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Abstract. Sweet taste receptors (STRs) expressed on β‑cells 
stimulate insulin secretion in response to an increase in the 
circulating level of glucose, maintaining glucose homeostasis. 
3‑Deoxyglucosone (3DG), a highly reactive α‑dicarbonyl 
compound, has been previously described as an independent 
factor associate with the development of prediabetes. In our 
previous study, pathological plasma levels of 3DG were induced 
in normal rats with a single intravenous injection of 50 mg/kg 
3DG, and an acute rise in circulating 3DG induced glucose 
intolerance by impairing the function of pancreatic β‑cells. 
The present study aimed to investigate whether the deleterious 
effects of pathological plasma levels of 3DG on β‑cell function 
and insulin secretion were associated with STRs. INS‑1 cells, 
an in vitro model to study rat β‑cells, were treated with various 
concentrations of 3DG (1.85, 30.84 and 61.68 mM) or lactisole 
(5 mM). Pancreatic islets were collected from rats 2 h after 
a single intravenous injection of 50 mg/kg 3DG + 0.5 g/kg 
glucose. The insulin concentration was measured by ELISA. 
The protein expression levels of components of the STR 
signaling pathways were determined by western blot analysis. 
Treatment with 3DG and 25.5 mM glucose for 1 h significantly 
reduced insulin secretion by INS‑1 cells, which was consis-
tent with the phenotype observed in INS‑1 cells treated with 
the STR inhibitor lactisole. Accordingly, islets isolated from 
rats treated with 3DG exhibited a significant reduction in 
insulin secretion following treatment with 25.5 mM glucose. 

Furthermore, acute exposure of INS‑1 cells to 3DG following 
treatment with 25.5 mM glucose for 1 h significantly reduced 
the protein expression level of the STR subunit taste 1 receptor 
member  3 and its downstream factors, transient receptor 
potential cation channel subfamily M member 5 and glucose 
transporter 2. Notably, islet tissues collected from rats treated 
with 3DG exhibited a similar downregulation of these factors. 
The present results suggested that acute exposure to pathologi-
cally relevant levels of 3DG in presence of high physiological 
levels of glucose decreased insulin secretion from β‑cells by, 
at least in part, downregulating the STR signaling pathway.

Introduction

Glucose is the main physiological stimulator of insulin release, 
and the mechanism by which glucose regulates insulin secre-
tion has been investigated for several decades. It is known 
that the regulation of insulin secretion is mediated by signals 
involved in glucose metabolism. Glucose enters β‑cells via 
the glucose transporter 2 (GLUT2) and it is metabolized via 
the glycolytic pathway, whose downstream signaling pathway 
induces insulin secretion (1). A recent study identified that 
glucose‑sensing receptors in β‑cells are involved in regulating 
the effect of glucose on insulin secretion (2). The sweet taste 
receptors (STRs) are heterodimers formed by two members of 
the class C G protein‑coupled receptor family, taste 1 receptor 
member (T1R) 2 and T1R3 (3). STRs have been identified to 
function as a glucose‑sensing receptor in the taste cells of the 
tongue (3). When STRs are activated by sugar molecules, the 
signal is transduced to a taste‑cell‑specific trimeric G protein, 
gustducin, and the subsequent activation of phospholipase C‑β2 
(PLCβ2) leads to the inositol 1,4,5‑trisphosphate‑mediated 
release of Ca2+ from intracellular stores (4,5). The increase 
in intracellular Ca2+ activates the monovalent cation‑specific 
transient receptor potential cation channel subfamily M 
member 5 (TRPM5), leading to Na+ influx and depolarization 
of the cell (4,5). In addition to the taste cells of the tongue, 
STR subunits are also found in mouse and human β‑cells (6,7). 
It was demonstrated that STRs are associated with the 
PLCβ2/TRPM5 cascade in β‑cells (6). However, compared 
with T1R3, the expression level of T1R2 is lower in islets and 
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in the pancreatic β‑cell line MIN6 (7). Knockdown of T1R3 
attenuates the effect of the sweetener acesulfame K, whereas 
knockdown of T1R2 does not affect the action of acesul-
fame K (8). T1R3 knockdown in MIN6 cells also decreases 
the amount of intracellular ATP and the insulin secretion 
following stimulation with 25 mM glucose  (9). Therefore, 
these previous findings indicated that T1R3 may be important 
for glucose sensing and for the regulation of insulin secretion 
induced by high concentrations of glucose.

3‑Deoxyglucosone (3DG), a highly reactive α‑dicarbonyl 
compound, is formed from carbohydrates during food 
processing and storage, and it is also produced by living organ-
isms (10,11). The clinical significance of 3DG is associated 
with its ability to react with certain proteins to form advanced 
glycation end products that are involved in the pathogenesis of 
diabetic complications (12). Accumulating evidence demon-
strated that the plasma levels of 3DG in diabetic patients are 
increased by ~2 folds compared with healthy subjects (13,14). 
Collectively, these previous studies indicate the role of 3DG 
in the pathogenesis of diabetic complications. Our previous 
animal and clinical studies have demonstrated that 3DG is 
an independent factor associated with the development of 
prediabetes (15‑19). Additionally, our previous studies showed 
that an abnormal increase of 3DG leads to the impairment 
of pancreatic β‑cell function (15,18). In addition, increased 
plasma levels of 3DG after glucose stimulation was observed 
in normal subjects and patients with impaired glucose metabo-
lism (20). In our previous study, pathologically relevant plasma 
levels of 3DG were induced in normal rats with a single intra-
venous (i.v.) injection of 50 mg/kg 3DG, and an acute rise in 
the circulating levels of 3DG induced glucose intolerance, thus 
impairing the function of pancreatic β‑cells (19), suggesting the 
potential involvement of 3DG in the increased risk of glucose 
intolerance in patients with postprandial glucose excursions. 
However, the role of STRs on the deleterious effects of patho-
logically relevant plasma levels of 3DG on β‑cells function at 
high physiological glucose levels remains unknown.

A previous study identified that the expression of the STR 
subunit T1R3, α‑gustducin and TRPM5 are downregulated in 
the ileum of Zucker diabetic fa/fa rats (21). In line with this 
previous study, our previous study identified that the protein 
expression levels of STR and its downstream factor TRPM5 
are downregulated in duodenal and colon tissues following a 
2‑week administration of 50 mg/kg 3DG intragastric (i.g.) in 
rats exhibiting a prediabetic condition (16). Additionally, in the 
pancreatic islets of diabetic and diet‑induced obese mice, the 
protein expression levels of the STR subunits were downregu-
lated (22,23). Furthermore, in vitro experiments suggested that 
the downregulation of the expression level of STR genes is 
involved in the impairment of the STR‑mediated insulin secre-
tion by β‑cells (22,23). Our previous study identified that acute 
exposure of STC‑1 L‑cells to 3DG in the presence of 25 mM 
glucose for 1 h was able to downregulate the expression level 
of STR, decreasing STR‑mediated zinc finger GATA like 
protein 1 (GLP‑1) secretion (24). Therefore, 3DG may exhibit 
deleterious effects on the STR signaling pathways. Altogether, 
it is possible that the deleterious effects on glucose tolerance 
caused by an acute increase in circulating 3DG may be associ-
ated with the impairment of β‑cell function mediated by the 
downregulation of the STR signaling pathway in β‑cells.

Accumulating evidence has demonstrated that stimulation 
of insulin secretion by high concentrations of glucose involves 
STRs (2). Therefore, the present study aimed to investigate the 
in vivo and in vitro effects of pathologically relevant plasma 
levels of 3DG on insulin secretion and STR signaling in β‑cells 
at high physiological glucose levels. After acute exposure of 
INS‑1 cells to 3DG (1.85, 30.84 and 61.68 mM) in the presence 
of 25.5 mM glucose for 1 h, insulin secretion and the expres-
sion levels of components of the STR signaling pathways were 
examined. Insulin secretion at glucose concentrations of 5.6 
and 25.5 mM and the expression levels of components of the 
STR signaling pathways were also examined in pancreatic 
islets collected from rats after a single i.v. injection of 50 mg/kg 
3DG + 0.5 g/kg glucose.

Materials and methods

Reagents. 3DG was synthesized following a modified method 
reported by Kato et al  (25), as previously described  (26). 
Lactisole purchased from Sigma‑Aldrich (Merck KGaA) was 
dissolved in DMSO, and the final concentration of DMSO was 
adjusted to 0.05% for all conditions tested.

Animals and cell culture. Male Sprague‑Dawley rats (age, 
11  weeks; weight ~200 g) purchased from the JOINN 
Laboratories were housed at 20‑23˚C with a relative humidity 
of 50‑60%) and under a 12‑h light/dark cycle, in accordance 
with the European Union Directive 2010/63/EU for animal 
experiments  (27). All the animal protocols were approved 
by The Local Committee on Ethics of Animal Experiments 
of Suzhou TCM Hospital Affiliated to Nanjing University of 
Chinese Medicine (Suzhou, China). The rats were allowed 
free access to food and water, and were fed a standard rat 
diet (Shuangshi Laboratory Animal Feed Science Co., Ltd.). 
After 1 week of acclimatization, eighteen rats were randomly 
divided into the experimental groups (n=6 in each group). The 
rats were fasted overnight before the experiments. A single 
i.v. injection of 0.9% saline (control), 0.5 g/kg glucose or 
50 mg/kg 3DG + 0.5 g/kg glucose was administered to the 
rats. The insulin‑secreting INS‑1 rat β‑cells were obtained 
from Soochow University (Suzhou, China) and were cultured 
as previously described  (18). INS‑1 cells were cultured in 
RPMI‑1640 (Gibco; Thermo Fisher Scientific, Inc.) containing 
11.2 mM glucose, 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.) and 50 µM β‑mercaptoethanol (Sigma‑Aldrich; Merck 
KGaA) in a humidified incubator with 5% CO2 at 37˚C.

Rat islet isolation and culture. After overnight fasting, rats 
were anesthetized by intraperitoneal injection of 100 mg/kg 
pentobarbital sodium (Sigma‑Aldrich; Merck KGaA) and were 
administered a single i.v. injection of 0.5 g/kg glucose or 
50 mg/kg 3DG + 0.5 g/kg glucose. After 2 h, the anesthetized 
rats were sacrificed by CO2 exposure (displacement rate, 
20%/min). If no breath was observed for ≥60 sec, the sacrificed 
rodent was removed from the chamber and pancreatic islets 
were isolated using the collagenase method, as previously 
described (19). The pancreas was removed and digested by 
incubation in DMEM (Sigma‑Aldrich; Merck KGaA) supple-
mented with collagenase (1.5 mg/ml). The digested pancreas 
was filtered and centrifuged at 1,000 x g at 4˚C for 3 min. The 
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isolated islets were cultured in RPMI‑1640 culture medium 
containing 11.2 mM glucose and 10% fetal calf serum (Gibco; 
Thermo Fisher Scientific, Inc.) in a humidified incubator with 
5% CO2 at 37˚C. The islets were subsequently used for the 
measurement of insulin secretion and western blot analysis.

Measurement of insulin concentration in INS‑1 cells and rat 
islets. INS‑1 cells (4x103 cells/well) were seeded in 96‑well 
plates in RPMI‑1640 culture medium containing 11.2 mM 
glucose and cultured overnight. The cells were incubated 
in RPMI‑1640 containing 25.5 mM glucose for 1 h in the 
presence or absence of 3DG (1.85, 30.84 and 61.68 mM) or 
lactisole (5 mM), and the supernatant from the medium was 
collected for the measurement of insulin concentration. Islets 
were harvested from fasting rats 2 h after a single i.v. injection 
of 0.5 g/kg glucose or 50 mg/kg 3DG + 0.5 g/kg glucose. In 
total, 30 islets were isolated from 3DG‑treated rats and were 
immediately cultured in RMPI‑1640 containing 5.6  mM 
glucose for 1.5  h. Subsequently, insulin secretion under 
different conditions were assessed.

Following the indicated treatment, INS‑1 cells or islets 
from 3DG‑treated rats were transferred to RMPI‑1640 
containing 5.6 mM glucose for 1.5 h. For basal insulin secre-
tion measurement, INS‑1 cells or 30 islets were incubated with 
5.6 mM glucose in RPMI‑1640 for 1.5 h. For glucose‑stimu-
lated insulin secretion measurement, INS‑1 cells or islets were 
incubated with 25.5 mM glucose in RPMI‑1640 for 1 h. The 
insulin concentration in the supernatant was measured using a 
rat insulin ELISA kit (cat. no. EZRMI‑13K; Linco Research, 
Inc.; EMD Millipore) according to the manufacturer's protocol.

Western blot analysis. INS‑1 cells grown to confluence in 
6‑well dishes were incubated with various concentrations 
of 3DG (1.85, 30.84 and 61.68 mM) in RPMI‑1640 culture 
medium containing 25.5 mM glucose for 1 h. The cells were 
subsequently transferred to RPMI‑1640 culture medium 
containing 5.6 mM glucose for 1.5 h. Then, 2 h after a single 
i.v. injection of vehicle (0.9% saline, control group), 0.5 g/kg 
glucose or 50 mg/kg 3DG + 0.5 g/kg glucose, the pancreatic 
islets were isolated from rats. In total, 100 islets were then 
transferred to RPMI‑1640 culture medium containing 5.6 mM 
glucose for 1.5 h. INS‑1 cells and islets were homogenized in a 
lysis buffer containing 1% Triton X‑100, protease inhibitors and 
phosphatase inhibitors (Beyotime Institute of Biotechnology). 
Western blot analysis was performed using INS‑1 cells and 
isolated pancreatic islets as previously described (18,19). The 
total protein concentration was determined using a bicincho-
ninic acid protein assay kit (cat. no. P0012; Beyotime Institute 
of Biotechnology). In total, 50 µg protein from each sample 
was separated by SDS‑PAGE. Proteins were transferred onto 
PVDF membranes (Merck KGaA). The membranes were 
blocked for 1 h at room temperature in Tris‑buffered saline 
with 1% Tween (Beijing Solarbio Science & Technology 
Co., Ltd.) containing 5% dry milk. The membranes were 
incubated with the appropriate primary antibody at 4˚C 
overnight. Subsequently, membranes were incubated 
with horseradish peroxidase‑conjugated goat anti‑rabbit 
(1:5,000; cat. no. AT0097; CMCTAG, Inc.), goat anti‑mouse 
(1:1,500; cat. no. A T0098; CMCTAG, Inc.) or rabbit 
anti‑goat (1:1,500; cat. no. AT0101; CMCTAG, Inc.) secondary 

antibodies at room temperature for 2 h. The blots were detected 
with an enhanced chemiluminescence‑kit (Beyotime Institute 
of Biotechnology) followed by autoradiography. The amount 
of protein loaded was confirmed by stripping the blots using 
restore western blot stripping buffer (cat. no. 21509; Thermo 
Scientific, Inc.) and reprobing them using an anti‑β‑actin 
antibody (dilution, 1:1,000; cat. no. A T0001; CMCTAG, 
Inc.). The primary antibodies used for western blot were as 
follows: Anti‑T1R3 (1:200; cat. no.  sc‑22458; Santa Cruz 
Biotechnology, Inc.), anti‑TRPM5 (1:167; cat. no. ab87642; 
Abcam) and anti‑GLUT2 (1:100; cat. no. ab54460; Abcam). 
The intensity of the bands was analyzed using the SpotDenso 
tool of the built‑in software of the detection instrument 
(Alphaimager 2200; ProteinSimple).

Statistical analysis. All presented data are representative 
of ≥3 independent experiments. Data are presented as the 
mean ± SD. Comparisons were performed using Student's 
t‑test or one‑way ANOVA followed by Bonferroni's post‑hoc 
test. Statistical analyses were performed using Prism (version 
5; GraphPad Software, Inc.). P<0.05 was considered to indicate 
a statistically significant difference.

Results

Treatment with the STR inhibitor lactisole impairs insulin 
secretion in INS‑1 cells. The role of STRs on insulin secretion 
in response to high concentrations of glucose in INS‑1 β‑cells 
was examined (Fig. 1). INS‑1 cells were treated with the STR 
inhibitor lactisole at a concentration of 5 mM in the presence 
of 25.5 mM glucose for 1 h, and the concentration of insulin in 
the supernatant was subsequently measured. Insulin secretion 
in response to 25.5 mM glucose stimulation was reduced to 
81% in the presence of lactisole (Fig. 1A). Subsequently, INS‑1 
cells treated with lactisole were incubated at different concen-
trations of glucose to examine basal and glucose‑stimulated 
insulin secretions. INS‑1 cells pretreated with lactisole and 
25.5 mM glucose showed an increased basal insulin secretion 
in response to 5.6 mM glucose, whereas glucose‑stimulated 
insulin secretion was significantly lower in INS‑1 exposed to 
25.5 mM glucose, and insulin secretion was reduced to 83% 
(Fig. 1B). The present findings suggested that the pharmaco-
logic inhibition of STRs in INS‑1 rat β‑cells impaired insulin 
secretion in response to 25.5 mM glucose stimulation.

Acute exposure of INS‑1 cells to 3DG and 25.5 mM glucose 
for 1 h impairs insulin secretion. Following the same experi-
mental conditions used for the lactisole treatment, INS‑1 cells 
were exposed to pathologically relevant concentrations of 
3DG at high concentrations of glucose, and insulin secretion 
was subsequently examined. INS‑1 cells were treated with 
various concentrations of 3DG (1.85, 30.84 and 61.68 mM) 
at 25.5 mM glucose for 1 h and the insulin concentration in 
the supernatant was measured. Following treatment with 1.85, 
30.84, and 61.68 mM 3DG, the insulin secretion in response 
to 25.5 mM glucose stimulation was reduced to 89, 83 and 
84%, respectively (Fig. 2A). Subsequently, INS‑1 cells were 
pretreated with 3DG for 1  h, and insulin secretion was 
measured following exposure to 5.6 mM glucose for 1.5 h or 
25.5 mM glucose for 1 h. Exposure to 30.84 and 61.68 mM 
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3DG increased basal insulin secretion in response to 5.6 mM 
glucose by 22 and 26%, respectively (Fig. 2B). Following 
treatment with 30.84 and 61.68 mM 3DG, glucose‑stimulated 
insulin secretion in response to 25.5 mM glucose was reduced 
to 71 and 73%, respectively (Fig. 2B). The present results were 
consistent with the aforementioned lactisole treatment results 
(Fig. 1). Collectively, the present results suggested that acute 
exposure of INS‑1 cells to pathologically relevant concentra-
tions of 3DG at high concentrations of glucose impaired 
insulin secretion from β‑cells in vitro.

Acute exposure of INS‑1 cells to 3DG at 25.5 mM glucose 
for 1 h decreases the activity of the STR signaling pathway. 
The effects of pathologically relevant plasma levels of 3DG 
for 1 h at 25.5 mM glucose on the protein expression levels 
of members of the STR pathway were investigated in INS‑1 
cells. INS‑1 cells were exposed to various concentration of 
3DG (1.85, 30.84 and 61.68 mM) in the presence of 25.5 mM 
glucose for 1 h, and the protein expression levels of T1R3 
were measured after a 1.5‑h incubation with 5.6 mM glucose. 
Treatment with 3DG at various concentrations significantly 
reduced the protein expression levels of T1R3, TRPM5 and 
GLUT2 (Fig. 3). The present results suggested that acute expo-
sure of INS‑1 cells to pathologically relevant concentrations 

of 3DG for 1 h at 25.5 mM glucose was sufficient to reduce 
the protein expression levels of members of the STR signaling 
pathway.

Impairment of insulin secretion and downregulation of the 
STR signaling pathway are induced in islets exhibiting glucose 
intolerance induced by acute exposure to 3DG. The effects 
of glucose intolerance induced by acute exposure to 3DG on 
insulin secretion and on the expression levels of members of the 
STR signaling pathway were investigated. Islets from fasting 
rats were collected 2 h after i.v. administration of 50 mg/kg 
3DG + 0.5 g/kg glucose. Subsequently, islets were incubated 
with 5.6 mM glucose for 1.5 h, and insulin secretion in response 
to 5.6 mM glucose for 1.5 or 25.5 mM glucose for 1 h was 
assessed. Islets isolated from rats treated with 3DG exhibited 
a 21% increase in basal insulin secretion, at 5.6 mM glucose 
(Fig. 4A). By contrast, glucose‑stimulated insulin secretion 
(25.5 mM glucose) decreased to 90%. The protein expression 
levels of the members of the STR signaling pathways in islets 
isolated from 3DG‑treated rats were subsequently measured. 
The protein expression levels of T1R3 and TRPM5 in islets 
collected from rats treated with 0.5 g/kg glucose were signifi-
cantly reduced compared with the control groups, whereas the 
protein expression level of GLUT2 was significantly increased 

Figure 1. Exposure to the sweet taste receptor inhibitor, lactisole, for 1 h at 25.5 mM glucose impairs insulin secretion in INS‑1 cells. (A) INS‑1 cells were 
incubated for 1 h with 25.5 mM glucose in the presence or absence of 5 mM lactisole. Subsequently, insulin concentration in the supernatant was measured. 
(B) INS‑1 cells were pretreated with 5 mM lactisole at 25.5 mM glucose. Then, INS‑1 cells were transferred to RMPI‑1640 containing 5.6 mM glucose for 
1.5 h. Next, INS‑1 cells were stimulated for 1.5 h with 5.6 mM glucose or for 1 h with 25.5 mM glucose and the insulin concentration in the supernatant was 
measured. ***P<0.001 vs. control. n=6. G, glucose.

Figure 2. Acute exposure of INS‑1 cells to 3DG at 25.5 mM glucose for 1 h impairs insulin secretion. (A) INS‑1 cells were incubated for 1 h with 25.5 mM 
glucose in the absence or presence of 3DG at 1.85, 30.84 or 61.68 mM. Insulin concentration in the supernatant was subsequently measured. (B) INS‑1 cells 
were pretreated with 3DG at 25.5 mM glucose. Then, INS‑1 cells were transferred to RMPI‑1640 containing 5.6 mM glucose for 1.5 h. Next, insulin secretion 
in INS‑1 cells was measured following exposure to 5.6 mM glucose for 1.5 h or 25.5 mM glucose for 1 h. **P<0.01, ***P<0.001 vs. 0 mM 3DG. n=6. 3DG, 
3‑deoxyglucosone; G, glucose.
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(Fig.  4B and C ). The protein expression levels of T1R3, 
TRPM5 and GLUT2 in islets collected from rats treated with 
50 mg/kg 3DG + 0.5 g/kg glucose were significantly reduced 
compared with rats treated with 0.5 g/kg glucose and 0.9% 
saline. The present results suggested that insulin secretion at 
25.5 mM glucose stimulation was impaired, and the protein 
expression levels of members of the STR signaling pathway 
were downregulated in islets of rats exhibiting acute glucose 
intolerance induced by acute exposure to 3DG, consistently 
with our aforementioned in vitro results (Figs. 2 and 3).

Discussion

In the present study, the inhibition of the STRs pathway with 
lactisole in INS‑1 rat β‑cells was identified to decrease insulin 
secretion following stimulation with a high concentration of 
glucose (25.5 mM). Furthermore, the present results suggested 
that acute exposure of INS‑1 cells to pathologically relevant 
concentrations of 3DG at 25.5 mM glucose inhibited insulin 
secretion. Accordingly, islets from rats collected 2 h after treat-
ment with 50 mg/kg 3DG + 0.5 g/kg glucose i.v. exhibited a 
reduction in insulin secretion after stimulation with 25.5 mM 
glucose. Importantly, acute exposure of INS‑1 cells to 3DG at 
25.5 mM glucose for 1 h decreased the protein expression levels 
T1R3, a subunit of STRs, and TRPM5 and GLUT2, two factors 
downstream of the STRs signaling pathway. Notably, islet tissues 
collected from rats treated with 3DG showed a similar down-
regulation. The present results suggested that acute exposure to 
pathologically relevant concentrations of 3DG inhibited insulin 
secretion from β‑cells in the presence of 25.5 mM glucose by, at 
least in part, downregulating the STR signaling pathway.

A previous study demonstrated that the plasma levels of 
3DG in non‑diabetic elderly subjects vary between 0.049 and 
4.54 mM with a median value of 0.27 mM and a 95th percentile 
of 2.79 mM (15). A previous study observed that plasma‑free 
3DG levels in streptozotcin‑induced diabetic rats was increased 
by ~2‑fold (0.92 ± 0.13  mM) compared with normal rats 
(0.38±0.069 mM) (28). Our previous study, to the best of our 
knowledge, was the first to demonstrate that the plasma levels 
of 3DG increased ~2‑fold (0.47‑0.73 mM) following admin-
istration of 50 kg/kg 3DG i.g. for 2 weeks in mice compared 
with normal mice (0.22±0.083 mM), and increased circulating 
levels of 3DG were identified to be involved in the development 
of prediabetes (18). Additionally, our previous study identified 
that pathologically relevant plasma levels of 3DG in rats were 
induced with a single i.v. injection of 3DG (50 mg/kg) (19). 
The plasma levels of 3DG peaked at 15 min after injection 
(102.86±19.48 mM) and declined to 11.34±3.6 mM after 1 h. 
However, the 3DG levels were maintained at significantly 
increased levels for ≥2  h (8.7±0.6  mM)  (19). INS‑1 cells 
were derived from X‑ray‑induced rat insulinoma cells, which 
were previously used as an in vitro model of β‑cells due to 
their insulin secretion capacity following stimulation with 
glucose (29). The present results suggested that insulin secre-
tion of INS‑1 cells at 25.5 mM glucose stimulation increased 
~1.6‑fold compared with basal glucose stimulation (5.6 mM), 
consistently with previous studies (30,31). Therefore, insulin 
secretion and the expression of component of the STR pathway 
were investigated in INS‑1 β‑cells under pathological levels of 
3DG (30.84 and 61.68 mM) at 25.5 mM glucose. Additionally, 
the expression levels of components of the STR pathway were 
previously identified to be downregulated, and STR‑mediated 
glucagon‑like peptide 1 secretion was identified to be reduced 
in STC‑1 L‑cells in response to acute exposure to 1.85 mM 
3DG for 1 h at 25 mM glucose (24). Therefore, in the present 
study, the effects of 1.85 mM 3DG at 25.5 mM glucose on 
insulin secretion and on the expression levels of members of 
the STR pathway were examined in INS‑1 cells.

Previous studies demonstrated that, following inhibition of 
the STR signaling pathway, pancreatic β‑cells stimulated by 
high concentrations of glucose exhibit a reduction of insulin 
secretion  (7,9). Lactisole is a synthetic compound that is 
used to evaluate the function and physiological roles of the 
STR pathway in human (32). Previous studies observed that 
lactisole may be used for investigating the role of STRs in 
rodents (32,33). The present study suggested that inhibition of 
STRs with lactisole significantly suppressed insulin secretion 
by INS‑1 β‑cells following stimulation with 25.5 mM glucose. 
In fact, after 1 h of treatment with lactisole, insulin secretion 
stimulated by 25.5 mM glucose was decreased compared with 
the control group. The present results are consistent with a 
previous study investigating the effect of lactisole in reducing 
insulin secretion from MIN6 β‑cells stimulated by 25 mM 
glucose  (32). Interestingly, the STRs expressed in β‑cells 
are involved in inhibiting the basal insulin secretion  (23). 
Pharmacological inhibition of STRs with lactisole in human 
islets induces basal insulin hypersecretion at short‑term 
fasting glucose concentrations  (23). Consistently with this 
previous study (23), the present study identified that basal 
insulin secretion at 5.6 mM glucose increased in INS‑1 rat 
β‑cells after 1 h of treatment with the STR inhibitor lactisole. 

Figure 3. Acute exposure of INS‑1 cells to 3DG at 25.5 mM glucose for 1 h 
downregulates the sweet taste receptor signaling pathway. INS‑1 cells were 
incubated for 1 h with 25.5 mM glucose in the absence or presence of 3DG at 
1.85, 30.84 or 61.68 mM. (A) Cells were incubated with 5.6 mM glucose for 
1.5 h and the protein expression levels of T1R3, TRPM5 and GLUT2 were 
measured. (B) Protein expression levels of T1R3, TRPM5 and GLUT2, as 
assessed by densitometry. *P<0.05, **P<0.01, ***P<0.001 vs. 0 mM 3DG. n=3. 
3DG, 3‑deoxyglucosone; T1R3, taste 1 receptor member 3; TRPM5, transient 
receptor potential cation channel subfamily M member 5; GLUT2, glucose 
transporter 2.
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The present results suggested that lactisole may be a useful 
pharmacological tool to assess the function of STRs in INS‑1 
cells. The present results suggested that under basal condi-
tions, the STRs on the surface of β‑cells may be able to sense 
the level of glucose, leading to a decrease in the basal insulin 
secretion, preventing hypoglycemia. Under stimulated condi-
tions, the STRs on the surface of β‑cells are activated by the 
increase in circulating glucose, and mediate insulin secretion, 
restoring physiological plasma glucose levels (23). Although 
the molecular mechanisms underlying STR‑mediated inhibi-
tion of basal insulin secretion are not fully understood, it is 
possible that basal insulin hypersecretion is a typical charac-
teristic of the function of STRs in β‑cells.

In the present study, INS‑1 cells were treated with 3DG 
following the same experimental conditions used to investigate 
the role of lactisole, and acute exposure to 3DG in INS‑1 cells 
or in islets isolated from rats treated with 50 mg/kg 3DG + 
0.5 g/kg glucose i.v. not only resulted in a reduction in insulin 
secretion following stimulation with 25.5 mM glucose, but 
also induced basal insulin hypersecretion at 5.6 mM glucose, 
consistently with the treatment with the STR inhibitor lactisole. 
Therefore, the present results suggested that acute exposure 
to pathologically relevant plasma levels of 3DG impaired the 
STR‑mediated regulation of insulin secretion in pancreatic 
β‑cells. The present results are consistent with the effects that 
were previously reported for methylglyoxal, a highly reactive 
α‑dicarbonyl compound (34). Elmhiri et al (34) hypothesized 
that the acute effect of methylglyoxal on insulin secretion may 
be related to the metabolic state of β‑cells. STRs expressed in 

β‑cells serve distinct roles in finely tuning insulin secretion 
under basal and glucose‑stimulated conditions. Therefore, 
it is possible that STRs may be key molecules involved in 
methylglyoxal regulation of insulin secretion. Accordingly, in 
the present study, acute exposure to 3DG showed deleterious 
effects on the STR‑mediated regulation of insulin secretion in 
pancreatic β‑cells.

The present results suggested that 3DG exhibited delete-
rious effects on STR‑mediated insulin secretion. In fact, acute 
exposure to pathologically relevant concentration of 3DG in 
the presence of 25.5 mM glucose downregulated the protein 
expression levels of the STR subunit T1R3 and of other 
components of the canonical STR signaling pathway (35), such 
as TRPM5 and GLUT2. Collectively, acute exposure to patho-
logically relevant plasma levels of 3DG at 25.5 mM glucose 
downregulated the protein expression level of T1R3, impairing 
the effects of STRs on the regulation of insulin secretion by 
pancreatic β‑cells. The present results are not sufficient to 
understand the mechanism underlying the 3DG‑mediated 
T1R3 downregulation; however, the mechanisms underlying 
3DG function may involve several processes. 3DG was previ-
ously reported to react with the N‑terminal amino group 
of nucleic acids (36), leading to inhibition of transcription 
and causing a decrease in gene expression. Carbonylation 
of proteins is a permanent modification that may alter the 
function or structure of proteins, affecting their downstream 
signaling pathway (37). The accumulation of the dicarbonyl 
compound 3DG was previously reported to induce carbonyl 
stress, increasing the carbonylation of proteins  (38). The 

Figure 4. Impairment of insulin secretion and downregulation of the sweet taste receptor signaling pathway in islets of rats with acute glucose intolerance 
induced by 3DG. After overnight fasting, rats were treated with physiological saline, 0.5 g/kg glucose i.v. or 50 mg/kg 3DG + 0.5 g/kg glucose i.v. (A) Pancreatic 
islets were collected from rats 2 h after treatment and were incubated in RPMI‑1640 containing 11.2 mM glucose. Next, islets were incubated with 5.6 mM 
glucose for 1.5 h or with 25.5 mM glucose for 1 h. Then, the insulin concentration in the supernatant was measured. n=6. (B) Islets were isolated 2 h after treat-
ment with physiological saline, 0.5 g/kg glucose i.v. or 50 mg/kg 3DG + 0.5 g/kg glucose i.v. and processed for the analysis of the protein expression levels of 
T1R3, TRPM5 and GLUT2 by western blotting. (C) Protein expression levels of T1R3, TRPM5 and GLUT2, as assessed by densitometry. *P<0.05, ***P<0.001 
as indicated. #P<0.05, ##P<0.01, ###P<0.001 as indicated (n=3). G, gluocse; i.v., intravenously; 3DG, 3‑deoxyglucosone; T1R3, taste 1 receptor member 3; 
TRPM5, transient receptor potential cation channel subfamily M member 5; GLUT2, glucose transporter 2.
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ability of 3DG to downregulate the protein expression level 
of T1R3 may be mediated by the carbonyl stress caused by 
3DG. Therefore, further studies are required to investigate the 
mechanism underlying the 3DG‑mediated downregulation of 
the protein expression level of T1R3 following exposure to 
high concentrations of glucose.

Since STR‑mediated regulation of insulin secretion was 
identified in the present study to be impaired in islets collected 
from rats treated with 3DG, the expression levels of members 
of the STR signaling pathway were investigated. At 2 h after 
administration of 0.5 g/kg glucose i.v., the plasma levels of 
glucose declined to levels only slightly higher than the basal 
glucose levels (19). GLUT2 is a glucose‑sensitive gene (39), 
and GLUT2 expression level in islet tissues from rats 2 h 
after acute administration of 0.5 g/kg glucose i.v. increased 
compared with islets from fasting rats. Interestingly, the 
protein expression levels of T1R3 and TRPM5 in islet tissues 
harvested 2 h after acute administration of 0.5 g/kg glucose i.v. 
were markedly decreased compared with fasting rats. Possibly, 
under high glucose levels, the STR‑mediated regulation of 
basal insulin secretion may not be immediately detected. 
Furthermore, the upregulation of T1R3 expression in the islets 
of fasting rats suggested a role of STRs in sensing circulating 
glucose in modulating basal insulin secretion. Therefore, 
the downregulated expression levels of T1R3, TRPM5 and 
GLUT2 in islet tissues collected from rats 2 h after acute 
administration of 50 mg/kg 3DG + 0.5 g/kg glucose i.v. could 
be responsible for the impaired STR‑mediated insulin secretion 
in islets from 3DG‑treated rats. Additionally, since GLUT2 
expression can be regulated by insulin (40), the downregula-
tion of GLUT2 expression may be consistent with our previous 
results suggesting that 50 mg/kg 3DG i.v. administered to rats 
impaired the insulin signaling pathway (19). GLUT2 is one 
of the main factors required for glucose‑dependent insulin 
secretion 4(41). Therefore, the reduced insulin secretion at 
25.5 mM glucose following treatment with 3DG identified in 
the present study in INS‑1 cells and islets could be caused, at 
least in part, by a decrease in GLUT2 expression. Collectively, 
the impairment in insulin secretion and in the STR signaling 
pathway suggested that elevated circulating levels of 3DG may 
be involved in the development of β‑cell dysfunction.

To the best of our knowledge, the present study is the first 
to provide evidence that acute exposure to pathologically 
relevant levels of 3DG at high physiological glucose levels 
downregulated the STR signaling pathway in pancreatic 
β‑cells. The downregulation of the STR signaling pathway 
was involved in the acute effect of 3DG on the regulation 
of insulin secretion. The present results suggested a novel 
mechanism linking the impairment of β‑cell function 
with the increase in the circulating levels of 3DG via the 
downregulation of the STR signaling pathway. The present 
findings suggested that the STRs expressed in β‑cells may be 
a promising therapeutic target to prevent and treat diabetes. 
Furthermore, the present results suggested that STRs 
expressed on β‑cell may be a promising therapeutic target to 
prevent and treat diabetes.
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