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Abstract
Objectives  Non-nutritive sweeteners (NNS) are widely used as replacements for table sugar in beverages and dessert. How-
ever, the metabolic effects of NNS remain controversial. This study aimed to investigate the effects of various sucralose loads 
on glucose metabolism and expression of sweet taste receptors (STR) and glucose transporters in a high-fat diet (HFD) rats.
Methods  Four-week-old male Sprague Dawley rats were fed a HFD for 8 weeks, then randomly divided into eight groups 
(6 in each group). All were gavaged with either saline, sucralose (0.54 mM or 0.78 mM), or sucrose (324 mM) with/without 
gurmarin, a sweet taste inhibitor, for 4 weeks, followed by an intragastric glucose tolerance test (IGGTT) with blood glucose, 
and plasma insulin, GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) measurements. In the following week, 
the rats were sacrificed and the small intestine was removed for measurement of sweet taste receptor and glucose transporter 
expression by quantitative Reverse Transcription-Polymerase Chain Reaction.
Results  In HFD rats, blood glucose levels were decreased at 30, 60, and 120 min during the IGGTT after 4 weeks sup-
plementation with 0.78 mM sucralose. TIR3 expression was increased in the duodenum and TIR2 was increased in the 
ileum after 324 mM sucrose supplementation. T1R3 expression was increased after 0.54 mM and 0.78 mM sucralose in the 
ileum, but there was no change in the expression of TIRs in the duodenum after sucralose treatments. SGLT-1 expression 
was increased after both 0.78 mM sucralose and 324 mM sucrose in the ileum, and only increased in the duodenum after 
324 mM sucrose supplementation.
Conclusions  The effects of sucralose on glucose metabolism in HFD rats are dose-dependent and related to enhanced 
expression of sweet taste receptors and glucose transporters. Further studies are needed to clarify the molecular mechanisms 
involved.
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Introduction

Diabetes, a growing worldwide challenge, is associated with 
increased consumption of sugars, particularly sucrose [1]. 
Non-nutritive sweeteners (NNS) mimic the taste of sucrose 
and were considered useful as substitutes to reduce energy 
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intake. The U.S. Food and Drug Administration (FDA) 
has approved 6 artificial sweeteners including sucralose, 
aspartame, neotame, saccharin, acesulfame potassium and 
advantage for use in the food industry [2]. However, their 
metabolic effects remain controversial. Some studies indi-
cated there were no significant effects of NNS on blood 
glucose levels [3, 4], but more recent evidence suggests 
that NNS may increase body mass index (BMI) and affect 
glucose metabolism in a variety of ways [5, 6]. Suez et al. 
even reported that NNS correlated with higher fasting blood 
glucose, haemoglobin (HbA1C%) and impaired glucose tol-
erance in non-diabetic individuals. Moreover, most healthy 
individuals demonstrated increased glycaemic responses 
5–7 days after acceptable daily intake (ADI) NNS consump-
tion compared to their glycaemic responses on days 1–4. 
In mice, an NNS dose equivalent to the ADI for humans 
also increased blood glucose levels compared to doses of 
glucose, sucrose or water [7]. Therefore, the effects of NNS 
on glucose homestasis should be re-evaluated.

Both sugars and NNS exert effects by binding to the 
sweet-taste receptor (STR)–a heterodimer, formed by the 
subunits T1R2 and T1R3. Sweeteners can selectively bind to 
one or both receptors in different proportions. Key elements 
of the taste transduction pathways include the G-protein, 
α-gustducin, and the transient receptor potential ion chan-
nel, TRPM5. The sweeteners effect can be blocked by STR 
inhibitors. According to the species, gurmarin is only effec-
tive in rodents but ineffective in humans, while lactisole is 
active on primates including human. The binding sites of 
gurmarin were identified in the open VFT (venus flytrap) 
of T1R3, the joint of T1R2 and T1R3 and the TM domain 
of T1R3, and that of lactisole were in the TM domain of 
T1R3 [8–10]. In addition to the tongue, STRs are expressed 
at numerous sites, including the small intestine, brain and 
bone. The activation of these extra-gustatory receptors has 
been proposed to regulate metabolic processes [11]. Sucra-
lose is 450–600 times sweeter than sucrose, and its ADI in 
the US is 5 mg/kg. It has been shown that sucralose (from 
0.04 mM, 0.2 mM, 1 mM to 5 mM) stimulated glucagon-like 
peptide-1 release (GLP-1) from human L cells in a concen-
tration-dependent manner, and this effect could be blocked 
by sweet receptor antagonists [12]. However, acute exposure 
to sucralose by intragastric and intraduodenal infusion failed 
to increase plasma GLP-1 concentrations in healthy sub-
jects [13, 14], although more prolonged exposure has been 
reported to do so [15].

Absorption of glucose in the gastrointestinal tract occurs 
via the Na+/glucose cotransporter (SGLT-1) and glucose 
transporter 2 (GLUT2) [16]. It has been proposed that in 
low concentrations, glucose is absorbed by SGLT-1, but 
at high concentrations GLUT2 at the apical location in the 
enterocyte becomes an important route of uptake [17, 18]. 
Long-term use of sucralose could increase the expression of 

glucose transporters and thereby enhance glucose absorp-
tion in the small intestine [19]. However, SGLT1 expression 
and glucose absorptive capacity are not enhanced by either 
dietary sugar or sucralose in T1R3 −/− or alpha-gustducin 
−/− mice, indicating the important role of STRs in this pro-
cess [18].

From the above, it appears that the duration of expo-
sure to sweeteners might determine their effects on glucose 
metabolism. Moreover, their concentration is likely to be 
important. The aim of the current study was to evaluate the 
effects of sucralose loads of various concentrations on glu-
cose metabolism in vitro and in vivo, and on the expression 
of sweet taste receptors and glucose transporters in HFD 
rats.

Methods

Animals and experimental design

Four-week-old male Sprague–Dawley (SD) rats (Laboratory 
Animal Resources, Chinese Academy of Sciences) were 
housed in individual cages and kept in the controlled room 
temperature (20–23 °C) with a 12-h light–dark cycles and 
free access to water and food. After 1 week adaptation to 
the environment, rats were fed a high-fat diet (HFD; 45% of 
energy as fat) for 8 weeks. They were then randomized into 
eight groups and received intragastric infusion every morn-
ing for 4 weeks with either (1) 2 ml saline with or without 
gurmarin 20 μg/ml, (2) 2 ml 324 mM sucrose with or with-
out gurmarin 20 μg/ml, or (3) 2 ml 0.54 mM sucralose with 
or without gurmarin 20 μg/ml, or (4) 2 ml 0.78 mM sucra-
lose with or without gurmarin 20 μg/ml (n = 6 per group). 
Bodyweight was measured using an electronic balance every 
week and % body weight change was calculated. At the end 
of treatment, the rats were sacrificed after 12 h of fasting and 
the small intestine was rapidly removed and stored at − 80℃. 
The study (NSFC No. 81670728) got the ethic approval from 
the Institutional Animal Care and Use Committee of SLAC 
(IACUC) Guide for Care of Laboratory Animals.

Intragastric glucose tolerance test (IGGTT)

An IGGTT was performed after 4 weeks of treatment. After 
an overnight fast, all rats received intragastric infusion of 
glucose (2 g/kg body weight). Blood samples were taken 
from tails immediately before and 30 min, 60 min and 
120 min after the glucose load. Blood glucose levels were 
measured with a glucometer (Roche). At each time point, 
0.5 ml blood samples were also collected from the orbital 
venous plexus. These samples were centrifuged immediately 
(3000g, 4 °C, 10 min) and plasma was stored at − 80 °C for 



1811European Journal of Nutrition (2021) 60:1809–1817	

1 3

subsequent insulin, GLP-1 and glucose-dependent insulino-
tropic polypeptide (GIP) assays.

ELISA

The plasma insulin, total GLP-1 and total GIP levels were 
measured by ELISAs according to the manufacturers’ pro-
cedures. All the ELISA kits were purchased from Crystal 
Chem. The optical density values were read at 450 nm. The 
sensitivities of the specific assays were 0.156 ng/ml for insu-
lin, 1.24 pM for GLP-1 and 0.78 pM for GIP.

RNA extraction and quantitative RT‑PCR

The intestinal tissues were placed in TRIzol reagent (Inv-
itrogen) for total RNA extraction. 1 mg total RNA was 
converted into the first-strand cDNA with the first-strand 
cDNA synthesis kit (Takara) according to the manufactur-
er’s instructions. Quantitative RT-PCR was performed using 
SYBR Master Mix (Takara) and a LightCycler 480 System 
(Roche). A human GAPDH gene was used as an endogenous 
control for sample normalization. Results were presented as 
the fold expression relative to that of GAPDH.

Statistical analyses

SPSS version 19.0 and Graph Pad Prism 7.0 were applied 
in the statistical calculations. Student’s t test or the 
Mann–Whitney U test was performed to compare the two 
groups. Differences between multiple groups were tested by 
one-way ANOVA and post hoc comparisons were performed 
with Tukey’s test. The area under the curve (AUC) of the 
OGTT and plasma insulin levels over time were calculated. 
Data are presented as mean ± SD. p < 0.05 was considered 
significant.

Results

Sucralose improved glucose tolerance in HFD rats 
(Fig. 1)

During the 4 weeks, there were no differences in food intake 
or bodyweight between the groups. Neither sucrose nor 
sucralose treatments altered fasting glucose significantly. 
Compared to the control group, blood glucose levels were 
significantly lower at t = 30, 60 and 120 min after the glucose 
load in the 0.78 mM sucralose group, with an associated 
reduction in AUC, and lower at t = 120 min in the 0.54 mM 
sucralose group. There was no difference in the blood glu-
cose levels between sucrose and control groups at any time 
point after the glucose load (Fig. 1a).

The murine sweet taste receptor antagonist, gurmarin, 
was used to confirm whether sweeteners function via STRs 
(Fig. 1b–e). It was shown that the improvement of glucose 
tolerance in the 0.78 mM sucralose exposure group could be 
reversed when gurmarin was added.

Sucralose increased insulin secretion

Both sucrose and sucralose treatments tended to increase 
fasting insulin levels, but this was significant only for the 
0.54 mM sucralose group, in whom the increase was blocked 
by gurmarin (Fig. 2a). Both homeostasis assessment of insulin 
resistance (HOMA-IR) and β-cell function (HOMA-β) after 
exposure to sucralose were higher in 0.54 mM group than the 
control group, and these were reversed with gurmarin (Fig. 2b, 
c). No differences were found at any time point in the insulin 
response after the glucose load, nor did the insulin AUC differ 
between any groups (Supplementary Fig. 1).

Effect of sweeteners on GLP‑1 secretion in HFD rats 
(Fig. 3)

The sucrose treatment was associated with decreased GLP-1 
levels 30 min after the glucose load in the HFD rats, and this 
change was blocked by gurmarin. There were no significant 
changes in GLP-1 in any other group, not were there any 
changes in GIP levels (Supplementary Fig. 2).

Effect of sucralose on sweet taste receptors 
and glucose transporters in the small intestine 
in HFD rats

Sucrose treatment was associated with increased TIR3 
and TRPM5 levels in the duodenum and increased TIR2, 
α-gustducin and TRPM5 expression in the ileum. After treat-
ment with 0.54 mM sucralose and 0.78 mM sucralose, T1R3 
and α-gustducin expression were higher in the ileum and 
TRPM5 expression was also increased in the 0.78 mM group. 
However, sucralose had no effect on the expression of TIRs in 
the duodenum despite 0.54 mM group had higher α-gustducin 
and TRPM5 level. All these effects could be reversed by gur-
marin (Figs. 4a–d and 5a–d).

Both sucrose and 0.78 mM sucralose treatments were asso-
ciated with upregulated SGLT-1 expression, but there were no 
effects on GLUT2 expression in the ileum (Fig. 4e, f). In the 
duodenum, only sucrose group had higher SGLT-1 expression 
(Fig. 5e, f).
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Discussion

Our data first indicate that continuous dietary supplemen-
tation with sucralose can affect glucose metabolism in a 
load-dependent manner in HFD rats. Four-weeks dosing 
with 0.78 mM sucralose improved glucose tolerance at all 
the time points compared to control, while 0.54 mM sucra-
lose decreased glucose levels only at 120 min, and 324 mM 
sucrose had no effect. The effects of sucralose on glucose 
tolerance were blocked by the rodent STR inhibitor, gur-
marin, consistent with the involvement of the sweet taste 
signaling pathway in these effects.

We delivered sucralose by intragastric infusion to HFD 
obese rats over 4 weeks and found that there were no sig-
nificant changes in GLP-1 in either the 0.78 mM (0.624 mg 
daily) or 0.54 mM (0.432 mg daily) sucralose groups after 

the IGGTT. This is consistent with the report that daily gav-
age with 0.52 mg sucralose for 8 weeks did not affect GLP-1 
levels in HFD C57BL/6 wild type mice [20]. A higher oral 
sucralose load (about 0.9 g daily) and longer feeding time 
(4 months) did increase GLP-1 levels, but this was accom-
panied by elevated serum glucose [21]. Hence, both duration 
and concentration/load of sucralose exposure may be key 
factors affecting GLP-1 secretion. Although sucralose did 
not increase GLP-1 concentrations significantly in our study, 
it increased fasting insulin levels, especially in the 0.54 mM 
group. Further analysis found that HOMA-IR was increased 
in the 0.54 mM group, and the insulin secretion index was 
also increased. Similar results were obtained in a rand-
omized controlled study of human [15]. Steensels et al. also 
reported a similar phenomenon in C57BL/6 mice, whereby 
sucralose increased serum insulin profiles independently of 
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Fig. 1   Blood glucose levels in rats at different time points during 
IGGTT. a Glucose response and area under the curve (AUC) in HFD 
rats after 4 weeks sweetener exposure; (b–e) comparison of glucose 

response and AUC between sweetener groups and the groups with 
the sweet taste inhibitor, gurmarin. Data are mean ± SD. *p < 0.05, 
**p < 0.01, ***p < 0.001
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GLP-1 levels, in an α-gustducin-dependent manner [20]. 
This phenomenon could be attributable to stimulation of 
STRs on pancreatic beta cells, leading via intracellular sig-
nal transduction to insulin release [22, 23], although the 
mechanism still needs further investigation.

Both human and animal studies have demonstrated that 
STRs and gustducin appear to co-localize in GLP-1 secret-
ing L cells [24]. In obese rats, the STR inhibitor, gurmarin, 
prevented the increase in fasting insulin levels induced by 
4 weeks exposure to 0.54 mM sucralose. Our former study 
reported that TIR2/T1R3, α-gustducin and TRPM5 were 
expressed in rat small intestine, particularly the ileum [25]. 
These may explain the different expression of taste mol-
ecules between the ileum and duodenum after sweeteners 

treatments. Interestingly, the current study showed that 
sucralose only increased TIR3 levels, but not TIR2 expres-
sion. It is apparent that the subunits of the STR bind to dif-
ferent kinds of sweeteners, with T1R2 being required to 
recognize aspartame and neotame, and T1R3 to recognize 
cyclamate [10]. All these data demonstrate that sucralose 
affects glucose metabolism, at least in part, through the STR 
and its downstream pathways.

It has been reported that persistent consumption of 
sweeteners can increase the abundance of STRs which can, 
in turn, regulate SGLT1 expression [18, 21]. Consistent 
with this, sucralose and sucrose exposure promoted the 
expression of SGLT1 in the ileum in the current study. 
We did not, however, find significant changes in GLUT2 
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0.78  mM) on taste transduction pathways and glucose transporters 
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fed with different sweeteners with or without the sweet taste inhibitor, 
gurmarin. Bars show the mean ± SD. *p < 0.05, ***p < 0.001 control 
compared with sweetener group; #p < 0.05, ##p < 0.01, ###p < 0.001 
sweetener group compared with corresponding inhibitor group
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expression, despite previous evidence of an increased 
abundance of GLUT2 in rat enterocytes after sucrose or 
sucralose treatment. Possibly this difference is accounted 
for by differing concentrations of sweeteners. The rele-
vance of SGLT-1 expression to glycemic control is demon-
strated by the observation that metformin, a hypoglycemic 
drug, can restore the down-regulation of SGLT1 expres-
sion that is observed after HFD feeding in rats, mediated 
by alterations of the intestinal microbiota, and associated 
with increased GLP-1 release [26]. Although there were 
no significant changes in GLP-1 during the IGGTT in our 
study, we found that 0.78 mM sucralose tended to increase 
the GLP-1 levels at 30 min after glucose load (p = 0.06), 
suggesting that sucralose at a suitable concentration may 
have a similar hypoglycemic effect to metformin.

There are some limitations to our study. First, the lim-
ited number of groups makes it difficult to determine 
precisely the optimum concentration of sucralose for 
improvement of blood glucose. Second, we only measured 
GLP-1 levels at 30 min after glucose load, so may have 
missed any early increases in GLP-1 levels. Third, we did 
not assess GLP-1 levels in the portal vein which might 
be more reliable than that of peripheral blood. Finally, 
although we measured the expression of glucose transport-
ers, we did not directly evaluate glucose absorption.

Conclusions

Our study demonstrated that persistent supplementa-
tion with sucralose decreased blood glucose in obese 
rats. In addition, these sweeteners activated STRs and 
the downstream signaling pathway in the small intestine. 
Furthermore, we found that sucralose and sucrose expo-
sure increased SGLT-1 expression. Our findings revealed 
that different sucralose concentrations can have different 
effects on glucose metabolism in a HFD rat model, sug-
gesting that perhaps an optimal ADI of sucralose could 
be selected that was favorable for glucose metabolism in 
obese patients. However, further studies need to be con-
ducted to clarify the mechanisms of the effects we have 
observed.
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