunohistochemistry for glucose transporters and

T1R3 revealed that some T1R3-positive cells colabeled with

all the glucose transporters (Fig. 4A–I). Furthermore, some

glucose transporters-immunoreactive cells lacked T1R3

expression, and others were only T1R3-immunopositive.

To assess the specificity of the double-labeling procedure

we carried out double-immune-fluorescence with GLUT5

and T1R3 in jejunum. As expected, in no case was overlap-

ping observed, being T1R3 expression localized in entero-

endocrine and GLUT5 in the apical membrane of absorptive

cells (Fig. 4J–L).

No specific double-labeling was seen when the second

primary antibody was replaced with nrs (Fig. 4M–O).

Immunoelectron microscopy of glucose transporters

in TRCs

To reveal the subcellular localizations of the glucose trans-

porters, peroxidase-immunostained ultrathin sections of

circumvallate papillae were analysed by transmission

electron microscope. Consistent with the histological locali-

zation, electron-microscopic examination showed that

GLUT2 and GLUT5, as well as SGLT1, were expressed in

TRCs. Their expression was observed in cell types with mor-

phological characteristics of chemoreceptor cells that dif-

fered considerably in their shape and immunostaining,

from the surrounding taste bud cells, that lacked immuno-

staining and resembled type I cells in their ultrastructural

characteristics of dense apical granule-containing cells (Fig.

5A). Immunoreactive cells were flask ⁄ pear-shaped cells

devoid of basal processes, or bipolar. Ultrastructurally, their

cytoplasm showed few bundles of tonofilaments and

appeared less dense in respect to that of the neighboring

GLUT2

GLUT5

SGLT1

A

D

G I

CB

E

H

F

Fig. 1 Immunoperoxidase (A, C, D, G, I) and immunofluorescent

(B, E, F, H) staining showing GLUT2- (A, B), GLUT5- (D, E) or SGLT1-

(G, H) immunoreactivity in taste buds of rat circumvallate papillae. The

taste pore is toward the top in all the photomicrographs. As positive

control, GLUT2-immunoreactivity is shown in rat pancreatic islet cells

(C), GLUT5 and SGLT1 in rat jejunum (F, I, respectively). Scale bars:

5 lm (A–C, G–I); 10 lm (D, E); 15 lm (F).
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cells (Fig. 5A). The basolateral membrane of chemorecep-

tor-immunoreactive cells presented immunostained inter-

cellular junctions with the adjacent basolateral cell

membranes (Fig. 5B). On the membrane (e.g. apical, baso-

lateral and nuclear), GLUT2 and GLUT5 immunostaining

were observed mainly concentrated in specific regions,

named microdomains, where the GLUT2 or GLUT5 proteins

were probably clustered (Fig. 5B, insert). Some GLUT5-posi-

tive cells showed ultrastructural characteristics of few-dif-

ferentiated cells, characterized by scarce cytoplasm,

heterochromatic nucleus and high nucleus ⁄ cytoplasm ratio.

They rested on the basement membrane and did not reach

the lumen (Fig. 5C); their basolateral membranes were con-

tinuous with those of nearby cells through evaginations

that increased their membrane surface. In GLUT2-, GLUT5-

and SGLT1-immunoreactive cells, staining was predomi-

nantly localized in the cytoplasm, especially within the

rough endoplasmic reticulum, as well as in some cisternae

of Golgi apparatus (Fig. 5B,D,E) and in intracellular vesicles

(Fig. 5A, insert), mainly distributed in the apical cell pole.

GLUT5-immunoreactive nerve fibers were detected

beneath the basal lamina. Unstained control sections

lacked immunostaining throughout the entire cytoplasm

as well as on the membranes (Fig. 5F).

RT-PCR/expression of glucose transporters in TRCs

The expressions of mSGLT1, mGLUT2 and mGLUT5 were

examined by RT-PCR using RNA isolated from rat circum-

vallate papillae, duodenum, pancreas, liver, kidney and

spleen. As shown in Fig. 6, GAPDH standard product was

expressed in all the tissues. In addition, a single band of the

expected size for GLUT2, GLUT5 and SGLT1 mRNA (corre-

sponding to 738-, 467- and 318-bp products, respectively)

was present in RNA extracted from circumvallate papillae.

The mRNAs of GLUT2, GLUT5 and SGLT1 were expressed

also in duodenum, liver and kidney, used as positive con-

trols. The pancreas expressed GLUT2 and SGLT1 mRNAs,

and the spleen only GLUT5 mRNA.

Discussion

This study demonstrates, for the first time, the expression

of GLUT2, GLUT5 and SGLT1 – typically intestinal glucose

transporters – in TRCs of rat circumvallate papillae, using

immunocytochemistry and RT-PCR analysis. Staining for all

three glucose transporters was found in both the apical

and basolateral membranes of TRCs, but also distributed

throughout the entire cytoplasm. This observation is in

αα-gustducin MergeGlucose transporters

GLUT2

GLUT5

SGLT1

A

D E F

G H I

B C

Fig. 2 Double-immunofluorescent confocal microscopy showing expression of GLUT2 (A–C), GLUT5 (D–F) and SGLT1 (G–I) with a-gustducin

in taste buds of rat circumvallate papillae. The coexpression pattern is shown in the merge. The taste pore is toward the top in the

photomicrographs (A–I). Scale bars: 10 lm (C, F, I).
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agreement with the specific immunolocalization observed

using electron microscopy, showing that GLUT2-, GLUT5-

and SGLT1-immunoreactivity was concentrated in intra-

cellular structures (i.e. endoplasmic reticulum, cisternae

of the Golgi apparatus, vesicles, plasma and nuclear

membrane). On plasma and nuclear membrane, GLUT2-

and GLUT5-immunoreactivity appeared non-homoge-

neously distributed, showing staining preferentially con-

centrated in some microdomains, as described in an

earlier ultrastructural immunohistochemical characteriza-

tion (Orci et al. 1989). In addition, the intracellular distri-

bution of the glucose transporters observed in the

present study is in accordance with a previous ultrastruc-

tural SGLT1 labeling in the Golgi apparatus of some

absorptive epithelial intestinal cells, which was inter-

preted ‘as a biosynthetic process or a reservoir for the

apical membrane SGLT1 protein’ (Takata, 1996). This pro-

cess may be a possible explanation of the intracellular

localization of the glucose transporters observed in this

study, which may represent a storage compartment after

their removal from plasma membrane by endocytosis,

and reflect the physiological situation of TRCs. It is evi-

dent that this intracellular distribution differs signifi-

cantly from their topographical localization in intestinal

cells. However, some obvious structural differences

between intestinal and taste bud cells might give

account of the different localization.

GLUT2-, GLUT5- and SGLT1-immunoreactivities were also

observed in TRCs that displayed staining for a-gustducin

and T1R3, indicating that some subsets displayed the same

GLUT2
peptide

αα-gustducin

α-gustducin

α-gustducin

Merge

GLUT5
peptide

Merge

SGLT1
peptide

Merge

SGLT1
nrs Merge

A

D E F

G H I 

J K L 

B C

Fig. 3 Double-immunofluorescent confocal microscopy showing absence of labeling when anti-GLUT2 (A–C), anti-GLUT5 (D–F) and anti-SGLT1

(G–I) antibodies were preincubated with the control peptide antigen, or the second primary antiserum was replaced with normal rabbit serum (nrs;

J–L). Scale bars: 30 lm (C, L); 10 lm (F, I).
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signaling molecules that mediate the responses to sweet

stimuli in the gastrointestinal tract. However, only a sub-

population of glucose transporters-containing cells was

a-gustducin- or T1R3-positive, providing evidences that the

glucose transporters are selectively expressed in TRCs.

Clearly, although physiological investigation will be

required to elucidate the role of glucose transporters in

TRCs, it might be that in the oral cavity the sweet receptors,

Glucose transporters T1R 3 Merge
GLUT2

GLUT5

SGLT1

GLUT5

GLUT5 nrs

A B C

D E F

G H I

J K L

M N O

Fig. 4 Double-immunofluorescent confocal microscopy showing expression of GLUT2 (A–C), GLUT5 (D–F), SGLT1 (G–I) and T1R3 in taste buds of

rat circumvallate papillae, and for GLUT5 and T1R3 in rat jejunum (J–L). The coexpression pattern is shown in the merge. The specificity of the

double-labeling procedure is demonstrated by absence of labeling when the second primary antiserum was replaced with normal rabbit serum

(nrs) in jejunum (M–O). The taste pore is toward the top in the photomicrographs (A–I). Scale bars: 5 lm (C); 10 lm (F, I, L); 30 lm (O).
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together with glucose transporters, represent a specific

local monitoring system of sugar concentration. Recent

experiments have provided functional evidence that the

regulation of intestinal SGLT1 and GLUT2 is induced by the

sensing of sugar of the enteroendocrine cells through acti-

vation of T1R2 ⁄ T1R3 in response to increases in dietary

sugar (Margolskee et al. 2007; Kellett et al. 2008; Stearns

et al. 2010). A similar pathway could be operative in TRCs

that might be considered sugar-sensing cells that partici-

pate in the regulation of glucose homeostasis, along with

the contribution of the glucose transporters. Our recent

study showed that taste bud cells of circumvallate papillae

expressed amylase, also in coexpression with a-gustducin,

PLCb2 and chromogranin A, all elements that support the

capacity of amylase-expressing cells to activate chemosenso-

ry responses (Merigo et al. 2009). The findings of the pres-

ent work add a further link between chemosensory

information and cellular responses of TRCs to sweet stimuli.

In the gastrointestinal tract, it is well known that the

expression of glucose transporters may be differentially reg-

ulated by external ⁄ internal stimuli (Zhao & Keating, 2007),

although the way luminal stimuli can modulate their

expression has yet to be clearly determined. Luminal glu-

cose exposure mediates gastrointestinal (i.e. reduction of

satiety, acceleration of gastric emptying; Young et al. 2009)

and endocrine responses through the release of incretin

hormones, like glucagon-like peptide-1 (GLP-1) and

glucose-dependent insulinotropic peptide (GIP) from

enteroendocrine cells (McIntyre et al. 1964; Falko et al.

1980; Elliott et al. 1993; Yoder et al. 2010). Although some

studies showed that this secretion of incretin hormones of

the gut was regulated by T1R3 and a-gustducin (Egan &

Margolskee, 2008; Kokrashvili et al. 2009), others supported

a functional relationship between incretin hormone secre-

tion and GLUT2 (Cani et al. 2007) or SGLT1 expression (Jang

et al. 2007; Margolskee et al. 2007; Moriya et al. 2009), also

suggesting that SGLT1 is an upper intestinal glucose sensor

able to mediate secretion of incretin hormones by itself

(Moriya et al. 2009). Considering that TRCs express the same

signaling molecules that mediate sugar sensing in intestinal

cells (Mace et al. 2007; Margolskee et al. 2007; Sternini

et al. 2008), it could be speculated that TRCs could modu-

late glucose transporter expression through the involve-

ment of gut-related hormones and neuropeptides. The

expression of GLP-1 (Feng et al. 2008; Shin et al. 2008;

Martin et al. 2009), cholecystokinin (Kusakabe et al. 1998;

Herness et al. 2002; Shen et al. 2005), neuropeptide y (Zhao

et al. 2005), vasoactive intestinal peptide (Herness, 1989;

Kusakabe et al. 1998; Shen et al. 2005; Martin et al. 2010),

galanin (Seta et al. 2006), GIP and leptin receptor (Kawai

et al. 2000; Ninomiya et al. 2002; Shigemura et al. 2004),

and glucagon (Elson et al. 2010) have been reported in TRCs
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Fig. 5 Immunoelectron microscopy showing expression of GLUT2 (A, B), GLUT5 (C, D) and SGLT1 (E) in TRCs of rat circumvallate papillae. An

immunoreactive TRC surrounded by dense apical granule-containing cells (A). Detail of positive intracellular vesicles distributed in the apical cell

pole (A, insert). Positive TRCs with immunoreactivity in intercellular junctions on the basolateral membranes (B, asterisk); detail of immunostaining

concentrated in specific microdomains on the membrane (B, insert, arrow). A few-differentiated positive cell on the basement membrane (C).

Higher magnification image of the boxed area in (C) demonstrates immunoreactivity concentrated in the Golgi region around the nucleus (D).

Immunoreactivity distributed in the endoplasmic reticulum (E). Unstained control TRCs (F). bp, basal pole; m, mithochondria; n, nucleus; pm,

plasma membrane; t, tonofilaments. Scale bars: 0.5 lm (B, A and B insert, D, E), 1 lm (C, F), 2 lm (A).
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of humans and rodents, often colocalized with markers of

taste transduction pathways (i.e. T1R2 and T1R3 receptors,

a-gustducin; Shen et al. 2005). Although the functional

roles of these molecules in TRCs remain to be clearly estab-

lished, most of these studies indicate that in TRCs they act

as local signaling modulators in food perception, suggest-

ing an endocrine and paracrine modulation of the periph-

eral gustatory apparatus.

On this basis, the presence of glucose transporters in TRCs

can profoundly influence the pathways activated by the

perception of sweet stimuli, and may have more complex

functions and implications. Research in this area could pro-

vide the basis for novel diagnostic and therapeutic strate-

gies in the treatment of pathological states in which the

glucose transporters are altered or differentially regulated

(i.e. obesity, diabetes, malabsorption).
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