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The sweet taste receptors present in the taste buds are heterodimers comprised of T1R2 and T1R3. This receptor is also expressed 
in pancreatic ß-cells. When the expression of receptor subunits is determined in ß-cells by quantitative reverse transcription poly-
merase chain reaction, the mRNA expression level of T1R2 is extremely low compared to that of T1R3. In fact, the expression of 
T1R2 is undetectable at the protein level. Furthermore, knockdown of T1R2 does not affect the effect of sweet molecules, where-
as knockdown of T1R3 markedly attenuates the effect of sweet molecules. Consequently, a homodimer of T1R3 functions as a 
receptor sensing sweet molecules in ß-cells, which we designate as sweet taste-sensing receptors (STSRs). Various sweet mole-
cules activate STSR in ß-cells and augment insulin secretion. With regard to intracellular signals, sweet molecules act on STSRs 
and increase cytoplasmic Ca2+ and/or cyclic AMP (cAMP). Specifically, when an STSR is stimulated by one of four different 
sweet molecules (sucralose, acesulfame potassium, sodium saccharin, or glycyrrhizin), distinct signaling pathways are activated. 
Patterns of changes in cytoplasmic Ca2+ and/or cAMP induced by these sweet molecules are all different from each other. Hence, 
sweet molecules activate STSRs by acting as biased agonists.
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INTRODUCTION

Sweet taste receptor expressed in the taste buds is a heterodi-
mer comprised of two members of the class C G protein-coupled 
receptors, T1R2 and T1R3. These subunits are also expressed in 
extragustatory organs including small intestine, pancreatic islets 
and adipocytes. In pancreatic islets, T1R3 is dominantly ex-
pressed and a homodimer of T1R3 may function as a sweet 
taste-sensing receptor. In this article, the signal transduction 
systems activated by sweet molecules in pancreatic ß-cells are 
presented.

SWEET TASTE RECEPTORS IN THE TASTE 
BUDS

Nutrient sensing is quite important for maintaining energy ho-
meostasis in living organisms. In mammals, the taste of nutri-
ents is detected by a special apparatus in the oral cavity, i.e., the 
taste bud, where various types of taste cells are located. With 
regard to sweet taste, detection of sweet molecules is achieved 
by the sweet taste receptor present on the tips of taste cells. The 
molecular nature of the sweet taste receptor was identified more 
than a decade ago by several groups [1-6]. Nelson et al. [3], 
Zhang et al. [7], and Zhao et al. [8] have demonstrated that 
T1R2 and T1R3, both of which are class C members of the G 
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protein-coupled receptor (GPCR) family, form a heterodimer 
and function as the sweet taste receptor. Identification of the 
sweet taste receptor then raised the simple question as to wheth-
er or not both low molecular weight sweeteners and large mo-
lecular weight sweet proteins bind to the same receptors and ac-
tivate taste cells. Subsequently, it was shown that various sweet 
molecules with small to large molecular weights do interact 
with the same receptors [9]. Thus, the human sweet taste recep-
tor is activated by sugars such as fructose, galactose, glucose, 
maltose, and sucrose and also by amino acids including glycine, 
alanine, threonine, D-tryptophan, and D-histidine. These recep-
tors are also activated by the dipeptide L-aspartyl-L-pheylata-
nine and sweet proteins such as monellin, thaumatin, and 
brazzein [10]. Furthermore, these receptors are activated by a 
large number of natural and artificial sweeteners with diverse 
chemical structures [10]. Collectively, the sweet taste receptor 
has a tremendous capacity to bind various sweet molecules, re-
sulting in transmission of the ligand signal to the cell interior 
and eventual activation of the taste cells. Activated taste cells 
then release adenosine triphosphate (ATP), which stimulates 
purinergic P2X receptors expressed in afferent neural fibers. 
Studies using knockout mice have revealed that most of the 
sweet sensation is mediated by the heterodimer of T1R2 and 
T1R3 [3,7,8]. However, a small amount of nerve activity was 
observed in response to sugars in T1R3 knockout mice [11]. 
This raises the possibility of an additional mechanism for de-
tection of sweet molecules. It seems likely that an alternate 
sweet-sensing activity is mediated by different oligomeriza-
tions of related GPCRs.
  The signal transduction pathway activated by the sweet taste 
receptor has been studied extensively. In particular, studies us-
ing knockout mice have revealed the major signaling pathway 
activated by the sweet taste receptor. When activated by sweet 
molecules, the signal is transmitted to a taste cell-specific tri-
meric G protein, gustducin (Ggust) [12], and subsequent activa-
tion of phospholipase C-ß2 (PLC-ß2) leads to the generation of 
two messengers, inositol 1,4,5-trisphosphate (Ins-P3) and diac-
ylglycerol [13]. The former activates the Ins-P3 receptor chan-
nel in the endoplasmic reticulum (ER) and induces Ca2+ release 
from ER, which in turn activates the TRPM5 cation channel in 
the plasma membrane [14]. The resultant influx of Na+ causes 
depolarization of the plasma membrane, which induces a re-
lease of ATP through voltage-dependent calcium homeostasis 
modulator-1 [15]. TRPM5 is a sodium-permeable cation chan-
nel, and its activity depends on the temperature [14]. This ex-
plains the fact that sweet taste-sensing is diminished at low 

temperatures. Note that this signaling pathway was established 
largely based on data obtained in in vivo animal experiments 
by monitoring activation of sensory nerves as an output. Since 
the measurement of intracellular signals in isolated taste cells 
or taste cells in situ is rather difficult, the precise signaling 
mechanism is not elucidated at the cellular level. It is not cer-
tain whether a signaling pathway other than the gustducin-
PLC-ß2 pathway is involved in sweet taste-sensing. In this re-
gard, ɑ-gustducin knockout mice are able to sense sweet fla-
vors [16,17], suggesting that an alternate pathway is also in-
volved in the recognition of the sweet sensation. It has been re-
ported that cyclic AMP (cAMP) is increased in taste buds after 
stimulation by sweet molecules [18]. Nevertheless, it is not 
certain whether the sweet taste receptor is also coupled to the 
Gs-cAMP cascade.
  The sweet taste receptor is activated by various sweet mole-
cules with diverse chemical structures [10]. Many studies have 
been conducted to identify the binding sites for sweet mole-
cules and the mode of activation by those ligands. The similar-
ity of mGluR1 and the sweet taste receptor has helped to build 
models of ligand binding to the sweet taste receptor. The ami-
no-terminal domain (ATD) of the homodimer of mGluR1 is 
composed of two lobes, LB1 and LB2, and the glutamate-
binding domain is located between LB1 and LB2. The ATD of 
mGuR1 exists in an equilibrium of two different conforma-
tions, the structures of which depend on the binding of gluta-
mate. In the ligand-free state, LB1 and LB2 show open confor-
mations (open-open). Binding of glutamate induces the closed 
conformation of LB1 and LB2 in one ATD, whereas the others 
remain in an open conformation. The closed-open structure is 
characteristic of the active state of mGluR1 [18]. It should be 
noted that the sweet taste receptor is activated by small mole-
cules and also by large proteins. In this regard, Temussi [19] 
proposed a wedge model using the information obtained with 
mGluR1 [20], in which protein sweeteners bind to the second-
ary binding site on the surface of the receptor and act as a 
wedge. It is now thought that there are multiple binding sites of 
different dimensions in the ATD domain for small and large 
nonprotein sweeteners [21]. The ATD of T1R2 is responsible 
for the binding of aspartame and sugar analogues such as su-
cralose [22], as well as that of acesulfame potassium (acesul-
fame-K) and sodium saccharin (saccharin-Na) [23]. In addi-
tion, cyclamate and lactisole, an inhibitor of human T1R3, bind 
to the transmembrane domain of T1R3 [24], which may also 
function as an allosteric binding site for saccharin [25]. There 
is a possibility that the cysteine-rich domain offers another 
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binding domain for protein sweeteners [26,27].
  The sweet taste receptor is activated by various types of 
sweet molecules with diverse chemical structures, which bind 
to multiple sites in the receptor. It is, however, not certain 
whether all these agonists induce a common cellular response. 
When T1R2 and T1R3 were expressed heterologously in 
HEK293 cells, the sweeteners examined increased the cyto-
plasmic free calcium concentration ([Ca2+]c) [7]. It was not de-
termined whether these agonists induced the production of oth-
er second messengers, for example, cAMP. Those studies were 
conducted in cells heterologously expressing T1R2 and T1R3, 
but the number of heterologously expressed receptors may 
have been greatly different from that in cells expressing the en-
dogenous receptor. Furthermore, an artificial chimeric G pro-
tein was introduced as a transducer to observe the activation of 
PLC. It is possible that the arrangement of signaling molecules 
in or near the plasma membrane was quite different compared 
to that in taste cells. It is not certain whether various sweet 
molecules induce a uniform cellular response in cells express-
ing the endogenous sweet taste receptor.

SWEET TASTE RECEPTORS EXPRESSED 
IN PANCREATIC ß-CELLS

It is now known that the sweet taste receptor is expressed in 
cells of extragustatory organs, including neuroendocrine cells 
in the gastrointestinal tract [28-30], glucose-responsive neu-
rons in the hypothalamus [31], adipocytes [32], epithelial cells 
of the urinary bladder [33], and chemosensory cells in the air-
way [34]. 
  We have shown that the sweet taste receptor is expressed in 
pancreatic ß-cells and in an insulin-secreting cell line, MIN6 
[35]. When this receptor is activated by the artificial sweetener 
sucralose in the presence of 2.7 mM glucose, insulin secretion 
is augmented, indicating that the sweet taste receptor is func-
tional [35]. With regard to the expression of the receptor sub-
units, mRNA for T1R2 and T1R3 have been detected by re-
verse transcription polymerase chain reaction (RT-PCR) both 
in mouse islets and in MIN6 cells [35]. However, when the ex-
pression of T1Rs was measured by quantitative RT-PCR, the 
expression level of T1R2 was quite low compared to that of 
T1R3 [36]. In addition, the protein expression of T1R2 was 
not detected by either immunoblotting or immunohistochemis-
try. Furthermore, knockdown of T1R3 attenuates the effect of 
sucralose, whereas knockdown of T1R2 does not affect the re-
sponse to sucralose [37]. These observations indicate that the 

sweet taste receptor in ß-cells may be a homodimer of T1R3 
rather than a heterodimer of T1R2 and T1R3, as has been pre-
viously thought (Fig. 1). Consequently, the sweet taste recep-
tor expressed in pancreatic ß-cells is slightly different from the 
cannonical sweet taste receptor system in taste cells. We desig-
nated the receptor expressed in ß-cells as the sweet taste-sens-
ing receptor (STSR). It should be noted that we have not ex-
cluded the possibility that T1R3 forms a heterodimer with oth-
er members of class C GPCRs. Although it has been generally 
thought that T1Rs form a heterodimer and function as sweet or 
umami taste receptors [7,8,10], recent studies have revealed 
that a homodimer of T1R3 also functions as a taste receptor. 
Thus, a homodimer of human T1R3 acts as a calcium taste-
sensing receptor [38]. In addition, a homodimer of mouse 
T1R3 is activated by sucralose and saccharin-Na in 3T3-L1 
adipocytes [32]. Moreover, sucralose activates the mouse 
T1R3 homodimer in HEK293 cells heterologously expressing 
T1R3 [32]. It is thus possible that, in some types of cells, espe-
cially those in extragustatory organs, a homodimer of T1R3 
functions as a STSR.
  When STSRs in MIN6 cells are activated by sucralose, an 
artificial sugar analogue, there is an immediate increase in 
[Ca2+]c, which is followed by sustained elevation of [Ca2+]c 
[35]. Sucralose also elicits a rapid and sustained elevation of 
cytoplasmic cAMP concentration ([cAMP]c) [35]. According-
ly, STSRs expressed in pancreatic ß-cells activate dual signal-
ing pathways, namely the Ca2+ and cAMP signaling systems. It 
should be noted that the doses of sucralose needed to induce 
Ca2+ and cAMP signals are relatively high. This may be due to 
the fact that STSR is a homodimer of T1R3.
  MIN6 cells thus provide a suitable cell system to precisely 

Taste cells

T1R2 T1R3 T1R3 T1R3

β-Cells

Fig. 1. Comparison of (A) the sweet taste receptor in taste cells 
and (B) the sweet taste-sensing receptor in ß-cells. The sweet taste 
receptor expressed in taste cells of the taste bud (left) is a heterodi-
mer comprised of T1R2 and T1R3, whereas the sweet taste-sens-
ing receptor expressed in ß-cells (right) is a homodimer of T1R3. 
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investigate the intracellular signaling pathways activated by 
endogenous STSR. Using this system, we have addressed the 
question of whether various sweet molecules induce a uniform 
cellular response. We have examined the effects of four sweet-
eners, sucralose, acesulfame-K, saccharin-Na, and dipotassium 
glycyrrhizinate (DPG), and compared the actions of these sweet-
eners on [Ca2+]c and [cAMP]. With regard to the ligand binding 
site, a recent study has shown that sucralose, acesulfame-K, 
and saccharin-Na bind to the ATD of T1R2 [23]. Saccharin-Na 
may also interact with the transmembrane domain of T1R3. 
The binding site for DPG has not yet been identified. Howev-
er, since STSRs in ß-cells are homodimers of T1R3 and do not 
involve T1R2, exact binding sites for sucralose, acesulfame-K, 
and saccharin-Na are not certain in ß-cells. Perhaps they bind 
to some portions of the ATD of T1R3. In any case, the effects 
of these four sweeteners are herein examined in MIN6 cells 
[37]. When we measure insulin secretion, all four sweeteners 

significantly increase insulin secretion, and acesulfame-K is 
the most potent stimulator of secretion [37]. In terms of the fi-
nal output of the cells, i.e., insulin secretion, the four sweeten-
ers elicit qualitatively similar effects. However, when we mea-
sure intracellular events evoked by the four sweeteners, the ac-
tions of these four sweeteners are quite different. Fig. 2 shows 
typical responses of [Ca2+]c and [cAMP]c to the four sweeten-
ers. Saccharin-Na and DPG increase the expression of one of 
the two messengers [37]. Specifically, saccharin-Na increases 
[cAMP]c but does not affect [Ca2+]c, whereas DPG increases 
[Ca2+]c without inducing significant changes in [cAMP]c. In 
contrast, sucralose and acesulfame-K elevated both [Ca2+]c and 
[cAMP]c. Although these two sweeteners increase both [Ca2+]c 
and [cAMP]c, their actions are different. For example, gurma-
rin, which attenuates sweet taste sensation [39], inhibits the ef-
fect of sucralose on [Ca2+]c, whereas the effect of acesulfame-K 
is resistant to gurmarin. Furthermore, a Gq inhibitor YM254890 
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Fig. 2. Comparison of the effects of four sweeteners on [Ca2+]c and [cyclic AMP, cAMP]c. MIN6 cells were stimulated by (A) 50-mM 
acesulfame-K, (B) 50-mM sucralose, (C) 3-mM dipotassium glycyrrhizinate (DPG), or (D) 50-mM saccharin-Na as indicated by the ar-
rows. Changes in [Ca2+]c (○) and [cAMP]c (●) were monitored. 
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[40] markedly inhibits [Ca2+]c response to sucralose, whereas 
YM254890 has little effect on acesulfame-K-induced elevation 
of [Ca2+]c. Collectively, the effects of the four sweeteners on 
[Ca2+]c and [cAMP]c differ in many respects [37]. Although the 
intracellular responses elicited by the four sweeteners are quite 
different, all of their actions are mediated by STSRs since 
knockdown of T1R3 markedly inhibits intracellular responses 
to the four sweeteners [37]. These results clearly indicate that 
the four sweeteners act as biased agonists and activate distinct 
signaling pathways. 
  Among the four agonists, sucralose, acesulfame-K, and sac-
charin-Na increase [cAMP]c. Interestingly, the effects of these 
three agonists on [cAMP]c are once again not the same. Knock-
down of Gs significantly attenuates the elevation of [cAMP]c 
induced by sucralose and saccharin-Na, indicating that Gs is in-
volved in the actions of these two sweeteners [37]. This is the 
first demonstration of the involvement of Gs in the signaling 
system mediated by T1R3. In contrast, the effect of acesul-
fame-K is not significantly attenuated by knockdown of Gs. In-
stead, the effect of acesulfame-K on [cAMP]c is blocked by re-
moval of extracellular calcium. It is well known that calcium-
calmodulin-dependent adenylyl cyclase (AC) is expressed in 
pancreatic ß-cells [41]. Presumably, marked elevation of [Ca2+]c 
induced by acesulfame-K would activate calcium-dependent 
AC, in particular AC VIII, and generate cAMP. This subtype of 
AC is also activated by Gs [42]. Therefore, both Ca2+ and Gs 
activate AC VIII when cells are stimulated by sucralose. In any 
case, the mechanism for the production of cAMP is different 
depending upon the type of agonist.
  With regard to the Ca2+ signal, sucralose, acesulfame-K, and 
DPG increase [Ca2+]c by causing both Ca2+ release from an in-
tracellular pool and stimulation of Ca2+ entry. Ca2+ release is 
mediated by activation of PLC, as demonstrated by the attenu-
ation of [Ca2+]c responses to the three agonists by an inhibitor 
of PLC [37]. STSR may activate PLC by a G-protein-dependent 
mechanism. The G protein involved in the activation of PLC 
may be different depending on the type of agonist. YM254890, a 
compound that inhibits Gq, G11, and G14 [40], attenuates the ac-
tion of sucralose, but those of acesulfame-K and DPG are re-
sistant to YM254890. G proteins involved in the activation of 
PLC are different with regard to the actions of the three sweet-
eners. Similarly, Ca2+ entry induced by the three sweeteners is 
not the same. Ca2+ entry induced by sucralose and acesulfame-
K is dependent on extracellular Na+, whereas that induced by 
DPG is relatively resistant to removal of extracellular Na+. Pre-
sumably, as we mentioned previously [35], sucralose and ace-

sulfame-K stimulate sodium entry, cause depolarization and 
thereby activate the voltage-dependent Ca2+ channel. In con-
trast, DPG may activate a Ca2+-permeable channel and induce 
Ca2+ entry. Ca2+ enters the ß-cells through different types of 
Ca2+-permeable channels. Fig. 3 depicts a schematic presenta-
tion of the action of the four agonists on [Ca2+]c and [cAMP]c. 
As can be seen, although the four sweet agonists bind to STSR 
(T1R3 homodimer), the four agonists activate different sets of 
G proteins [43] and subsequent effector molecules. Hence, 
these sweet agonists act as biased agonists activating different 
sets of signaling cascades. This notion is in sharp contrast to 
the conventional view that sweet molecules bind to the sweet 
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Fig. 3. Schematic presentation of the actions of the four sweeten-
ers. Signaling cascades activated by (A) acesulfame-K, (B) sucra-
lose, (C) dipotassium glycyrrhizinate (DPG), and (D) saccharin-
Na are shown. When the colors of the G proteins and channels are 
different, it means that the molecules are different. AC, adenylyl 
cyclase; PLC, phospholipase C; ɑS, ɑ-subunit of Gs; ɑX, ɑ-subunit 
of YM254890-sensitive G protein; ɑY, ɑ-subunit of YM254890-
insensitive G protein; ATP, adenosine triphosphate; cAMP, cyclic 
AMP; PI(4,5)P2, phosphatidylinositol 4,5-bisphosphate; DAG, di-
acylglycerol; INsP3, inositol 1,4,5-tripsphophate.
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taste receptor to uniformly activate the Ggust-PLC-ß2-TRPM5 
pathway [44].
  The fact that sweet molecules act as biased agonists raises 
several additional questions. First, do many other agonists for 
STSR in ß-cells act similarly and activate one of the signaling 
pathways described in Fig. 3, or do they activate an additional 
distinct signaling cascade? Of particular interest is the effect of 
sweet proteins since they bind to a different portion of the re-
ceptor, the cysteine-rich domain, compared to the four agonists 
already examined. This question should be addressed experi-
mentally. Second, do various agonists for STSR produce iden-
tical cellular output? As mentioned above, all of the four sweet-
eners stimulate insulin secretion. When different outputs are 
measured, however, the four sweeteners may exert different 
cellular outputs in MIN6 cells. In fact, when we assessed the 
apoptosis-inhibiting action of the sweet agonists, both sucra-
lose and saccharin-Na prevented apoptosis induced by ER 
stress in MIN6 cells, whereas acesulfame-K and DPG had lit-
tle effect on apoptosis. If we measure various cellular outputs, 
sweet molecules elicit qualitatively different effects. Third, do 
various sweet molecules act as biased agonists in cells other 
than ß-cells? This is an interesting issue for which we already 
have some answers. In adipocytes, sucralose, by acting on 
STSRs (homodimers of T1R3), increases [cAMP]c but does 
not affect [Ca2+]c [32]. The effect of sucralose in adipocytes is 
apparently different from that in ß-cells. Given that biased ag-
onism occurs in a cell-type specific manner [43], sweet mole-
cules also act as biased agonists in adipocytes. Since STSR is 
expressed in nongustatory systems, additional studies are re-
quired to elucidate the variety of functions of this receptor in 
other types of cells. Then, an additional question arises as to 
whether sweet molecules act as biased agonists in taste cells 
of the taste bud. This question is difficult to answer since the 
sweet taste receptor expressed in the taste bud is composed of 
T1R2 and T1R3, which is slightly different from STSRs pres-
ent in nongustatory cells such as ß-cells and adipocytes. It is, 
however, possible that the sweet taste receptors in taste cells 
function as STSRs in ß-cells. If so, our understanding of the 
mechanism for sweet taste sensation should be revised exten-
sively. Experiments conducted in taste cells are definitely 
needed to address this issue.

CONCLUSIONS

In summary, STSRs expressed in ß-cells showed great flexibil-
ity in generating multiple patterns of intracellular signals. A 

major function of ß-cells is to detect nutritional signals in the 
plasma including sugars, amino acid and lipids and to secrete 
insulin. In this regard, STSRs detect changes in sugar and ami-
no acid levels and produce a variety of intracellular signals. 
STSRs may play an important physiological role in ß-cell func-
tions. Studies are now in progress in our laboratory to elucidate 
the physiological significance of STSRs in ß-cells.
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