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ABSTRACT 

BACKGROUND: Substituting sweeteners with non-nutritive sweeteners (NNS) may aid in glycaemic 

control and body weight management. Limited studies have investigated energy compensation, 

glycaemic and insulinaemic responses to artificial and natural NNS.   

OBJECTIVES: This study compared the effects of consuming NNS (artificial vs. natural) and sucrose (65 g) 

on energy intake, blood glucose and insulin responses.   

METHODS: Thirty healthy males took part in this randomised, crossover study with four treatments: 

aspartame-, monk fruit-, Stevia-, and sucrose-sweetened beverages. On each test day, participants were 

asked to consume a standardised breakfast in the morning and they were provided with test beverage 

as a preload in mid-morning and ad libitum lunch was provided an hour after test beverage 

consumption. Blood glucose and insulin concentrations were measured every 15 minutes within the first 

hour of preload consumption and every 30 minutes for the subsequent two hours. Participants left the 

study site three hours after preload consumption and completed a food diary for the rest of the day.  

RESULTS: Ad libitum lunch intake was significantly higher for the NNS treatments compared to sucrose 

(P = 0.010). The energy “saved” from replacing sucrose with NNS was fully compensated for at 

subsequent meals, hence no difference in total daily energy intake was found between the treatments 

(P = 0.831). The sucrose-sweetened beverage led to large spikes in blood glucose and insulin responses 

within the first hour whereas these responses were higher for all three NNS beverages following the test 

lunch. Thus, there were no differences in total area under the curve (AUC) for glucose (P = 0.960) and 

insulin (P = 0.216) over three hours between the four test beverages.  

CONCLUSIONS: The consumption of calorie free beverages sweetened with artificial and natural NNS 

have minimal influences on total daily energy intake, postprandial glucose and insulin compared to a 

sucrose-sweetened beverage.  
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INTRODUCTION  

The prevalence of diabetes and obesity has increased substantially worldwide in the last few decades1, 2 

and highlights the urgent need to devise interventions at population level to reduce the risks. 

Interventions such as limiting intake of added sugar3-5 or substituting nutritive sweetener with non-

nutritive sweeteners (NNS) have the potential to reduce energy intake6-9 and to prevent and control 

diabetes.10, 11  

There is a marked increase in the consumption of NNS in both foods and beverages in the recent 

years due to the increased demand for health and nutrition, enhanced palatability, “sugar free” label, 

and the relatively low cost of NNS compared to nutritive sweeteners.12, 13 It has been estimated that the 

global market of NNS will be close to 10 billion dollars by the end of 2016.14 The U.S. Food and Drug 

Administration (FDA) has approved six artificial NNS as food additives and two natural NNS extracted 

from plants, i.e. Stevia (GRAS Notice No. GRN 000252; Stevia rebaudiana Bertoni) and monk fruit (GRAS 

Notice No. GRN 000301; Siraitia grosvenorii Swingle), are Generally Recognised As Safe for 

consumption.15 Due to the rapidly growing popularity of natural plant-derived compounds,16 it will be of 

interest to determine whether natural NNS would be a healthier alternative to sugar and artificial NNS 

for consumers. 

To date, only one study has investigated the effects of artificial and natural NNS on food intake, 

postprandial glucose and insulin.17 This randomised crossover study utilized a double preload design to 

compare the effects of consuming two preloads of crackers and cream cheese sweetened with sucrose 

(986 kcal), aspartame (580 kcal) or Stevia (580 kcal); one prior to lunch and one before dinner, on energy 

intake, postprandial glucose and insulin concentrations. Daily energy intake was significantly lower when 

participants consumed preloads with aspartame and Stevia, compared to a sucrose preload. Stevia 

preload also showed additional benefit of lowering postprandial blood glucose and insulin 

concentrations, compared to aspartame and sucrose preloads. However, it is unknown whether the 
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beneficial effect of Stevia can be generalised to monk fruit and also whether the same result can be 

obtained if the preload contains no calories, e.g. diet beverage.  

Monk fruit is native to China and it has been used as a traditional medicine and natural 

sweetening agent for several centuries among Asians.18, 19 The consumption of monk fruit has been 

shown to exhibit antihyperglycaemic effect by stimulating insulin secretion in diabetic rats.20, 21 

However, no study has investigated the effects of monk fruit consumption on glucose and insulin 

responses and energy intake in humans.   

The aim of the current study was to examine the effects of consuming four different types of 

sweeteners (aspartame, monk fruit, Stevia, and sucrose) in liquid form on postprandial glucose, insulin 

and total daily energy intake. 

 

SUBJECTS AND METHODS  

Participants 

Thirty-four males were recruited from the general public through advertisements placed around the 

National University of Singapore campus. The study inclusion criteria were healthy males aged between 

21 and 50 years with normal BMI (18.5 to 25.0 kg/m2). The exclusion criteria were people with major 

chronic disease, intolerances or allergies to study foods or test products, and taking any drug known to 

affect appetite, glucose or energy metabolism. Individuals whose body weight had changed more than 5 

kilograms in the last 12 months and those who were currently dieting were also excluded.  

The inclusion criteria for the present study was tightly controlled, i.e. males only. We focused our 

comparison on the differences in blood glucose response and energy compensation between the study 

beverages rather than gender differences in these outcomes. In addition, previous literature from our 

group has shown that males and females differ in their energy compensation for caloric beverages22 and 

menstrual cycle of females may play a role in energy intake and basal metabolic rate23, therefore only 
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males were included in this study. A relatively homogenous study population could reduce the variability 

of the data and increase the power to detect a meaningful difference in the outcome of interest. 

The National Healthcare Group Domain Specific Review Board in Singapore approved all study 

procedures. All study participants provided written informed consent. This trial was registered at 

Australian New Zealand Clinical Trials Registry as ACTRN12615001321538. 

 

Design 

This was a randomised crossover study with four treatments. All participants were randomly assigned to 

the treatments, with the order balanced. They were required to have a minimum of five-day hiatus 

between the test days and they did not receive or consume any study beverage during this period. 

Participants were asked to continue their usual diet and physical activity during the study.  

Participants were blinded to the treatment allocation. Researchers who assessed the outcomes 

and those who analysed the data were also blinded to the treatment allocation. 

 

Test food 

Test beverages were: (i) 0.44 g aspartame, (ii) 0.63 g monk fruit extract (50% Mogroside V), (iii) 0.33 g 

Stevia (Steviol Glycoside, Rebaudioside A), and (iv) 65 g sucrose, in 500 mL water. A pilot test was carried 

out before the study to confirm that the test beverages were deemed perceptibly similar in their 

sweetness intensity, flavour, and liking (all P ≥ 0.070). Sixty five grams of sucrose were chosen as this is 

the amount commonly found in commercial beverage. All test beverages were spiked with strawberry 

flavouring and pink colouring in order to mask any potential differences in taste and visual cues between 

the beverages. 

The breakfast and lunch used in the current study are typical foods consumed among young 

Singaporeans and had been used in previous studies conducted on the same population at the Clinical 
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Nutrition Research Centre (CNRC).24, 25 The standardised breakfast consisted of a small carton of Milo 

(Nestle: 250 mL), an apple (Fuji: 200 g), a packet of cheese sandwich biscuits (Julie’s: 28 g) and one 

muesli bar (Uncle Toby’s: 24 g) packing up a total of 529 kcal (88 g carbohydrate, 8 g protein, and 16 g 

fat). The ad libitum test lunch consisted of 800 g of fried rice (1256 kcal, 182.4 g carbohydrate, 52 g 

protein, and 35.2 g fat) and a glass of water (250 mL). Water intake was optional. 

 

Procedure 

All participants were asked to attend five sessions, consisting of one screening session and four test 

sessions. During the screening session, descriptive measures such as basic anthropometric 

measurements, body composition, blood pressure, and fasting blood glucose were collected after a 

minimum of 10-hour overnight fast. Anthropometric measurements were recorded which included 

height and weight (Seca 763 Digital Scale), waist and hip circumferences (luftkin W606PM measuring 

tape), and body composition (Cosmed BodPod 2007A). Blood pressure was taken in triplicate (Omron 

HEM-907) and fasting blood glucose was taken in duplicate (Hemocue® Glucose 201 Analyser) and the 

values were averaged. Participants were also asked to fill out a Dutch Eating Behaviour Questionnaire 

(DEBQ) and a screening questionnaire including questions such as food allergies or intolerance, chronic 

diseases, and basic health information. 

Following this, participants were required to attend four test sessions where they were 

randomised to the test conditions. Prior to each test day, participants were asked to refrain from 

vigorous physical activity, consume an evening meal of similar composition and quantity and fast for ten 

hours. For instance, if the participants consumed a meat dish, a vegetable dish and a bowl of white rice 

on the evening before their first session, they were asked to consume something similar in terms of 

composition and quantity on the evenings for all subsequent sessions. An overview of the study protocol 

is shown in Figure 1. On each test day, participants were asked to consume a pre-package study 
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breakfast outside CNRC between 8 and 9 am. Participants arrived at CNRC between 11 am and 12 pm, 

where they were randomly allocated to receive a fixed portion of one of the study beverages as a 

preload. Baseline (i.e. 0 minute) blood samples and appetite measures were taken prior to beverage 

consumption. Participants were required to consume the entire beverage within 15 minutes. An hour 

after the commencement of study beverage consumption, participants were given an ad libitum portion 

of fried rice for lunch, where they were allowed to consume as little or as much as they wished until 

they felt comfortably full. Further blood samples were taken at 15, 30, 45, 60, 90, 120, 150, and 180 

minutes after baseline. Appetite measures were taken immediately after the blood draws at each time 

point. Participants were allowed to leave CNRC after the last measurement at 180 minutes post 

baseline. During the three-hour test session, participants were asked to remain rested in the laboratory.  

Participants were instructed to keep a diet record to note down as well as to take photos of any 

food and drinks they consumed after they left the study site. A nutritionist provided verbal instructions 

to each participant on the way to collect diet records. Written instructions were also provided in the diet 

record. A trained researcher reviewed all the diet records and photos of the food and drinks upon return 

for accuracy and completeness. A nutritionist entered all dietary data and the diet records were 

analysed using version 6.70 of the Diet Plan nutrient database (Forestfield Software Ltd, West Sussex, 

UK). 

 

Hedonic, sensory and appetite ratings 

Prior to consuming the beverage, participants were asked to rate their appetite and mood states on a 

100 mm visual analogue scale (VAS) anchored with “not at all <rating>” (0 mm) and “extremely 

<rating>” (100 mm). Appetite questions included desire to eat, hunger, prospective consumption, 

fullness, and thirst. In addition, several distractor questions such as happiness, clear-headed, and 

alertness were included in the appetite questionnaire. Following this, participants were asked to have a 
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sip of the beverage and rate various attributes such as pleasantness, thickness, desire to eat, bitterness, 

sweetness, filling, familiarity, overall liking of the flavour. Participants were asked to complete appetite 

questionnaires every 15 minutes for the first hour. Following this, participants received an ad libitum 

portion of fried rice and water (optional). Mood and appetite questions similar to those completed by 

participants during the beverage session were completed before and after lunch. Leftover fried rice and 

water was then weighed and recorded. 

 

Blood analysis 

Finger prick blood samples were obtained for glucose and insulin analyses. For glucose analysis, blood 

samples were collected directly into HemoCue® cuvettes and analysed using HemoCue® Glucose 201 

analyser (Helsingborg, Sweden). For insulin analysis, 300 µL blood samples were obtained at each time 

point and collected into micro-tubes containing dipotassium EDTA. All blood specimens were separated 

by centrifugation at 8000 rpm for ten minutes at 4°C (ThermoFisher Scientific, Sorvall Legend Micro 17R) 

within two hours of being drawn and plasma aliquots were stored at -80°C until analysis. Blood insulin 

was analysed by using a commercial kit from Roche on Cobas e411 immunoassay analyser (Roche 

Diagnostics). The mean intra- and inter-assay CVs for insulin were 1.84% and 1.80% respectively. Total 

blood glucose and insulin responses were expressed as the incremental area under the curve (iAUC) 

above baseline and calculated using the trapezoidal rule.26 

 

Data analysis 

Based on our previous study looking at blood glucose response to liquids with different nutrient 

composition in a similar population group,27 it has been calculated that in order to have 90% power at 

the two-sided 0.05 level to detect a difference of 30% in total AUC for glucose between the treatments, 
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25 participants would be required with full data. In addition, ten participants with complete data would 

be needed to detect a difference of 30% in total AUC for insulin between the treatments.28 

Baseline characteristics of the study participants were reported as means and s.d. Linear mixed 

models were used to compare the effects of the study treatments on ‘energy intake’, ‘appetite ratings’, 

‘glycaemic response’, and ‘insulinaemic response’. Log transformations were used where this improved 

residual normality and/or homoscedasticity. All the outcome measurements, except for blood insulin, 

were assessed on all participants (n = 30). Blood insulin analyses were performed for ten participants 

who were randomly chosen. The linear mixed models also assessed the influence of ‘age’, ‘body fat 

percentage’, ‘fat free mass’, ‘BMI’, ‘basal metabolic rate’, ‘restraint status’, ‘session number’, and ‘lunch 

intake’ on all study outcomes. In addition, sensory ratings of the test beverages such as ‘pleasantness’, 

‘bitterness’, ‘sweetness’, and ‘overall liking of the flavour’ were adjusted for in all the mixed models for 

food intake analyses. None of these variables significantly influenced the outcomes and hence they were 

excluded from the final models. Stata 11.2 (StataCorp LP, TX, US) was used for all analyses and two-sided 

P < 0.05 was considered significant.  

 

RESULTS  

Participants’ characteristics  

Of the 34 participants recruited and screened for the study, three participants withdrew from the study 

prior to randomisation as they could no longer commit to all the test sessions and another participant 

withdrew due to personal reason. Thirty participants completed the study. Participants were young and 

relatively lean males with a mean (s.d.) age of 27.6 (5.5) years, BMI of 21.7 (1.9) kg/m2, percent body fat 

of 17.6 (8.4) %, waist circumference of 75.1 (6.1) cm, hip circumference of 90.6 (5.4) cm, and DEBQ 

restraint score of 2.2 (0.8). Participants’ fasting blood glucose and blood pressure were within the 

normal range (Supplementary Appendix 1).  
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Hedonic, sensory and appetite ratings of the test beverages and lunch 

Participants were asked to make hedonic, sensory, and appetite ratings of test beverages after 

consuming a sip of the beverage (Table 1). All test beverages had similar thickness and were expected to 

deliver the same fullness. Small but statistically significantly differences were found in sweetness and 

bitterness. Beverages sweetened with monk fruit and Stevia were rated as slightly less sweet and more 

bitter than the aspartame- and sucrose-sweetened beverages. Participants repeated many of these 

ratings after consuming a spoonful of the lunch meal and the results are summarized in Table 1. 

Figure 2 (a-d) shows the appetite ratings over a three-hour period, where 0 minute indicates the 

time prior to preload consumption and 60 minutes represents the time before lunch. Desire to eat, 

hunger, and prospective consumption ratings from 30 to 60 minutes were significantly higher whereas 

fullness rating was lower for the three NNS treatments compared to the sucrose treatment. There was 

very little difference in appetite ratings between the four beverages after lunch. No significant 

differences were found between the treatments for thirst or distractors such as happiness, clear-

headed, and alertness (data not shown). 

 

Energy intake  

Figure 3 shows the breakdown of energy consumed at each meal for all the treatments. Although ad 

libitum lunch intake was significantly higher (ranging from 57 to 82 kcal) in the NNS treatments 

compared to sucrose, the subsequent meal intake after participants left the study site did not differ 

between the four treatments (Table 1). Mean (s.e.) total daily energy intake was 2330 (108) kcal, 2306 

(114) kcal, 2241 (78) kcal, and 2312 (76) kcal for aspartame, monk fruit, Stevia, and sucrose treatment, 

respectively. Energy compensation score was 107% for aspartame, 98% for monk fruit, and 73% for 

Stevia. 
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Glycaemic and insulinaemic responses 

The sucrose-sweetened beverage consumption resulted in large spikes in glucose and insulin 

concentrations whereas these measures were relatively stable with NNS sweetened beverages within 

the first 60 minutes. On the other hand, there were sharper rise in glucose and insulin responses after 

lunch with the three NNS beverages compared with sucrose-sweetened beverage (Figure 4 and Figure 

5). The differences in glucose and insulin responses between NNS- and sucrose-sweetened beverages 

persist, even after adjusting for lunch intake and other potential confounders. Blood glucose for all three 

NNS preloads peaked at 120 minutes and range from 2.4 to 2.7 mmol/L above baseline, which was two 

times higher than the sucrose preload (1.3 mmol/L above baseline). There were no differences in total 

AUC for glucose (P = 0.960) and insulin (P = 0.216) over the three-hour period between the four 

treatments (Table 1). Temporal curves and total AUC for blood glucose and insulin were not statistically 

significantly different between the NNS treatments. 

 

DISCUSSION 

This study is the first to compare the effects of consuming preloads sweetened with sucrose, artificial 

NNS (aspartame) and natural NNS (monk fruit and Stevia) on energy intake, glycaemic and insulinaemic 

responses. The findings showed a surprising result, where there was no difference in total daily energy 

intake across all four treatments, with full compensation of the energy obtained from sucrose. In 

addition, glucose and insulin responses were significantly higher for all three NNS preloads following the 

test lunch compared to sucrose preload. Energy intake, blood glucose and insulin responses did not 

differ between the three NNS treatments, suggesting the source of NNS e.g. artificial or natural, does 

not influence these outcomes. 
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One of the concerns with NNS consumption is the increased appetite, which may lead to 

overcompensation for the energy saved. The present study found that although desire to eat, hunger 

and prospective consumption ratings were higher after consuming NNS preloads compared to sucrose 

preload, there was no evidence of overconsumption on NNS preload days. This is supported by a recent 

review which reported that NNS consumption does not increase liking and wanting for sweet tasting 

foods and lead to higher energy intake.29 In the present study, partial energy compensation (22 to 32%) 

was observed at lunch time and the energy saved from switching to NNS was fully compensated for by 

the end of the test day. This is also contrary to previous findings which suggest that NNS consumption 

may reduce overall energy intake and aid in body weight management.6, 7 Nevertheless, it is important 

to highlight that the current study investigated the simple exchange of one serving of sucrose-

sweetened beverage (65 g of sucrose) with either natural or artificial NNS over a day. A recent meta-

analysis, which included twelve randomised controlled trials conducted in adults, showed that 

consuming NNS for four to 26 weeks led to a significant weight loss of 0.72 kg and most importantly 

none of the randomised controlled trials included in this meta-analysis showed weight gain with NNS 

consumption.30 When the results are taken together, the evidence seems to suggest that the use of NNS 

does not lead to overconsumption. Furthermore, if NNS is used to replace nutritive sweeteners and in 

the absence of any compensatory eating behaviour, this will in theory lead to a net deficit in overall 

energy intake, which may promote weight loss over a long period of time6, 29, although this cannot be 

confirmed in the current study due to the acute nature of the trial. 

Postprandial glycaemia is a significant risk factor for diabetes and cardiovascular disease.31, 32 The 

present study showed large spikes in glucose and insulin responses within the first hour following 

sucrose-sweetened beverage consumption whereas no such changes were seen with NNS consumption. 

However the rise in glucose concentration after lunch was higher with NNS consumption compared to 

the sucrose-sweetened beverage. Hence the total AUC for glucose were similar across all four 
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treatments. A previous study also reported that NNS consumption did not stimulate the release of 

insulin, GIP or GLP-1 in healthy humans.33 A recent study provided participants with a preload as (i) 

water, or water sweetened with (ii) sucrose, (iii) sucralose, (iv) sucrose and sucralose, an hour before 

breakfast. Results showed an increase in blood glucose 30 minutes after consuming sucrose-containing 

preloads but not sucralose or water preload while the opposite was observed after breakfast, i.e. blood 

glucose was significantly higher in sucralose or water preload but not sucrose-containing preloads.34 This 

could be in part explained by the higher insulin response following the consumption of sucrose-

containing preload and the flat insulin response after consuming preloads with NNS within the first 

hour.34  

It is noteworthy that consuming a sucrose-sweetened beverage prior to the lunch did not lead to a 

cumulative effect on blood glucose and result in a much higher glucose response after lunch.  

Interestingly, the blood glucose peak at 120 minutes was significantly higher with the NNS preloads 

compared to the sucrose preload. There are some suggestions from animal studies that NNS may 

activate sweet taste receptors and in turn enhance glucose uptake via upregulation of transporters.35-37 

A previous study conducted in 17 obese insulin sensitive predominantly non-Hispanic black women who 

were not regular users of NNSs reported that consuming NNS ten minutes before a 75 g oral glucose 

tolerance test (OGTT) led to higher peak glucose compared to water consumption before OGTT, 

although no significant differences were found in the iAUC for glucose.38 However, another study did not 

show any differential effect on glucose when participants consumed a preload sweetened with NNS 

before a meal compared with water.39 The increase in glucose absorption was also not observed in 

human studies when participants consumed NNS with sugar or other caloric foods. For instance, when 

participants consumed a preload of crackers with cream cheese sweetened with NNS twenty minutes 

before lunch, postprandial glucose concentration following lunch was significantly lower with NNS 

compared to a preload sweetened with sucrose.17 Overall the evidence seems to suggest that 
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consuming NNS alone without any energy (empty calorie) before a meal may lead to larger spikes in 

glucose and insulin responses after the meal. The preload used in the current study resembles a pre-

meal beverage such as a mid-morning sugar-sweetened beverage prior to lunch or a midafternoon soft 

drink prior to dinner.  

The present study showed that although sucrose led to significant higher glycaemic and 

insulinaemic responses, this did not translate into a higher energy intake at the subsequent meal. In line 

with this finding, previous research reported that consuming sucrose-sweetened beverage as a preload 

an hour before the meal led to greater glycaemic response, suppressed appetite and resulted in lower 

meal energy intake in young men, compared to preloads with lower glycaemic response such as amylose 

or fructose-glucose mixture.40, 41 Similar result was also reported in another acute study conducted in 

overweight restrained and unrestrained women.42 It is important to point out that Henry et al. reported 

that consuming a low GI beverage at three main meals significantly reduced mean 24-hour glucose and 

iAUC for glucose, compared to a control sucrose beverage.43 In addition, a previous study showed that 

consuming a diet high in sucrose (2 g per kg of body weight) for ten weeks led to significantly higher 

postprandial glucose response compared to a diet rich in NNS.44 It is possible that a higher number of 

exposures or a longer intervention period may be required in order for the beneficial effects of NNS on 

glycaemia and insulinaemia to occur.  

The strengths of the current study include its robust study design, the comparison of one artificial 

NNS and two natural NNS with sucrose, and being the first study to investigate the effects of monk fruit 

consumption on energy intake, glycaemic and insulinaemic responses in humans. However, this study 

was not without limitations. One limitation is that the study relied on self-reported dietary data for 

subsequent meals after participants left the study site. It should be noted that the observed and 

weighed lunch intake at the study site was the primary meal of interest. However, results from diet 

records were also reported in order to determine whether participants compensated later in the day. 
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Extensive efforts had been placed to ensure the accuracy and completeness of participants’ diet records. 

For instance, participants were asked to take photos and record down all the foods and drinks they 

consumed in details. Trained researchers checked all the food photos and diet records upon return and 

a single nutritionist entered all the dietary data for consistency. In addition, although the sensory results 

were similar across all treatments in the pilot test, small but significant differences in the pleasantness, 

bitterness, sweetness, and overall liking of the flavour ratings were found between the treatments in 

the actual trial, which may have influenced the food intake results. It is important to highlight that these 

sensory qualities were controlled for in all the mixed models for the food intake analyses and results 

remained unchanged after controlling for these variables. Another limitation is that the study duration 

was only one day. Longer-term studies are warranted to determine the prolonged effects of nutritive 

and non-nutritive sweeteners on glycaemic control and body weight. Lastly, participants in the present 

study were males with normal BMI, limiting the extrapolation of the study results. Future research 

should extend the study populations to females and participants with a range of BMI, including both 

overweight and obese individuals. 

 

CONCLUSION  

In conclusion, the consumption of calorie free beverages sweetened with non-nutritive sweeteners has 

minimal influences on total daily energy intake, glucose and insulin responses compared to a sucrose-

sweetened beverage in healthy lean males. It appears that the source of non-nutritive sweeteners 

(artificial or natural) does not differ in their effects on energy intake, postprandial glucose and insulin. 
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FIGURE LEGENDS 

 

Figure 1 Flow chart for the methods on each test day. 

 

Figure 2 (a) Desire to eat, (b) hunger, (c) prospective consumption, and (d) fullness ratings overtime 

(mean ± s.e.) (n = 30). *Linear mixed models showed statistically significant differences in these appetite 

measures between the treatments at those time points, P < 0.05. Aspartame (filled square, solid line), 

Monk fruit (open diamond, short dashed line), Stevia (open triangle, dotted line), Sucrose (filled circle, 

long dashed line). 

 

Figure 3 Energy intake consumed at each meal on aspartame, monk fruit, Stevia, and sucrose test 

days (mean ± s.e.) (n = 30). A linear mixed model showed no significant difference in total daily energy 

intake between the treatments (P = 0.831). Fixed portion study breakfast (light gray bars), Ad libitum 

study lunch (dotted bars), Free-living subsequent meals (dark gray bars), Test beverage (large grid bars). 

 

Figure 4 Temporal curves of the blood glucose response for the test beverages (mean ± s.e.) (n = 

30). *Linear mixed models showed statistically significantly differences in blood glucose between the 

treatments at those time points, P < 0.05. Aspartame (filled square, solid line), Monk fruit (open 

diamond, short dashed line), Stevia (open triangle, dotted line), Sucrose (filled circle, long dashed line). 

 

Figure 5 Temporal curves of the blood insulin response for the test beverages (mean ± s.e.) (n = 

10). *Linear mixed models showed statistically significantly differences in blood insulin between the 

treatments at those time points, P < 0.05. Aspartame (filled square, solid line), Monk fruit (open 

diamond, short dashed line), Stevia (open triangle, dotted line), Sucrose (filled circle, long dashed line). 
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Table 1. Hedonic, sensory, appetite ratings and intake for each treatment (mean ± s.e.) (n  = 30)

Aspartame Monk Fruit Stevia Sucrose P  value

Drink

Pleasantness (mm) 54.9 ± 4.0 a 41.4 ± 4.1 b 43.9 ± 4.0 b 56.9 ± 3.6 a <0.001

Thickness (mm) 34.7 ± 3.8 41.0 ± 3.8 36.6 ± 4.5 35.9 ± 4.6 0.464

Desire to eat (mm) 60.2 ± 3.5 52.4 ± 3.8 57.9 ± 4.6 55.1 ± 4.0 0.298

Bitterness (mm) 22.0 ± 4.3 a 42.2 ± 5.2 b 39.2 ± 5.1 b 11.7 ± 2.6 a <0.001

Sweetness (mm) 76.3 ± 2.5 a 64.6 ± 3.6 b 60.2 ± 4.2 b 76.6 ± 3.1 a <0.001

Fillingness (mm) 57.7 ± 4.5 54.5 ± 4.0 53.2 ± 3.7 56.4 ± 4.1 0.684

Familiarity (mm) 67.8 ± 3.6 60.3 ± 4.7 54.9 ± 5.1 67.2 ± 3.7 0.064

Overall liking of the flavour (mm) 51.5 ± 3.8 a 36.4 ± 4.4 b 37.6 ± 3.9 b 53.4 ± 3.8 a <0.001

Lunch

Pleasantness (mm) 69.0 ± 2.8 ab 72.8 ± 2.8 b 72.0 ± 2.8 b 66.5 ± 2.6 a 0.005

Sweetness (mm) 37.8 ± 4.7 37.0 ± 4.5 37.0 ± 4.7 31.4 ± 4.3 0.146

Saltiness (mm) 47.1 ± 3.8 49.0 ± 3.6 48.7 ± 3.2 40.8 ± 3.7 0.053

Familiarity (mm) 77.2 ± 3.4 81.2 ± 3.3 74.9 ± 4.3 77.6 ± 2.8 0.333

Hunger (mm) 73.6 ± 3.5 ab 78.0 ± 2.2 a 72.1 ± 3.2 bc 67.4 ± 3.2 c 0.005

Desire to eat (mm) 74.5 ± 3.4 a 78.0 ± 2.6 a 77.8 ± 2.3 a 68.2 ± 3.0 b <0.001

Prospective consumption (mm) 76.4 ± 2.9 a 77.6 ± 2.2 a 78.0 ± 2.2 a 70.7 ± 2.4 b 0.004

Thirst (mm) 44.7 ± 4.4 43.9 ± 4.6 47.6 ± 4.2 48.4 ± 3.9 0.539

Fullness (mm) 23.6 ± 3.4 a 25.9 ± 3.4 a 26.8 ± 3.5 ab 32.2 ± 3.5 b 0.025

Energy Intake 

Ad libitum lunch (kcal) 799 ± 44.4 a 824 ± 42.6 a 821 ± 41.5 a 742 ± 44.8 b 0.010

Subsequent meals (kcal) 1002 ± 96.1 953 ± 102.2 892 ± 73.9 781 ± 71.4 0.114

Total daily intake (kcal) 2330 ± 108 2306 ± 114 2241 ± 77.8 2312 ± 76.0 0.831

Glucose Total Area Under the Curve

Glucose AUC 0 to 60 mins 6.79 ± 1.39 a 4.64 ± 1.22 a 5.40 ± 1.21 a 78.3 ± 6.95 b <0.001

Glucose AUC 60 to 180 mins 199 ± 14.4 a 214 ± 15.6 a 223 ± 15.7 a 83.7 ± 12.6 b <0.001

Glucose AUC 0 to 180 mins 196 ± 16.6 204 ± 19.2 194 ± 20.3 203 ± 19.4 0.960

Insulin Total Area Under the Curve

Insulin AUC 0 to 60 mins 42.1 ± 37.8 a 10.1 ± 9.93 a 6.22 ± 3.72 a 2024 ± 368 b <0.001

Insulin AUC 60 to 180 mins 5035 ± 675 a 5814 ± 1173 a 6359 ± 1240 a 2958 ± 667 b <0.001

Insulin AUC 0 to 180 mins 4193 ± 624 4662 ± 871 5097 ± 1301 5741 ± 1060 0.216

Rows with different lower case letters are significantly different from each other (P < 0.05). 
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