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Abstract: There is an association between the consumption of artificial sweeteners and Type 2 diabetes
in cohort studies, but intervention studies do not show a clear elevation of blood glucose after the
use of artificial sweeteners. The objective of this study was to examine whether two commonly
used artificial sweeteners had an adverse effect on glucose control in normal-weight subjects, and in
overweight and obese subjects when consumed for 2 weeks. In the study, 39 healthy subjects
(body-mass index, kg/m2) (18–45) without Type 2 diabetes with an age of 18–75 years were randomly
assigned to 0.6 L/day of an artificially sweetened soft drink containing acesulfame K (950) and
aspartame (951) or 0.6 L/day of mineral water for 2 weeks each in a crossover study. There was a
4 week washout period with no drinks consumed. Glucose levels were read by a continuous glucose
monitor (CGM) during each 2 week period. A 75 g oral glucose-tolerance test (OGTT) was performed
at the beginning and end of each intervention period. Blood samples were collected at baseline,
and 1 and 2 h for glucose and insulin. A 2 week intake of artificially sweetened beverage (ASB)
did not alter concentrations of fasting glucose and fasting insulin, the area under the curve (AUC)
for OGTT glucose and insulin, the incremental area under the curve (iAUC) for OGTT glucose and
insulin, the homeostatic model assessment for insulin resistance (HOMA-IR), and the Matsuda index
compared with the baseline and with the changes after a 2 week intake of mineral water. Continuous
2 week glucose concentrations were not significantly different after a 2 week intake of ASB compared
with a 2 week intake of mineral water. This study found no harmful effect of the artificially sweetened
soft drink containing acesulfame K (950) and aspartame (951) on glucose control when consumed for
2 weeks by people without Type 2 diabetes.

Keywords: artificial sweetener; glucose; insulin; continuous glucose monitoring

1. Introduction

In 2019, 463 million individuals aged 20–79 years were globally estimated to have diabetes,
and this number is projected to rise to 578 million by 2030 and 700 million by 2045 [1]. In line with
increasing diabetes prevalence, the consumption of non-nutritive sweeteners (NNSs) containing no or
few calories is becoming common as palatable alternatives to caloric sugars [2–4]. The NNS market is
growing in the United States [5]. NNS consumption was reported in 25.1% of children and 41.4% of
adults, according to the National Health and Nutrition Examination Survey (NHANES) 2009–2012 [5].

Int. J. Environ. Res. Public Health 2020, 17, 9049; doi:10.3390/ijerph17239049 www.mdpi.com/journal/ijerph

http://www.mdpi.com/journal/ijerph
http://www.mdpi.com
https://orcid.org/0000-0002-3924-8543
https://orcid.org/0000-0002-4788-3870
https://orcid.org/0000-0002-6411-626X
http://dx.doi.org/10.3390/ijerph17239049
http://www.mdpi.com/journal/ijerph
https://www.mdpi.com/1660-4601/17/23/9049?type=check_update&version=2


Int. J. Environ. Res. Public Health 2020, 17, 9049 2 of 9

Meta-analyses of prospective cohort studies showed NNS consumption was associated with an
increased risk of Type 2 diabetes mellitus (T2DM) [6–8]. However, reverse causation and confounding by
weight status were perhaps an issue [9]. Prospective studies also showed a positive association between
NNS consumption, and an increased risk of metabolic syndrome [10–12] and weight gain [13,14].

In animal studies, saccharin enhanced sodium/glucose cotransporter 1 (SGLT1) activity and
thus elevated glucose-absorption capacity [15]. Moreover, exposure to NNS activated intestinal
sweet-taste receptors to upregulate the release of glucose-dependent insulinotropic polypeptide (GIP)
from proximal K cells, and glucagon-like peptide-1 and -2 (GLP-1, GLP-2) from more distal L cells [16].

However, human data are much less clear-cut. Systematic reviews [17,18] of randomized controlled
trials (RCTs), cohort, case-control, and cross-sectional studies, and case series/reports showed no clear
effects of NNS on glucose control.

The aim of this study was to assess whether NNS consumption for 2 weeks alters glucose control
in healthy normal and obese individuals. The hypothesis was that the consumption of artificial
sweeteners aspartame and acesulfame K for 2 weeks would not influence glucose metabolism in
heathy subjects.

2. Materials and Methods

2.1. Ethical Approval and Registration

This study was approved by the University of South Australia Human Research Ethics Committee,
and all study participants gave their written informed consent prior to participating. The trial was
registered with the Australian New Zealand Clinical Trials Registry (https://www.anzctr.org.au/)
ACTRN 12618000104257. Current link: https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?
id=374094&isClinicalTrial=False. AUD 100 were offered to participants on completion of the study.

2.2. Study Participants

Participants were recruited by public advertisement and screened for eligibility by questionnaire
only from 2 April 2018 to 1 October 2019. Eligibility criteria were as follows: male or female,
aged 18–75 years, body-mass index (BMI) of 18–45 kg/m2, no known diabetes or metabolic disorders,
not taking medication or supplements that may influence glucose levels, no known allergies/intolerances
to the artificial sweeteners, and no artificial-sweetener use (non-nutritive sweeteners) for the 2 previous
weeks. Participants had to consume a 600 mL artificially sweetened soft drink daily for 2 weeks and
mineral water daily for 2 weeks. Exclusion criteria were weight gain or loss of more than 5 kg over the
past 3 months.

Initially, a phone-screening interview was conducted with responders who wanted to participate
in the study. The interview included completing a short questionnaire to check eligibility, particularly
to check for usage of artificial sweeteners and absence of diabetes. Responders who passed the phone
screening visited the Sansom Institute for Health Research Clinical Trial facility at the University of
South Australia in the morning after an overnight fast. Written informed consent was obtained at the
first visit. Details of study recruitment and completion are shown in Figure 1.

https://www.anzctr.org.au/
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=374094&isClinicalTrial=False
https://www.anzctr.org.au/Trial/Registration/TrialReview.aspx?id=374094&isClinicalTrial=False
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Figure 1. Flowchart of participant recruitment and withdrawal from study.

2.3. Study Design

This was a randomized, crossover trial using commercial home-brand drinks. Drink-assignment
order was sequential based on the order of initial recruitment when the questionnaire was originally
received in the research office. This assignment was by the office staff and not researchers seeing the
volunteers. Participants consumed 0.6 L day of an artificially sweetened beverage (ASB) containing
144 mg/L of aspartame (951) and 211 mg/L of acesulphame K (955), or mineral water for 2 weeks with a
4 week washout period to allow for any changes to the microbiome to revert to normal. This intake
was about 5%–6% of the acceptable daily intake. During each 2 week period, subjects wore an Abbott
continuous glucose monitor (FreeStyle Libre) 14 day system on the upper arm, which was read at
least 4 times/day with a separate reader. Participants had a 75 g oral glucose-tolerance test (OGTT) at
the beginning and end of each intervention period, with blood samples taken every 30 min for 2 h
for glucose and insulin. Diet was not controlled during each experimental period, but participants
were asked to keep their diets relatively constant for each period, minimise eating out, and avoid
changes to exercise patterns. Visits took place at the Sansom Clinic with 4 long visits of about 3 h each.
A simple survey on activity levels was performed at baseline (sedentary or moderately active); a daily
questionnaire asked about changes in activity, diet, and additional soft-drink use, if any.

2.4. Measurements during Intervention

An intravenous cannula (BD Nexiva catheters; 20 GA 1.25 IN 1.1 × 32 mm) was inserted at each
study visit. Blood samples were collected at 0, 30, 60, 90, 120 min into 2 tubes containing either no
additives or sodium fluoride ethylenediaminetetraacetic acid (EDTA). The tube with no additives for
serum insulin was kept upright in a tube rack at room temperature for 30 min to ensure complete clot
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formation and was then placed on ice; the sodium fluoride EDTA tube for plasma glucose was placed
immediately on ice until centrifugation and processing. Blood samples were centrifuged at 4000 RPM
at 4 ◦C for 10 min (Universal 32R, Hettich Zentrifugen, Tuttlingen, Germany). Plasma glucose was
analysed by an automated spectrophotometric analyser (Konelab 20XTi, Thermo Electron, Waltham,
MA, USA). Serum insulin was measured by a ThunderBolt® analyser using Mercodia Insulin ELISA
kits (Lot 28563, Uppsala, Sweden).

2.5. Glucose Monitoring during Intervention

Insulin sensitivity under fasting conditions was calculated with the homeostasis model assessment
of insulin resistance (HOMA-IR) [19] using the following formulas: HOMA-IR = (fasting insulin
(µU/mL) × fasting glucose (mmol/L))/22.5.

Insulin sensitivity was assessed from the OGTT by using the methods of Stumvoll et al. [20],
calculated as

[0.226 − (0.0032 × BMI) − 0.0000645 × Ins120(pmol/L)] − [0.0037 × G90(mmol/L)]

where Ins120 indicates insulin at 120 min and G90 indicates glucose at 90 min; and Matsuda and
DeFronzo [21], calculated as

10000 ÷
√

{[Gfasting (mg/dL) × Insfasting (µU/mL)] × [GmeanOGTT × InsmeanOGTT]}.

Each of these methods previously showed strong correlations with the euglycemic hyperinsulinemic
clamp method, which is considered the reference standard for assessing insulin sensitivity [19].

2.6. Statistical Analysis

Data were analysed with the use of SPSS V22 (IBM, Chicago, IL, USA). The incremental area for
glucose and insulin was calculated using the trapezoidal rule.

The Shapiro–Wilk test, Q–Q plots, and histograms were used to test for normality of distribution.
Differences between treatments, and at the beginning and end of each treatment period were
tested by ANOVA and paired-sample t tests, respectively. Non-normally distributed variables
were log-transformed. Wilcoxon signed-rank nonparametric tests were also used when variables were
still skewed after log transformation. Data are presented as the mean ± SD except for skewed variables,
which are presented as medians and interquartile ranges. Statistical significance was defined as p < 0.05.

3. Results

3.1. Participant Characteristics

Of 453 people who initially responded to advertising, 87 people replied, and 50 people satisfied
the inclusion criteria. Of those, 39 healthy subjects aged 34.5 ± 17 years without T2DM attended the
first visit and remained in the study. Figure 1 outlines the recruitment and withdrawal of participants
from the study. The baseline characteristics of participants are presented in Table 1. There were
18 participants who had normal weight, 8 were overweight, and 13 were obese. The weight of
participants did not significantly change during the study period, as presented in Table 2.



Int. J. Environ. Res. Public Health 2020, 17, 9049 5 of 9

Table 1. Baseline characteristics of participants 1.

Sex (M/F) 13/26

Age (y) 34.5 ± 17

Height (m) 1.7 ± 0.1

Weight (kg) 75.2, 34.8

Body-mass index (BMI; kg/m2) 26.1, 9.3

BMI (kg/m2)
Normal 18

Overweight 8
Obese 13

Smoking
Yes 1
No 38

Alcohol intake
0–5/week 30

6–10/week 9

Family diabetes history
Yes 9
No 30

NGT (n)IFG/IGT (n) 33/6

Baseline fasting glucose (mmol/L) 4.9 ± 0.7

Baseline 2 h glucose (mmol/L) 5.5 ± 1.6
1 Total participants = 39. Values are mean ± SD except for weight and body-mass index (BMI), which are median
and interquartile ranges. M, male; F, female; NGT, normal glucose tolerance; IFG, impaired fasting glucose; IGT,
impaired glucose tolerance. Alcohol units are standard 10 g alcohol drinks.

Table 2. Effects of artificial sweeteners aspartame and acesulfame K in within-group comparison.

Variables

ASB MW

Baseline After
2 Weeks p Value N Baseline After

2 Weeks p Value

Fasting glucose (mmol/L) 4.91, 0.82 4.73, 0.72 0.65 *** 35 4.98, 0.7 4.96, 0.7 0.79 ***
Fasting insulin (pmol/L) 8.93, 10.1 9.49, 7.03 0.10 *** 31 8.67, 9.27 8.95, 6.9 0.64 ***

HOMA-IR 1.52, 2.22 1.86, 2.1 0.07 *** 30 2.01, 1.94 1.90, 1.28 0.42 ***
Matsuda index 5.71, 7.22 5.45, 4.97 0.32 ** 30 4.67, 5.16 4.94, 4.19 0.47 **
Glucose AUC 13.54 ± 5.88 12.25 ± 2.99 0.14 * 35 13.06, 3.73 12.84, 4.09 0.85 ***
Glucose iAUC 2.27, 4.37 2.51, 3.67 0.09 *** 35 3.21, 4.49 2.59, 3.84 0.45 ***
Insulin AUC 91.9, 84.95 96.3, 84.3 0.35 ** 30 105.1, 61.3 94.1, 98.6 0.62 ***
Insulin iAUC 71.3, 52.2 76.7, 74.7 0.27 ** 30 95.3, 45.2 78.7, 86.5 0.81 ***

Weight changes 75.2, 34.2 75, 32.6 0.52 *** 39 76.1, 34.2 76.1,33.4 0.69 ***
BMI changes 26.2, 8.9 26.2, 9.4 0.65 ** 39 25.9, 9.34 25.4, 9.06 0.47 **

ASB, artificially sweetened beverage; MW, mineral water; HOMA-IR, homeostatic model assessment for insulin
resistance; AUC, area under curve; iAUC, incremental area under curve. Normally distributed values are presented
as mean ± SD, and p values were determined by paired t tests. Non-normally distributed variables (shown as
medians and interquartile ranges) were log transformed; p values obtained by Wilcoxon signed-rank nonparametric
tests, as variables were non-normally distributed after log transformation; * p values determined by paired t tests;
** p values determined by paired t tests after log transformation; *** p values obtained from Wilcoxon signed-rank
nonparametric tests.

3.2. Fasting Glucose, Fasting Insulin, and Area under Curve for Glucose and Insulin

Compared with the baseline values, concentrations of fasting glucose and fasting insulin, HOMA-IR,
the area under the curve (AUC) for glucose and insulin, and the incremental area under the curve (iAUC)
for glucose and insulin were not significantly different after a 2 week intake of an artificially sweetened
beverage (ASB). Moreover, compared with the baseline values, concentrations of fasting glucose and
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fasting insulin, glucose AUC, glucose iAUC, insulin AUC and insulin iAUC were not significantly
different after a 2 week intake of mineral water (MW; Table 2), and changes over the 2 week period
were not different between drinks (Table 3). There was no effect of drink order on the results.

Table 3. Effects of artificial sweeteners aspartame and acesulfame K in between-group comparison.

Variables

ASB MW Between-Group Comparison
(after ASB vs. after MW)

Difference at
Baseline vs. 2 Weeks

Difference at
Baseline vs. 2 Weeks p Value

Fasting glucose (mmol/L) −0.044, 0.8 0.145, 0.65 0.17

Fasting insulin (pmol/L) −0.94, 6.29 −0.13, 4.58 0.34

Glucose AUC 0.63, 2.92 0.18, 2.82 0.31

Glucose iAUC 0.39, 3.88 −0.10, 2.9 0.86

Insulin AUC −8.38 ± 35.6 3.44 ± 40.1 0.17

Insulin iAUC 3.44 ± 40.1 0.07 ± 32.05 0.47

Normally distributed values presented as mean ± SD and p values were determined by paired t tests. Non-normally
distributed variables (shown as medians and interquartile ranges) were log transformed; p values obtained by
Wilcoxon signed-rank nonparametric tests as variables were non-normally distributed after log transformation;
p values for fasting glucose (N = 34), fasting insulin (N = 32), glucose AUC (N = 34), glucose iAUC (N = 33),
comparing differences at baseline vs. 2 weeks obtained from Wilcoxon signed-rank nonparametric tests; p values
for insulin AUC (N = 30) and insulin iAUC (N = 31) comparing differences at baseline vs. 2 weeks obtained from
paired t tests.

3.3. Continuous Glucose Concentrations over 2 Weeks

Average continuous-glucose-monitor (CGM) glucose for the ASB period was 5.14 ± 0.74; for the
MW period, it was 5.18 ± 0.63. The difference between periods was –0.04 ± 0.61 (N = 39), p = 0.7.
Changes from the beginning to the end of each period—from Days 1 to 3, to Days 12 to 14—showed
a drop of 0.15 ± 0.61 for ASB (p = 0.18), and a drop of 0.11 ± 0.65 (p = 0.31) for MW. The difference
between these changes was not significant, p = 0.85 (N = 36). There was no effect of drink order on
the results.

4. Discussion

This study was designed to examine the effects of 2 week consumption of an ASB containing
acesulfame K (950) and aspartame (951) on glucose homeostasis in healthy subjects. No significant
effects of ASB were observed on fasting glucose and fasting insulin, glucose AUC and iAUC, and insulin
AUC, iAUC, and sensitivity in comparison with baseline values and with any changes seen with
mineral water. This finding was consistent with our hypothesis, and it was the same in normal,
overweight, and obese people; there was no interaction by weight status.

Very recently, Ahmad et al. [22] observed similar findings to this study, albeit with different
sweeteners. The consumption of two types of ASB containing 14% (0.425 g) of the acceptable daily
intake (ADI) for aspartame or 20% (0.136 g) of the ADI for sucralose every day for 2 weeks did not
significantly change the total OGTT AUC of glucose, insulin, active GLP-1, leptin, and insulin sensitivity
compared with baseline values in 17 healthy subjects (24 ± 6.8 years; BMI 22.9 ± 2.5 kg/m2) [22].

A few interventions [23,24] were inconsistent with our findings on insulin sensitivity. Sucralose
(15% of ADI) consumption for 2 weeks led to a significant incremental change in HOMA-IR 1 week
after cessation of the supplement (but not during the intervention), with no differences in fasting
concentrations of GLP-1, ghrelin, peptide tyrosine tyrosine (PYY), and leptin in healthy subjects [23].
Sucralose consumption (200 mg/day) for 4 weeks attenuated the acute insulin response after an
intravenous glucose-tolerance test (IVGTT), reduced insulin sensitivity (measured by the OGTT
Matsuda index), and increased GLP-1 release compared with a placebo in 15 healthy subjects
(31.9 ± 10 years; BMI 23.1 ± 3 kg/m2) [24].
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In our study, glucose concentrations measured by CGM were not different between ASB and
MW treatments during the 2 weeks of measurements. In line with these findings, no differences were
observed in mean 24 h glucose, iAUC, and total AUC for glucose over 23 h, and 24 h glycaemic variability
between 4 types of sweetener beverages containing aspartame, monk fruit, stevia, and sucrose [25].
These CGM findings were in striking contrast to those of Suez et al. 2014 [26], who fed 7 healthy
volunteers, who did not normally consume non-nutritional sweeteners, 5 mg/kg of saccharin, i.e.,
about 120 mg 3 times/day on Days 2–7. The volunteers had daily glucose-tolerance tests assessed
using CGM. Four out of 7 had significantly enhanced glucose responses on Days 5–7 compared to
Days 1–4. The nonresponders had a different microbiome from the responders, both before and
after the saccharin treatment. Animal studies showed similar findings with all artificial sweeteners,
including aspartame [26–28]. We utilised the findings from the study by Suez et al., given that changes
could be seen after 5–7 days of saccharin feeding, by utilising a 2 week study length and a 2 week
sweetener-withdrawal period.

Romo-Romo et al. 2016 [18] reviewed 6 chronic feeding studies dating back to 1985 and ranging in
duration from 6 to 18 weeks, mostly in people with Type 1 and Type 2 diabetes. They used aspartame,
saccharin, sucralose, and stevia, and no effects on glucose metabolism were seen with any tested
sweetener. Overall, our study, showing no effects of artificial sweeteners aspartame and acesulfame K
on glucose control, was consistent with our recent review indicating that NNS consumption did not
differ from water in influencing glucose control [9].

The study was small and relatively short, and different results may be seen after a 3–6 month
consumption period. However, in diets of varying carbohydrates and proteins, changes were seen
within days in the microbiome [29]. Although the method of randomization was not optimal, it did
not involve the researchers, and drink order had no impact on the results. Lastly, volunteers could see
their most recent glucose result when they read the sensor. This may have influenced their behaviour,
but given that most sugars ranged from 4 to 7, and the volunteers had no prior knowledge of what
constituted a normal glucose level, it is not likely to have influenced their eating and drinking behaviour.

5. Conclusions

The consumption of an artificially sweetened soft drink containing acesulfame K (950) and
aspartame (951) did not alter glucose, insulin, and insulin sensitivity during 2 weeks in individuals
without Type 2 diabetes.

Author Contributions: Conceptualization, P.M.C. and J.B.K.; methodology, P.M.C.; formal analysis, Y.K. and P.M.C.;
investigation, Y.K. and P.M.C.; resources, P.M.C. and J.B.K.; data curation, Y.K.; original-draft preparation, Y.K.;
writing—review and editing, P.M.C. and J.B.K.; visualization, Y.K.; supervision, P.M.C. and J.B.K.; project
administration, P.M.C. and J.B.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We thank all participants for their time and efforts to contribute to this project. We thank
Louise Massie Katja Morsky, Emma Waters, Helene Bret, Claire Perrin, Aebhin Sheridan, Ciaran Furlong,
Séverine Wents, Thomas Bohm, and Casey Dutton for assistance with the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Saeedi, P.; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.;
Motala, A.A.; Ogurtsova, K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections
for 2030 and 2045: Results from the international diabetes federation diabetes atlas, 9(th) edition. Diabetes Res.
Clin. Pract. 2019, 157, 107843. [CrossRef] [PubMed]

2. Sylvetsky, A.C.; Rother, K.I. Trends in the consumption of low-calorie sweeteners. Physiol. Behav. 2016, 164,
446–450. [CrossRef] [PubMed]

3. Piernas, C.; Ng, S.W.; Popkin, B. Trends in purchases and intake of foods and beverages containing caloric and
low-calorie sweeteners over the last decade in the United States. Pediatric Obes. 2013, 8, 294–306. [CrossRef]

http://dx.doi.org/10.1016/j.diabres.2019.107843
http://www.ncbi.nlm.nih.gov/pubmed/31518657
http://dx.doi.org/10.1016/j.physbeh.2016.03.030
http://www.ncbi.nlm.nih.gov/pubmed/27039282
http://dx.doi.org/10.1111/j.2047-6310.2013.00153.x


Int. J. Environ. Res. Public Health 2020, 17, 9049 8 of 9

4. Sylvetsky, A.C.; Welsh, J.A.; Brown, R.J.; Vos, M.B. Low-calorie sweetener consumption is increasing in the
United States. Am. J. Clin. Nutr. 2012, 96, 640–646. [CrossRef] [PubMed]

5. Sylvetsky, A.C.; Jin, Y.; Clark, E.J.; Welsh, J.A.; Rother, K.I.; Talegawkar, S.A. Consumption of low-calorie
sweeteners among children and adults in the United States. J. Acad. Nutr. Diet. 2017, 117, 441–448.e442.
[CrossRef] [PubMed]

6. Azad, M.B.; Abou-Setta, A.M.; Chauhan, B.F.; Rabbani, R.; Lys, J.; Copstein, L.; Mann, A.; Jeyaraman, M.M.;
Reid, A.E.; Fiander, M.; et al. Nonnutritive sweeteners and cardiometabolic health: A systematic review and
meta-analysis of randomized controlled trials and prospective cohort studies. CMAJ Can. Med. Assoc. J.
2017, 189, E929–E939. [CrossRef]

7. Greenwood, D.C.; Threapleton, D.E.; Evans, C.E.; Cleghorn, C.L.; Nykjaer, C.; Woodhead, C.; Burley, V.J.
Association between sugar-sweetened and artificially sweetened soft drinks and type 2 diabetes: Systematic
review and dose-response meta-analysis of prospective studies. Br. J. Nutr. 2014, 112, 725–734. [CrossRef]

8. Imamura, F.; O’Connor, L.; Ye, Z.; Mursu, J.; Hayashino, Y.; Bhupathiraju, S.N.; Forouhi, N.G. Consumption
of sugar sweetened beverages, artificially sweetened beverages, and fruit juice and incidence of type 2
diabetes: Systematic review, meta-analysis, and estimation of population attributable fraction. BMJ 2015,
351, h3576. [CrossRef]

9. Kim, Y.; Keogh, J.B.; Clifton, P.M. Non-nutritive sweeteners and glycaemic control. Curr. Atheroscler. Rep.
2019, 21, 49. [CrossRef]

10. Nettleton, J.A.; Lutsey, P.L.; Wang, Y.; Lima, J.A.; Michos, E.D.; Jacobs, D.R., Jr. Diet soda intake and risk
of incident metabolic syndrome and type 2 diabetes in the Multi-Ethnic Study of Atherosclerosis (MESA).
Diabetes Care 2009, 32, 688–694. [CrossRef]

11. Duffey, K.J.; Steffen, L.M.; van Horn, L.; Jacobs, D.R., Jr.; Popkin, B.M. Dietary patterns matter: Diet beverages
and cardiometabolic risks in the longitudinal Coronary Artery Risk Development in Young Adults (CARDIA)
Study. Am. J. Clin. Nutr. 2012, 95, 909–915. [CrossRef] [PubMed]

12. Lutsey, P.L.; Steffen, L.M.; Stevens, J. Dietary intake and the development of the metabolic syndrome:
The atherosclerosis risk in communities study. Circulation 2008, 117, 754–761. [CrossRef] [PubMed]

13. Fowler, S.P.; Williams, K.; Resendez, R.G.; Hunt, K.J.; Hazuda, H.P.; Stern, M.P. Fueling the obesity epidemic?
Artificially sweetened beverage use and long-term weight gain. Obes. Silver Spring Md. 2008, 16, 1894–1900.
[CrossRef] [PubMed]

14. Fowler, S.P.; Williams, K.; Hazuda, H.P. Diet soda intake is associated with long-term increases in waist
circumference in a biethnic cohort of older adults: The San Antonio Longitudinal Study of Aging. J. Am.
Geriatr. Soc. 2015, 63, 708–715. [CrossRef] [PubMed]

15. Moran, A.W.; Al-Rammahi, M.A.; Arora, D.K.; Batchelor, D.J.; Coulter, E.A.; Daly, K.; Ionescu, C.; Bravo, D.;
Shirazi-Beechey, S.P. Expression of Na + /glucose co-transporter 1 (SGLT1) is enhanced by supplementation
of the diet of weaning piglets with artificial sweeteners. Br. J. Nutr. 2010, 104, 637–646. [CrossRef]

16. Meyer-Gerspach, A.C.; Wolnerhanssen, B.; Beglinger, C. Functional roles of low calorie sweeteners on gut
function. Physiol. Behav. 2016, 164, 479–481. [CrossRef] [PubMed]

17. Onakpoya, I.J.; Heneghan, C.J. Effect of the natural sweetener, steviol glycoside, on cardiovascular risk
factors: A systematic review and meta-analysis of randomised clinical trials. Eur. J. Prev. Cardiol. 2015, 22,
1575–1587. [CrossRef]

18. Romo-Romo, A.; Aguilar-Salinas, C.A.; Brito-Córdova, G.X.; Gómez Díaz, R.A.; Vilchis Valentín, D.;
Almeda-Valdes, P. Effects of the non-nutritive sweeteners on glucose metabolism and appetite regulating
hormones: Systematic review of observational prospective studies and clinical trials. PLoS ONE 2016, 11,
e0161264. [CrossRef]

19. Bonora, E.; Targher, G.; Alberiche, M.; Bonadonna, R.C.; Saggiani, F.; Zenere, M.B.; Monauni, T.; Muggeo, M.
Homeostasis model assessment closely mirrors the glucose clamp technique in the assessment of insulin
sensitivity: Studies in subjects with various degrees of glucose tolerance and insulin sensitivity. Diabetes Care
2000, 23, 57–63. [CrossRef]

20. Stumvoll, M.; Mitrakou, A.; Pimenta, W.; Jenssen, T.; Yki-Järvinen, H.; Van Haeften, T.; Renn, W.; Gerich, J.
Use of the oral glucose tolerance test to assess insulin release and insulin sensitivity. Diabetes Care 2000, 23,
295–301. [CrossRef]

21. Matsuda, M.; DeFronzo, R.A. Insulin sensitivity indices obtained from oral glucose tolerance testing:
Comparison with the euglycemic insulin clamp. Diabetes Care 1999, 22, 1462–1470. [CrossRef] [PubMed]

http://dx.doi.org/10.3945/ajcn.112.034751
http://www.ncbi.nlm.nih.gov/pubmed/22854409
http://dx.doi.org/10.1016/j.jand.2016.11.004
http://www.ncbi.nlm.nih.gov/pubmed/28087414
http://dx.doi.org/10.1503/cmaj.161390
http://dx.doi.org/10.1017/S0007114514001329
http://dx.doi.org/10.1136/bmj.h3576
http://dx.doi.org/10.1007/s11883-019-0814-6
http://dx.doi.org/10.2337/dc08-1799
http://dx.doi.org/10.3945/ajcn.111.026682
http://www.ncbi.nlm.nih.gov/pubmed/22378729
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.716159
http://www.ncbi.nlm.nih.gov/pubmed/18212291
http://dx.doi.org/10.1038/oby.2008.284
http://www.ncbi.nlm.nih.gov/pubmed/18535548
http://dx.doi.org/10.1111/jgs.13376
http://www.ncbi.nlm.nih.gov/pubmed/25780952
http://dx.doi.org/10.1017/S0007114510000917
http://dx.doi.org/10.1016/j.physbeh.2016.01.045
http://www.ncbi.nlm.nih.gov/pubmed/26861179
http://dx.doi.org/10.1177/2047487314560663
http://dx.doi.org/10.1371/journal.pone.0161264
http://dx.doi.org/10.2337/diacare.23.1.57
http://dx.doi.org/10.2337/diacare.23.3.295
http://dx.doi.org/10.2337/diacare.22.9.1462
http://www.ncbi.nlm.nih.gov/pubmed/10480510


Int. J. Environ. Res. Public Health 2020, 17, 9049 9 of 9

22. Ahmad, S.Y.; Friel, J.K.; MacKay, D.S. The effect of the artificial sweeteners on glucose metabolism in healthy
adults: A randomized, double-blinded, crossover clinical trial. Appl. Physiol. Nutr. Metab. Physiol. Appl.
Nutr. Et. Metab. 2020, 45, 606–612. [CrossRef] [PubMed]

23. Romo-Romo, A.; Aguilar-Salinas, C.A.; López-Carrasco, M.G.; Guillén-Pineda, L.E.; Brito-Córdova, G.X.;
Gómez-Díaz, R.A.; Gómez-Pérez, F.J.; Almeda-Valdes, P. Sucralose Consumption over 2 Weeks in Healthy
Subjects Does Not Modify Fasting Plasma Concentrations of Appetite-Regulating Hormones: A Randomized
Clinical Trial. J. Acad. Nutr. Diet. 2020, 120, 1295–1304. [CrossRef] [PubMed]

24. Lertrit, A.; Srimachai, S.; Saetung, S.; Chanprasertyothin, S.; Chailurkit, L.O.; Areevut, C.; Katekao, P.;
Ongphiphadhanakul, B.; Sriphrapradang, C. Effects of sucralose on insulin and glucagon-like peptide-1
secretion in healthy subjects: A randomized, double-blind, placebo-controlled trial. Nutr. Burbank Los Angeles
Cty. Calif. 2018, 55, 125–130. [CrossRef]

25. Tey, S.L.; Salleh, N.B.; Henry, C.J.; Forde, C.G. Effects of non-nutritive (artificial vs natural) sweeteners on
24-h glucose profiles. Eur. J. Clin. Nutr. 2017, 71, 1129–1132. [CrossRef]

26. Suez, J.; Korem, T.; Zeevi, D.; Zilberman-Schapira, G.; Thaiss, C.A.; Maza, O.; Israeli, D.; Zmora, N.; Gilad, S.;
Weinberger, A.; et al. Artificial sweeteners induce glucose intolerance by altering the gut microbiota. Nature
2014, 514, 181–186. [CrossRef]

27. Palmnäs, M.S.; Cowan, T.E.; Bomhof, M.R.; Su, J.; Reimer, R.A.; Vogel, H.J.; Hittel, D.S.; Shearer, J. Low-dose
aspartame consumption differentially affects gut microbiota-host metabolic interactions in the diet-induced
obese rat. PLoS ONE 2014, 9, e109841. [CrossRef]

28. Wang, Q.P.; Browman, D.; Herzog, H.; Neely, G.G. Non-nutritive sweeteners possess a bacteriostatic effect
and alter gut microbiota in mice. PLoS ONE 2018, 13, e0199080. [CrossRef]

29. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.;
Varma, Y.; Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature
2014, 505, 559–563. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1139/apnm-2019-0359
http://www.ncbi.nlm.nih.gov/pubmed/31697573
http://dx.doi.org/10.1016/j.jand.2020.03.018
http://www.ncbi.nlm.nih.gov/pubmed/32711853
http://dx.doi.org/10.1016/j.nut.2018.04.001
http://dx.doi.org/10.1038/ejcn.2017.37
http://dx.doi.org/10.1038/nature13793
http://dx.doi.org/10.1371/journal.pone.0109841
http://dx.doi.org/10.1371/journal.pone.0199080
http://dx.doi.org/10.1038/nature12820
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethical Approval and Registration 
	Study Participants 
	Study Design 
	Measurements during Intervention 
	Glucose Monitoring during Intervention 
	Statistical Analysis 

	Results 
	Participant Characteristics 
	Fasting Glucose, Fasting Insulin, and Area under Curve for Glucose and Insulin 
	Continuous Glucose Concentrations over 2 Weeks 

	Discussion 
	Conclusions 
	References

