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Abstract
Aims  Overconsumption of sugar-sweetened beverages (SSBs) is associated with an increased risk of metabolic disorders, 
including obesity and diabetes. However, accumulating evidence also suggests the potential negative impact of consuming 
nonnutritive sweeteners (NNSs) on weight and glycaemic control. The metabolic effects of sucralose, the most widely used 
NNS, remain controversial. This study aimed to compare the impact of intake of dietary sucralose (acceptable daily intake 
dose, ADI dose) and sucrose-sweetened water (at the same sweetness level) on lipid and glucose metabolism in male mice.
Materials and methods  Sucralose (0.1 mg/mL) or sucrose (60 mg/mL) was added to the drinking water of 8-week-old male 
C57BL/6 mice for 16 weeks, followed by oral glucose and intraperitoneal insulin tolerance tests, and measurements of 
bone mineral density, plasma lipids, and hormones. After the mice were sacrificed, the duodenum and ileum were used for 
examination of sweet taste receptors (STRs) and glucose transporters.
Results  A significant increase in fat mass was observed in the sucrose group of mice after 16 weeks of sweetened water 
drinking. Sucrose consumption also led to increased levels of plasma LDL, insulin, lipid deposition in the liver, and increased 
glucose intolerance in mice. Compared with the sucrose group, mice consuming sucralose showed much lower fat accumula-
tion, hyperlipidaemia, liver steatosis, and glucose intolerance. In addition, the daily dose of sucralose only had a moderate 
effect on T1R2/3 in the intestine, without affecting glucose transporters and plasma insulin levels.
Conclusion  Compared with mice consuming sucrose-sweetened water, daily drinking of sucralose within the ADI dose had 
a much lower impact on glucose and lipid homeostasis.
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GLUT2	� Glucose transporter 2
SGLT1	� Sodium/glucose cotransporter 1
T1R2/3	� Taste receptor type 1 member 2/3
GIP	� Glucose-dependent insulinotropic peptide
GLP-1	� Glucagon-like peptide-1
AHA	� American Heart Association

Introduction

Emerging evidence indicates that overconsumption of sugar-
sweetened beverages (SSBs) is associated with increased 
risks of metabolic disorders, such as obesity, hyperlipi-
daemia, diabetes, and other metabolic syndromes [1, 2]. 
Therefore, an increasing number of people have turned to 
nonnutritive sweeteners (NNSs) as a beneficial alternative 
in beverages [3]. Compared with traditional caloric sweet-
eners, noncaloric sweeteners undoubtedly lower the energy 
content of the beverages [4, 5]. Intriguingly, some studies 
have reported the benefits of consuming NNSs, including 
good glycaemic control and weight loss, whereas others 
have argued that NNSs can lead to counterintuitive effects, 
such as obesity and glucose intolerance [6–11]. Although the 
U.S. Food and Drug Administration (FDA) has approved six 
NNS products based on decades of extensive studies, the use 
of NNSs as sugar alternatives has been shadowed by con-
cerns that have arisen from controversial data [5, 12]. These 
contradictory metabolic results come from both human and 
animal studies, which varied in the methods and dosing that 
were used [6, 13]. 

Dietary added sugar, mainly sucrose, corn syrup, and con-
centrated fruit juice, plays an important role in the epidemic 
of obesity worldwide [2]. Sucralose, which is structurally 
similar to sucrose but has three chlorine atoms replacing 
hydroxyl groups, was first approved in the late 1980s [13]. 
As one of the most commonly used NNSs in food and bever-
ages, sucralose has been approved globally [14] based on a 
series of safety evaluations, such as assessments of its chem-
ical stability, toxicity, and effects on development, growth, 
reproduction, and carcinogenesis [15]. Based on studies that 
trace the absorption, distribution, metabolism, and excre-
tion (ADME) of sucralose in both animals and humans, very 
low absorption in plasma and high faecal excretion were 
observed, therefore, sucralose represents an ideal dietary 
calorie-free sugar alternative [16]. However, as the study of 
the gut microbiota on health has drawn much attention these 
days, researchers have raised the question of whether sucra-
lose can influence overall metabolism by altering micro-
biota [17]. Moreover, the discovery of sweet taste receptors 
expressed in the gut has urged researchers to re-evaluate the 
potential effect of sucralose on overall glycaemic control due 
to its capability of activating these receptors [18]. Neverthe-
less, these new findings are controversial. Several studies 

have reported that sucralose can induce glucose intolerance 
by altering gut microflora [19, 20]. In contrast, subchronic 
studies in rodents showed that sucralose had no significant 
influence on microbiota populations [16], and thus further 
investigation is required.

As we mentioned above, accumulating studies have 
reported the negative metabolic impact of excessive sucrose 
consumption, and several recent studies have also pointed 
out the potential safety problem of sucralose on glycaemic 
control [21, 22]. However, human preference for sweet taste 
is initiated in infancy and spans almost all cultures [23]; 
therefore, people still wonder which one is the relatively 
healthier choice. As a high-intensity sweetener, sucralose 
is approximately 600 times sweeter than sucrose [16]; thus, 
the addition of a tiny amount of sucralose can achieve the 
same sweetness as sugars. However, an extremely high dose 
of either sucrose or sucralose, which is almost unachievable 
in daily intake, has been used in many in vitro and in vivo 
animal studies [22, 24, 25]. Therefore, data comparing the 
metabolic outcomes of consuming a daily dose of sucralose- 
or sugar-containing beverages with the same sweetness are 
still lacking.

Based on the no observed adverse effect level (NOAEL), 
the acceptable daily intake (ADI) for sucralose for the entire 
population is 5 mg/kg, which is also the FDA dose [13]. 
However, many studies that demonstrated the deleterious 
effects of sucrose used a very high dose (most studies used 
30% w/v), which is also rarely achievable in daily uptake. 
In the present study, we compared the effects of daily doses 
of sucralose and sucrose with the same sweetness (~ 6% 
w/v) on glucose and lipid homeostasis in C57Bl/6 mice. 
We found that after 16 weeks of consuming of sucralose- 
or sucrose-sweetened water, sucrose consumption resulted 
in fat accumulation, hyperlipidaemia, and liver steatosis in 
mice, whereas no significant lipid alteration was observed 
in mice that drank sucralose. Although both sucrose and 
sucralose enhance sweet taste receptors T1R2 and T1R3 in 
the intestine, sucralose displayed lower impact on incretin 
levels and overall glucose tolerance.

Materials and methods

Animals

The animal experimental procedure was conducted under 
the Animal Ethical Board of Nanjing University (IACUC-
2008017). Male C57BL/6  J mice (8  weeks old) were 
purchased from the Model Animal Research Centre of 
Nanjing University. The experimental animals were kept 
under standard conditions of a 12-h light/dark period in a 
specific pathogen-free facility. All animals were fed a nor-
mal chow diet (12%, 67.4%, and 20.6% calories from fat, 
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carbohydrate and protein, respectively, energy 3.53 kcal/g, 
SWS9102, Jiangsu Xietong Pharmaceutical Bioengineer-
ing Co., Ltd.). Mice were divided into three groups at ran-
dom and given water, a 0.1 mg/ml sucralose solution (cat# 
69,293, Sigma–Aldrich) [19], or a 60 mg/ml sucrose solu-
tion (cat# 900,116, Sigma–Aldrich) for a 16-week duration. 
The body weights of these mice were measured before and 
after 4 weeks, 8 weeks, 12 weeks and 16 weeks of drink-
ing the sweetened water. Mice were anaesthetized by isoflu-
rane inhalation (3–4% induction, 1–2% maintenance), and 
body fat analysis was performed by a bone density imager 
(Ultra Focus DXA, Faxitron, USA). Isoflurane was used 
for anaesthetization, and mice were euthanized by cervical 
dislocation.

Metabolic cage assessments

To study the metabolism of the animals after 16 weeks of 
feeding, a metabolic cage (PhenoMaster, TSE, Germany) 
was used to assess the respiratory exchange ratio (RER) and 
total activity (XT + YT). The animals were monitored sepa-
rately for 4 consecutive days, and data were collected on the 
last 3 days after the 1-day acclimation.

Immunohistochemistry (IHC) staining

Duodenum and ileum tissues were soaked in 4% paraform-
aldehyde (PFA) for 24 h. The 5-μm-thick paraffin slides 
were incubated with anti-T1R2 (cat# NB110-74,920, 1:200, 
Novus), anti-T1R3 (cat# NB100-98,792, 1:2500, Novus), 
anti-SGLT1 (cat# NBP2-20,338, 1:200, Novus), and anti-
GLUT2 (cat# 20,436-1-AP, 1:1000, Proteintech) antibodies 
at 4 °C overnight. A ready-to-use high-efficiency immuno-
histochemistry secondary antibody kit (cat#abs957, 1:1000, 
Absin, Shanghai, PRC) was used to amplify the signal.

Immunofluorescence (IF) staining

Duodenum and ileum tissues were soaked in 4% paraform-
aldehyde (PFA) for 24 h. Tissues were cryoprotected in 15% 
sucrose for 1 h, incubated in 30% sucrose for 12 h, and then 
embedded in OCT prior to sectioning. Tissue Sects. (6 μm) 
were washed in PBST (0.5% Triton X-100) for three times 
5 min, then followed by 10 min in PBST (1% Triton X-100) 
before blocking in 5% bovine serum albumin in PBST (0.5% 
Triton X-100) for 1 h. And then were incubated with anti-
T1R2 (cat# NB110-74,920, 1:250, Novus) and anti-GLP-1 
(cat# sc-514592, 1:250, Santa) or anti-GIP (cat# ab209792, 
1:100, Abcam) antibodies overnight at 4 °C. All sections 
were incubated with species-specific secondary antibodies 
conjugated to Alexa Fluor dyes for 1 h (room temperature). 
When examining coexpression of GLP-1 and T1R2, we 
used secondary labels were Alexa fluor 488 (cat# A-11001, 

Invitrogen) and 594 (cat# A-21207, Invitrogen) streptavi-
din conjugates, respectively, 1:500. For GIP, we used the 
Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ 488 (cat# A-21206, 
1:500, Invitrogen). Finally, the sections were washed in 1 
× PBST for three times 5 min, and mounted in ProLongTM 
Gold antifade reagent with DAPI (cat# P36935, Invitrogen). 
Sections were observed with a confocal microscope (Zeiss 
LSM880, Zeiss, Germany). ZEISS ZEN 3.6 software was 
used for image processing. Immunostained cells and nuclei 
were counted both manually and by software validation. The 
numbers of cells per thousand nucleated cells immunopo-
sitive for T1R2, GLP-1, and GIP were calculated. And the 
results shown are representative of those obtained in experi-
ments performed in repeated five times (biological repeats) 
to ensure reproducibility.

Oil red O staining

The livers were collected and soaked in 4% PFA for 24 h, 
15% sucrose solution for 10 min and 30% sucrose solution 
for 12 h. Cryostat Sects. (10 μm) were cut for Oil red O 
staining. Then, the lipids were stained with Oil Red O (cat# 
O0625, Sigma–Aldrich) for 14 min, after which the slides 
were rinsed twice in isopropyl alcohol for 5 s. The slides 
were then washed in PBS and imaged directly.

OGTT and ITT

For the OGTT, the animals were fasted for 12 h and admin-
istered glucose by gavage (2 g/kg body weight). For ITT, 
the animals were fasted for 6 h and then given insulin (0.75 
U/kg body weight) via intraperitoneal injection. For OGTT 
and ITT, a blood glucose metre (Cat# 590, Yuwell, PRC) 
was utilized to determine the glucose level at 0, 15, 30, 60, 
90, and 120 min after administration of glucose and insulin, 
respectively.

Metabolic index

A mouse insulin ELISA (cat# 10-1247-01, Mercodia), gluca-
gon ELISA (cat# 10-1281-01, Mercodia), Rat/Mouse GIP 
(Total) 96-Well Plate (cat# EZRMGIP-55 K, Millipore, Bill-
erica, MA, America), GLP-1 Total ELISA 96-Well Plate Assay 
(cat# EZGLP1T-36 K, Millipore), Mouse Haemoglobin A1c 
(HbA1c) Kit (cat# 80,310, Crystal Chem) and LBIS Mouse 
C-peptide ELISA Kit (U-type) (cat# 635-07,239, Wako) were 
used to measure serum hormones in mice in both fasted and 
refed states. Total plasma cholesterol (TC), triglycerides (TGs), 
LDL-cholesterol (LDL-C) and HDL-cholesterol (HDL-C) 
were assessed using commercial kits (Cat# A111-1, A110-1, 
A113-1 and A112-1, Nanjing Jiancheng Bioengineering Insti-
tute). All procedures were performed in accordance with the 
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kit instructions and were measured on a spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA).

RNA‑seq

RNA from the liver was isolated via TRIzol reagent (cat# 
T9424, Sigma–Aldrich). The RNA sequencing library was 
established via a NEBNext® Ultra™ RNA Library Prepa-
ration Tool, and the library preparation was subjected to 
sequencing by an Illumina NovaSeq 6000 platform by 
CapitalBio Technology (PRC). Fold-change screening was 
used to identify genes that were differentially expressed. 
GO enrichment was studied in the command-line software 
KOBAS 2.0. To statistically identify the highly enriched 
pathways in a batch of sequences, our team utilized the 
complete genome as the default background distribution. 
For every pathway occurring in the set of genes, our team 
recorded the sum of genes in the set involved in the pathway 
term or the GO term. A hypergeometry distribution was used 
to determine the p value.

Quantitative RT–PCR detection

The purified total RNA was reversed transcribed with HiS-
cript III RT SuperMix (R323, Vazyme), and the quantitative 
real-time polymerase chain reaction (Q-PCR) was conducted 
according to the instructions provided with ChamQ Univer-
sal SYBR qPCR Master Mix (Q711, Vazyme). The reaction 
was first incubated at 95 °C for 5 min, followed by 40 cycles 
of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s. After 
the reaction was complete, to determine the CT value, the 
relative level of mRNA was normalized to β-actin, and the 
value was calculated by the 2 – ΔΔCT method.

Statistical analysis

GraphPad Prism 7 was utilized for all statistical tests. Data 
were compared by one-way ANOVA, except for the body 
weight data, which were compared by two-way ANOVA, 
and multiple comparisons were conducted by Dunnett’s test. 
Data are shown as the mean ± SEM. P < 0.05 indicated sta-
tistical significance.

Results

Fat accumulation accelerates in mice 
drinking sucrose‑sweetened water, rather 
than sucralose‑sweetened water, accelerates fat 
accumulation in mice

Based on human and animal ADME studies, mice have 
been determined to be appropriate experimental models for 

sucralose studies, as their metabolism mimics that observed 
in humans [16]. Here, sucrose or sucralose was added to 
the drinking water of 8-week-old male C57BL/6 J mice 
for 16 weeks. The sucralose concentration was 0.1 mg/ml, 
which was equivalent to the FDA-approved ADI in humans 
(5 mg/kg/day) [19]. To compare sucralose with sucrose at 
the same sweetness level, the concentration of sucrose-con-
taining water was 60 mg/ml (~ 6% w/v sucrose), as sucralose 
has a sweetness potency of about 600 times that of sucrose 
[16]. All mice were fed a normal chow diet (67.4% carbohy-
drate, 20.6% protein, 12% fat (w/w), energy 3.53 kcal/gram). 
Compared to the group receiving only water, the sucrose 
consumption group showed slightly increased body weight 
gain, although no statistical significance was observed 
(Fig. 1A). In a similar manner, compared with the water 
group, sucralose consumption led to slightly decreased body 
weight gain, also without statistical significance. As shown 
in Table 1, sucralose addition only led to a slight but not 
significant elevation in water uptake, as the food intake was 
comparable between the sucralose and control groups, and 
the total daily caloric intake was approximately 11.72 kcal 
and 11.83 kcal, respectively. Mice with access to the sugar-
sweetened water drank more water than the control group, 
which might account for the slight decrease in food intake. 
Thus, when considering the diet and drinking water, the total 
daily caloric intake was approximately 0.7 kcal more. Indi-
rect calorimetry analysis also revealed that there were no 
significant differences in locomotor activity or respiratory 
exchange ratio (RER) during the light–dark cycle among 
the three groups of mice, suggesting that consumption of 
sucrose or sucralose had no significant influence on either 
physical activity or the fuel being mobilized to supply energy 
(Fig. 1B, C). In addition, the bone mineral density (BMD) 
was also comparable between each group (Fig. 1D). How-
ever, compared with the water control group, the sucrose 
group showed markedly increased fat mass, accompanied 
by slightly decreased lean mass. In addition, the fat mass 
was comparable between the sucralose and control groups 
(Fig. 1E, F and Figure S1A). Overall, 16 weeks of feeding 
with the ADI dose of sucralose did not affect food intake or 
physical activity in mice, whereas compared with either the 
water control or the sucralose group, consumption of sucrose 
led to elevated body mass accumulation in mice.

Hyperlipidaemia and liver steatosis 
are induced in mice drinking sucrose‑ 
but not sucralose‑sweetened water

To further determine the impact of sucrose and sucralose 
on lipid metabolism, the plasma lipids were analysed. As 
shown in Fig. 2A, sucrose intake led to a trend towards 
increase in total triglycerides. Notably, although no statis-
tical significance was observed between the sucrose and 
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water groups, the plasma triglycerides were markedly lower 
in the sucralose group than in the sucrose group. In addition, 
plasma cholesterol analysis showed that sucrose consump-
tion caused an approximately 54% increase in low-density 
lipoprotein (LDL) and moderately decreased level of high-
density lipoprotein (HDL). This may explain why no signifi-
cant effect on total cholesterol was observed in the sucrose 
group. However, no significant differences in plasma choles-
terols were noted between the sucralose and water groups, 
indicating a lower impact of sucralose on plasma lipids. 

We next explored the impacts of sucrose and sucralose on 
liver lipid metabolism. Liver histology and Oil red O stain-
ing revealed that sucrose drinking led to a marked increase 
in hepatic lipids in comparison to controls. Only slightly 
higher lipid accumulation was observed in the sucralose 
group than in the water group (Fig. 2B). To further explore 
the potential influence of sweetened water in the liver, we 
conducted RNA-seq to assess the gene expression changes 
in the liver from mice after 16 weeks of either sucrose or 
sucralose administration. The expression level for each of 
the identified genes was normalized as the fragments per 
kilobase of transcript per million mapped reads (FPKM). 
To improve the reliability and comparability of differential 
expression analysis, a total of 31,135 identified genes with 
FPKM values > 1 in all groups were included in the analysis. 
Compared with the water control, 175 and 380 differentially 
expressed genes (DEGs) with a fold-change > 2 (FC > 2) 
were chosen from the sucrose and sucralose groups, respec-
tively. Gene ontology (GO) enrichment analysis showed 
that among the top ten enriched GO terms, six terms were 

Fig. 1   Effect of sucrose (60  mg/mL) and sucralose (0.1  mg/mL) 
on body weight, physical activity, and fat mass in C57Bl/6 mice. 
A Weight measurements of the water (blue), sucrose (brown), and 
sucralose (orange) groups after feeding for 0, 4, 8, 12 and 16 weeks. 
B–C Metabolic cage analysis after 16  weeks of sweetener feed-
ing. Exercise (XT + YT, B) and respiratory exchange rate (RER, C). 
D–F Body composition of mice fed water, sucrose, or sucralose for 

16 weeks. The BMD (D), fat mass (E) and body fat percentage (F) 
of mice were measured with a bone densitometer. N = 14 mice/group 
for (A), 12 mice/group for (B–C), and 10 mice/group for (D–F). 
Data represent the mean ± SEM. **p < 0 .01, ***p < 0 .001, two-way 
ANOVA for (A) and one-way ANOVA for (B–F) with Dunnett’s mul-
tiple comparisons test

Table 1   Daily calorie intake

Data represent mean ± SD

Food intake (g/d) Water intake (g/d) Energy intake 
(kcal/d)

Water 3.35 ± 0.22 4.64 ± 0.30 11.83 ± 0.78
Sucrose 3.01 ± 0.26 8.00 ± 0.94 12.49 ± 1.14
Sucralose 3.32 ± 0.24 4.69 ± 0.22 11.72 ± 0.85
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associated with the regulation of lipid metabolic processes 
in the sucrose group compared with the water control, sug-
gesting a strong association between sucrose consumption 
and hepatic lipid derangement (Fig. 2C). In line with the 
previous oil-red O staining results, for the sucralose group, 
none of the top 10 enriched GO terms were related to lipid 
metabolism (Fig. 2D). As expected, the hepatic lipogenic 
genes, including Srebp1, Cd36, and Acc1, were markedly 
increased in the sucrose group but not the sucralose group 
(Fig. 2E, F, G). Collectively, these data indicate that com-
pared with sucralose, consumption of sucrose-sweetened 
water induces hyperlipidaemia and liver steatosis in mice.

Mice consuming sucralose developed glucose 
intolerance much less than those drinking sucrose

To assess glucose tolerance in the three groups of mice, 
oral glucose tolerance tests were performed in fasted mice. 
For the sucrose and sucralose groups of mice, the sweeten-
ers were substituted with water for the period of the fasting 
hormones, glucose, or insulin tolerance analysis. As shown 
in Fig. 3A, the sucrose group showed an impaired glucose 
tolerance response. In line with this result, the sucrose group 
also exhibited impaired insulin sensitivity compared with 
the water group. Of note, compared with the water group, 
although slightly increased trends in insulin intolerance were 

Fig. 2   Effect of sucrose and 
sucralose on plasma and 
liver lipids. A The levels of 
triglycerides (TGs), total 
cholesterol (TC), low-density 
lipoprotein (LDL), and high-
density lipoprotein (HDL) 
in fasting serum of the water 
(blue), sucrose (brown), and 
sucralose (orange) groups were 
measured with ELISA kits. B 
Representative images of Oil 
Red O staining of the liver; 
scale bar = 50 μm. C–D Gene 
ontology (GO) terms enriched 
in different biological processes 
(BP) of the liver in the sucrose 
(C) and sucralose groups (D). 
E–G Quantitative polymerase 
chain reaction (qPCR) analysis 
of lipid metabolism-related 
gene expression levels in the 
liver of the water (blue), sucrose 
(brown), and sucralose (orange) 
groups. N = 12 mice/group for 
(A), 8 mice/group for (E–G). 
Data represent the mean ± SEM. 
****p < 0.0001, one-way 
ANOVA with Dunnett’s multi-
ple comparisons test
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observed in the sucralose group, no statistical significance 
was observed (Fig. 3A). Collectively, these data suggested 
that compared with sucrose-sweetened water, sucralose 
showed less of an impact on glucose and insulin sensitiv-
ity. In addition, 16 weeks of drinking sucrose-containing 
water markedly increased fasting and postprandial plasma 
insulin and C-peptide levels in mice, which may account for 
the observed unchanged fasting glucose level (Fig. 3B, C). 
Plasma glucagon, which is produced by pancreatic α-cells, 
was also analysed in the three groups of mice. Interestingly, 

the plasma glucagon level was drastically decreased after 
overnight fasting and significantly increased postprandially 
in the sucrose group (Fig. 3D). In addition, the fasted and 
fed blood glucose levels were also assessed in mice that still 
drank the sweetened water. As expected, compared with 
water controls, the caloric sucrose-sweetened liquid resulted 
in significantly increased blood glucose level in mice even 
without food intake, whereas in the fed state, only moder-
ately elevated blood glucose level was observed. However, 
none of the above blood glucose alterations were observed 

Fig. 3   Mice consuming sucrose 
developed more serious glucose 
intolerance. A Oral glucose 
tolerance testing and insulin 
tolerance testing in water (blue), 
sucrose (brown), and sucralose 
(orange) mice after 16 weeks 
of treatment with AUC. B-F) 
The levels of insulin (B), 
C-peptide (C) and glucagon 
(D) in fasting and postprandial 
mice from the water (blue), 
sucrose (brown), and sucralose 
(orange) groups were measured 
by ELISA kits. E Fasting, only 
beverages (drinking water/
sucrose/sucrose but no food 
consumption), and postprandial 
(drink + food) blood glucose 
levels of the water (blue), 
sucrose (brown), and sucralose 
(orange) groups. F The levels of 
glycosylated haemoglobin in the 
water (blue), sucrose (brown), 
and sucralose (orange) groups 
were determined by ELISA. 
G–J Quantitative polymerase 
chain reaction (qPCR) analysis 
of glucose metabolism-related 
gene expression levels in 
the liver of the water (blue), 
sucrose (brown), and sucralose 
(orange) groups. N = 10 mice/
group for (A), 12 mice/group 
for (B–D & F), 15, 10, and 10 
mice/group for (E), and 8 mice/
group for (G–J) Data represent 
the mean ± SEM. *p < 0.05, 
**p < 0.01, one-way ANOVA 
with Dunnett's multiple com-
parisons test
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in mice consuming sucralose (Fig. 3E). In line with these 
results, the blood haemoglobin A1c (Hb1AC) test showed 
that 16 weeks of sucrose drinking led to a marked increase 
in blood sugars attached to haemoglobin, while the sucralose 
group exhibited a similar Hb1AC level to the water group 
(Fig. 3F). These data indicate that sucralose-consuming mice 
developed much less glucose intolerance than those drinking 
sucrose at the same sweetness level. To further examine the 
influence of sucrose and sucralose on glucose metabolism in 
major tissues, the mRNA levels of glucose transporters 1 and 
2 (Slc2a1 and Glut 2) and canonical gluconeogenic genes, 
including G6p and Pck1, were analysed by qRT-PCR in the 
livers of mice. As shown in Fig. 3G, H, I, J, compared with 
control mice that drank water, glucose transporters and glu-
coneogenic genes were significantly increased in the sucrose 
group, whereas no significant differences were observed in 
mice treated with sucralose. Taken together, these results 
suggest an impaired hepatic gluconeogenesis, leading to 
hyperglycaemia in response to glucose.

Differential impact of sucrose and sucralose 
on glucose transporters and sweet taste receptors 
in the intestine

To further explain the differential responses of blood glu-
cose between the sucrose and sucralose groups, two primary 
hexose transporters present in rodent small intestine, glucose 
transporter 2 (GLUT2) and cotransporter 1 (SGLT1), were 
examined in mice. To eliminate the interference from food, 
all mice fasted overnight, and the sweeteners were substi-
tuted with water 12 h before examination. Immunohisto-
chemistry staining analysis revealed that the expression of 
GLUT2 and SGLT1, which transport dietary sugars from the 
intestine lumen into the absorptive enterocytes, was mark-
edly elevated in the duodenum and ileum of mice treated 
with sucrose (Figure S1B). The staining for both antibodies 
was stronger on the lumen- side, suggesting that 16 weeks of 
drinking sucrose-sweetened water led to increased expres-
sion of GLUT2 and SGLT1 in the intestine (~ 1.8- and 2.2-
fold, respectively), even without acute glucose stimulation. 
In contrast, only slightly increased GLUT2 and SGLT1 
expression was observed in the duodenum or ileum of the 
mice administrated the ADI dose of sucralose. This is rea-
sonable, as sucrose consumption showed a larger influence 
on overt glucose homeostasis than sucralose consumption 
(Fig. 3A). The discovery of sweet -taste receptors (STRs) 
has caused many debates on the glycaemic control effect 
of nonnutritive sweeteners (NNSs), as STRs can also be 
activated by NNS. To compare the impact of sucralose on 
STRs with sucrose at the same sweetness level, the expres-
sion levels of T1R2 and T1R3, which belong to the T1R 
family of C G protein-coupled receptors, were also measured 

in the intestines of mice. As indicated by immunochemistry 
staining, compared with the sucrose group, which showed a 
dramatically increased amount of T1R2 and T1R3 expres-
sion (~ 2-2.5-fold), only moderately elevated levels of T1R2 
and T1R3 were detected in both the duodenum and ileum 
of sucralose group (~ 1.5-2-fold). Collectively, these results 
suggest that as a high-intensity sweetener, ADI-dose sucra-
lose consumption showed a lower impact on the expression 
levels of T1R2/3 in the intestine than sucrose consump-
tion, probably due to the dose being much lower than that 
of sucrose. Furthermore, immunofluorescence (IF) was 
conducted to determine the possible cell type (L cell or K 
cell) in which sweet receptors were increased. Considering 
that T1R2 and T1R3 are heteromeric taste receptors, T1R2 
was examined in this study. As shown in Fig. 4, the spatial 
relationship between T1R2 and L cells was visualized by 
coimmunolabeling of T1R2- and GLP-1-positive cells in the 
ileum and duodenum from mice, respectively. As indicated 
by the numbers of cells per thousand nucleated cells immu-
nopositive for T1R2, the ileum from mice drank sucrose 
showed a dramatically increased amount of T1R2 (22 ± 2), 
compared with the water group (7 ± 1). In addition, GLP-
1-expressing L cell population coexpressing T1R2 was also 
significantly higher in the ileum of sucrose group (17 ± 2) 
than water group (4 ± 1) (Fig. 4A). Moreover, only slightly 
higher amount of GIP-positive cells were observed in the 
ileum of sucrose group (5 ± 2) than the water group (3 ± 1) 
(Figure S2A). While for the sucralose group of mice, mod-
erate increased GLP-1-positive cells coexpressed T1R2 
(14 ± 3), and almost unchanged level of GIP-positive cells 
(4 ± 1) was observed in the ileum compared with the water 
group. These results indicate that the majority increased 
amount of T1R2 may expressed in the L cells in the ileum. 
Similarly, the duodenal T1R2-immunopositive cells were 
also significantly increased in the sucrose group (50 ± 5) 
compared with the water group (18 ± 3). Meanwhile, the 
duodenal GLP-1-expressing L cell population coexpressing 
T1R2 was higher in the sucrose group (13 ± 2) than the water 
group (3 ± 1). Of note, unlike in the ileum, the increased 
number of duodenal T1R2-expressing cells, 31 ± 5, was 
much higher than that GLP-1-positive cells coexpressed 
T1R2 (10 ± 3) (Fig. 4B). This is reasonable as the duode-
nal GIP-positive K cells were also markedly increased in 
the sucrose group (30 ± 4) compared with the water group 
(10 ± 2) (Figure S2B). These data suggesting that in the duo-
denum, both increased L cells and K cells may contribute 
to the upregulated T1R2 expression in mice drank sucrose. 
While for the sucralose group of mice, both the detected 
duodenal T1R2-immunopositive L cells and K cells were 
significantly lower compared with those observed in the 
sucrose group.
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Sucralose displays a lower impact on plasma 
incretin hormones than sucrose at the same 
sweetness level

The incretin hormones, including glucose-dependent insu-
linotropic peptide (GIP) and glucagon-like peptide-1 (GLP-
1), are released from K cells and L cells in the intestine, 
respectively [26, 27]. The circulating concentrations of GIP 
and GLP-1 were measured in mice. For fasting hormone 

assessment, mice were fasted overnight with free access to 
water without sweeteners. For the sucrose group, under the 
fasted state, the GIP level only slightly increased; however, 
a significant upregulation of GLP-1 was observed. Interest-
ingly, 2 h after refeeding, the postprandial GIP was signifi-
cantly higher than that in the water group, while comparable 
GLP-1 levels were observed between the sucrose and water 
groups (Fig. 5A, B). These data suggest that sucrose con-
sumption may have differential impacts on GIP and GLP-1 

Fig. 4   Impact of sucrose and sucralose on sweet taste receptors in 
ileum and duodenum. A–B Representative images of the immuno-
fluorescent staining of GLP-1 (green), T1R2 (red), and DAPI (blue) 
in the ileum and duodenum after 16 weeks of drinking water, sucrose, 

or sucralose. Scale bar = 10  μm. Data represent the mean ± SEM. 
*p < 0.05, **p < 0.01, one-way ANOVA with Dunnett's multiple com-
parisons test
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release. Given that they both stimulate insulin secretion, 
it was not surprising that increased plasma insulin levels 
were observed in mice drinking sucrose. However, for mice 
drinking sucralose, although slight upregulation of GIP and 
GLP-1 was observed in both fasted and refed states, no sta-
tistical significance was observed (Fig. 5A, B). Together, 
these results show that sucralose has a lower impact on 
plasma incretin hormones than sucrose at the same sweet-
ness level, possibly due to fewer impacts on either glucose 
transporters or STRs.

Discussion

The human appetite for sweetness is innate and univer-
sal. Unfortunately, compelling evidence has shown that 
consumption of either traditional nutritional sugars, such 
as sucrose, fructose, and concentrated fruit juice, or their 
nonnutritional substitutes, including aspartame and sucra-
lose, which have become more popular, nowadays, is asso-
ciated with obesity and metabolic disorders. However, the 
varying doses and methodologies used have led to con-
tradictory observed effects of NNSs. The sucralose dose 
used in many studies is also very high, which is almost 
unachievable in daily intake. However, few studies have 
compared the metabolic outcomes of consuming NNSs 
(within the ADI dose) to sugar-containing beverages at the 
same sweetness levels. In the present study, mice were fed 
the FDA-approved ADI dose of sucralose for 16 weeks. By 
comparing its impacts on lipid and glucose metabolism 
with mice fed sucrose at the same sweetness level, we 

found that the sucralose group showed fewer impacts on 
adipose accumulation, dyslipidaemia, glucose intolerance, 
and incretin secretions.

According to the AHA suggestion, a limit of added-sugar 
of no more than 24 g and 36 g per day is recommended for 
most women and men, respectively [28]. The concentration 
of fructose in typical soda is equivalent to approximately 
10% sucrose in the drinking liquid [29]. However, of the 
numerous studies that have reported the effect of sucrose 
on adiposity and glucose homeostasis, the sucrose dose 
used was very high (~ 30% w/v), which most people would 
never achieve during daily life. Thus, it is important to know 
whether daily intake of relatively high but achievable doses 
of sucrose can also cause the reported deleterious metabolic 
effects. In the present study, a much lower dose of sucrose 
(60 mg/ml, 6% w/v, equivalent to approximately 120 g/day 
for a 50 kg human), which could be consumed by a person 
with a “sweet tooth” during daily life, was used to explore 
the potential metabolic impacts. Of note, although the body 
weight was only slightly increased, we did observe a sig-
nificant increase in fat mass in the sucrose group of mice, 
suggesting that daily overconsumption of sugar may indeed 
increase metabolic disorders, including fat accumulation, 
and decrease in lean mass. Previous studies have reported 
that consuming sugar-sweetened beverages/foods increased 
body adiposity, accompanied by decreased lean mass, pos-
sibly due to induced myodegeneration [30, 31]. Interestingly, 
our data showed similar changing pattern in fat mass and 
lean mass in the sucrose group of mice.

Some studies have indicated that in addition to caloric 
sweeteners, artificial sweeteners can also impact rodent 

Fig. 5   The plasma incretin levels of mice treated with sucrose or 
sucralose. A–B The fasting and postprandial levels of GIP (A) and 
GLP-1 (B) in the water (blue), sucrose (brown), and sucralose 
(orange) groups were measured with ELISA kits. N = 13 mice/group 

for (A), 12 mice/group for (B). Data represent the mean ± SEM. 
**p < 0.01, ***p < 0 .0001, one-way ANOVA with Dunnett's multiple 
comparisons test
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glucose homeostasis by activating STRs in the intestine, 
such as inducing T1R3-dependent SGLT1 upregulation. 
However, these findings remain inconclusive, as other stud-
ies failed to observe the same effect on humans [13, 26, 32]. 
According to previous reports, natural sweeteners, includ-
ing sucrose, activate STRs at approximately 100 mM, while 
artificial sweeteners at concentrations less than 10 mM 
can also lead to the activation of these STRs [33]. Here, 
using the ADI dose of sucralose (~ 0.25 mM) and sucrose 
at the same sweetness level (~ 175 mM), we showed that 
sucralose led to a much lower expression of STRs and of 
glucose transporters in the intestine. Based on the immu-
nostaining results, for the sucrose group, we speculated that 
T1R2 showed the highest increase in L cells in the ileum, 
whereas in the duodenum, both the increased K cells and L 
cells may contribute to the upregulated T1R2 expression. 
Although a similar change was observed in the sucralose 
group, the increased L and K cells were found at significant 
lower levels than in the sucrose group, thereby leading to 
only moderately increased T1R2 expression. Previous stud-
ies have measured the plasma GLP-1 concentration in type 2 
diabetic patients [34]. In the fasted state, GLP-1 is increased 
in T2DM, whereas postprandial GLP-1 secretion is drasti-
cally decreased. In line with this result, our data showed that 
in the fasted state, the circulating GLP-1 level was increased 
after 16 weeks of sucrose consumption. Surprisingly, post-
prandial GLP-1 levels were comparable between the sucrose 
and water groups of mice. These partially contradictory 
results may come from different metabolic circumstances. In 
our study, the sucrose group of mice was more likely to be in 
the pre-or early-diabetic state with an impaired glucose tol-
erance (IGT). Therefore, we postulated that under a fasting 
state, the increased L cells in the intestine may account for 
the upregulated basal GLP-1 level, thereby stimulating basal 
insulin secretion to maintain fasting blood glucose within the 
normal range. Importantly, previous reports have indicated 
that in T2DM, the ability of incretin cells to secrete GLP-1 
is severely impaired, which results in a markedly decreased 
postprandial GLP-1 secretion. Therefore, it is quite possible 
that in our experiments, the secretion ability of the incre-
tin cells may also be slightly impaired in the sucrose group 
since it is still in the IGT stage. However, as the L cells were 
also compensatorily increased, at this stage, the circulating 
GLP-1 levels were still comparable in the sucrose and con-
trol groups after a meal.

In addition, previous studies also indicated that in patients 
with T2DM, the initial GIP response is exaggerated com-
pared with control subjects after a mixed meal [35]. Consist-
ent with this observation, our data indicated that the post-
prandial circulating level of GIP was also increased in the 
sucrose of mice. While under fasted state, the trend towards 
an increased GIP level may result from the increased K 
cells in the duodenum of mice drinking sucrose. However, 

further studies are still urgently needed to explore the possi-
ble mechanisms of nutrient-triggered GLP-1/GIP regulation.

As the present study only explored the impact of dietary 
sucralose- and sucrose-sweetened water intake on lipid and 
glucose metabolism in male mice, it might introduce a bias, 
as the hormones in female mice are quite different, such as 
oestrogen, which is well known to have beneficial effects 
on metabolism, including enhancing insulin sensitivity. As 
both men and women consume sugar-containing or NNS 
currently, it is important to explore the potential impact of 
dietary sucralose- and sucrose-sweetened water on metabo-
lism in female mice in future studies.

In summary, our data showed that compared with healthy 
mice that consume sucrose-sweetened water, daily drinking 
of sucralose within the ADI dose had a much lower impact 
on glucose and lipid homeostasis in mice. Although more 
investigations should be conducted, our data strongly sug-
gest that daily overconsumption of SSBs did have a negative 
impact on metabolism and that the use of sucralose as a 
sugar alternative in daily life might be helpful in glycaemic 
control.
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