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Abstract

:

Background: There has been an emerging concern that non-nutritive sweeteners (NNS) can increase the risk of cardiometabolic disease. Much of the attention has focused on acute metabolic and endocrine responses to NNS. To examine whether these mechanisms are operational under real-world scenarios, we conducted a systematic review and network meta-analysis of acute trials comparing the effects of non-nutritive sweetened beverages (NNS beverages) with water and sugar-sweetened beverages (SSBs) in humans. Methods: MEDLINE, EMBASE, and The Cochrane Library were searched through to January 15, 2022. We included acute, single-exposure, randomized, and non-randomized, clinical trials in humans, regardless of health status. Three patterns of intake were examined: (1) uncoupling interventions, where NNS beverages were consumed alone without added energy or nutrients; (2) coupling interventions, where NNS beverages were consumed together with added energy and nutrients as carbohydrates; and (3) delayed coupling interventions, where NNS beverages were consumed as a preload prior to added energy and nutrients as carbohydrates. The primary outcome was a 2 h incremental area under the curve (iAUC) for blood glucose concentration. Secondary outcomes included 2 h iAUC for insulin, glucagon-like peptide 1 (GLP-1), gastric inhibitory polypeptide (GIP), peptide YY (PYY), ghrelin, leptin, and glucagon concentrations. Network meta-analysis and confidence in the network meta-analysis (CINeMA) were conducted in R-studio and CINeMA, respectively. Results: Thirty-six trials involving 472 predominantly healthy participants were included. Trials examined a variety of single NNS (acesulfame potassium, aspartame, cyclamate, saccharin, stevia, and sucralose) and NNS blends (acesulfame potassium + aspartame, acesulfame potassium + sucralose, acesulfame potassium + aspartame + cyclamate, and acesulfame potassium + aspartame + sucralose), along with matched water/unsweetened controls and SSBs sweetened with various caloric sugars (glucose, sucrose, and fructose). In uncoupling interventions, NNS beverages (single or blends) had no effect on postprandial glucose, insulin, GLP-1, GIP, PYY, ghrelin, and glucagon responses similar to water controls (generally, low to moderate confidence), whereas SSBs sweetened with caloric sugars (glucose and sucrose) increased postprandial glucose, insulin, GLP-1, and GIP responses with no differences in postprandial ghrelin and glucagon responses (generally, low to moderate confidence). In coupling and delayed coupling interventions, NNS beverages had no postprandial glucose and endocrine effects similar to controls (generally, low to moderate confidence). Conclusions: The available evidence suggests that NNS beverages sweetened with single or blends of NNS have no acute metabolic and endocrine effects, similar to water. These findings provide support for NNS beverages as an alternative replacement strategy for SSBs in the acute postprandial setting.
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1. Introduction


Sugars have emerged as the dominant nutrient of concern in research on human health and disease [1]. This concern has resulted in calls for reductions in free sugars to ≤5–10% of energy by several international health agencies [2,3,4] and chronic disease associations [5,6]. Attention has focused especially on the major source of free sugars, sugar-sweetened beverages (SSBs), the excess consumption of which has been associated with weight gain, diabetes, and their downstream complications, including hypertension and coronary heart disease (CHD) [7,8,9,10].



Replacing SSBs with non-nutritive sweetened beverages (NNS beverages) provide a viable means to limit excess calories and potentially avoid downstream complications associated with weight gain. The U.S. Food and Drug Administration (FDA) has currently approved eight non-nutritive sweeteners (NNS): aspartame, acesulfame potassium (ace-K), luo han guo (monk) fruit extract, neotame, saccharin, stevia, sucralose, and advantame [11]. Despite safety approvals by major health and regulatory bodies [11,12,13,14], evidence from prospective cohort studies suggests that many of these NNS may increase the risk of cardiometabolic diseases [15,16].



Much of the attention to explaining such signals of harm has focused on the acute metabolic and endocrine responses to NNS [17]. Some have proposed that NNS act upon intestinal sweet taste receptors leading to the impaired postprandial release of glucagon-like peptide 1 (GLP-1) and insulin [18,19]. Others have suggested that NNS induces glucose intolerance [20] and impairs metabolic sensitivity to carbohydrates [21]. Such concerns regarding NNS are often based on studies that attribute results of single NNS to the whole class [22], despite NNS being metabolically distinct compounds [23]. Whether these proposed mechanisms are operational under real-world intakes is unclear.



Addressing these metabolic concerns requires careful consideration of key methodological and design issues including the pattern of intake, type of NNS, and nature of the comparator [17]. To address this, we undertook this systematic review and network meta-analysis to compare the effect of NNS beverages sweetened with single NNS and blends of NNS with water and SSBs sweetened with caloric sugars on postprandial glycemic and endocrine responses.




2. Materials and Methods


2.1. Protocol Registration


The study protocol was registered on the Open Science Forum (OSF) registry [24].




2.2. Design


The present systematic review and network meta-analysis was conducted according to the Cochrane Handbook for Systematic Reviews of Interventions [25] and reported using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Involving a Network Meta-analysis (PRISMA-Network Meta-analysis) [26].




2.3. Data Sources and Searches


MEDLINE, EMBASE, and the Cochrane Central Register of Controlled Trials were searched through 15 January 2022 for eligible trials using the search strategy presented in Supplementary Table S1. Electronic searches were supplemented with manual searches of references from selected studies and reviews.




2.4. Study Selection


Supplementary Table S2 shows our PICOTS (population, intervention, comparator, outcome, time, and settings) framework. Randomized and non-randomized, acute (i.e., 2 h follow-up duration), single-exposure, crossover, clinical trials in individuals of all health backgrounds that investigated the oral consumption of NNS beverages containing NNS (single or blends) that had been approved by the U.S. FDA were eligible [11]. Comparisons among the following single interventions were included: NNS beverages sweetened with single NNS or blends of NNS, water, and SSBs sweetened with caloric sugars. Trials were excluded if they involved sugar alcohols (e.g., erythritol), rare sugars (e.g., allulose), pregnant or breastfeeding women, non-fasting participants at baseline, had a duration of less than 2 h, did not use a comparator arm, and did not provide suitable endpoint data.



As the presence of other nutrients (e.g., calories in form of carbohydrates) and timing of administration (e.g., preload) have independent effects on glycemic and endocrine responses, three patterns of intakes were analyzed separately: (i) uncoupling interventions, where NNS beverages were consumed without added energy or nutrients, (ii) coupling interventions, where NNS beverages were consumed together with added energy and nutrients as carbohydrates, and (iii) delayed coupling interventions, where NNS beverages were consumed as a preload prior to added energy and nutrients as carbohydrates. The preload period was set to be less than or equal to 15 min.




2.5. Data Extraction


Two investigators (from a pool of 4: RZ, JCN, TAK, and NM) independently reviewed and extracted relevant data from each included report. Extracted data included participant characteristics (e.g., health status, age, sex, and BMI), sample size, description of interventions (name and amount), study design (randomized and non-randomized), NNS pattern of intake (uncoupling, coupling, or delayed coupling intervention), duration of follow-up, setting, funding sources, and outcome data. In studies with follow-up duration >2 h, only the 2 h incremental area under the curve (iAUC) was extracted to ensure consistency across studies. Furthermore, 2 h iAUC is a standard way of testing for and expressing postprandial blood glucose response (PPGR) across meals. In the absence of numerical values for outcome data and the inability to contact study authors, values were extracted from figures using Plot Digitizer, version 2.5.1 (Free Software Foundation, Boston, MA), and computed using standard formulas [27,28]. Disagreements were resolved by discussion or, if necessary, by consultation with senior authors (TAK and JLS).




2.6. Risk of Bias Assessment


Risk of bias was evaluated using version 2 of the Cochrane risk-of-bias (RoB 2) tool, where bias was assessed in five distinct domains (bias arising from the randomization process, bias due to deviations from intended interventions, bias due to missing outcome data, bias in measurement of the outcome, and bias in selection of the reported result). Within each domain, the investigators answered one or more signaling questions and these answers led to judgments of “low risk of bias”, “some concerns”, or “high risk of bias” [29].




2.7. Outcomes


The primary outcome was glucose iAUC. Secondary outcomes were iAUC for insulin, glucagon-like peptide 1 (GLP-1), gastric inhibitory polypeptide (GIP), peptide YY (PYY), ghrelin, leptin, and glucagon.




2.8. Data Synthesis


Where postprandial data at individual timepoints were extracted, the iAUC and variation were computed using the formula outlined in Supplementary Figure S1. Positive iAUC was computed for all outcomes, except for ghrelin and glucagon, where the negative iAUC was computed. Prior to analysis, all endpoints were converted to SI units (mmol/L for glucose (=mg/dL × [1/18]), pmol/L for insulin (=μU/mL × 6), pmol/L for GLP-1 (pg/mL × 0.3032), pmol/L for GIP (pg/mL × [1/4.75]), pmol/L for PYY (pg/mL × 0.25), pmol/L for ghrelin (pg/mL × 0.3), and pmol/L for glucagon (pg/mL × [1/3.45]).



All statistical analyses were performed in R (R Foundation) using the netmeta packages [30,31]. We evaluated confidence in network meta-analysis effect estimates for all outcomes and treatment comparisons using the CINeMA (Confidence In Network Meta-Analysis) framework [32,33].





3. Results


3.1. Search Results


Supplementary Figure S2 shows the literature search and selection process. Of 2846 reports identified, 2707 were excluded based on title and abstracts. Of 139 reports reviewed in full, 114 were excluded based on full article review. A total of 25 reports [18,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57] containing data for 36 acute feeding trials of beverages (n = 472) met the eligibility criteria for inclusion. Of these, fifteen reports (21 trials, n = 266) examined uncoupling interventions [34,35,36,37,38,39,40,41,42,43,44,45,46,47,48], three reports (3 trials, n = 27) examined coupling interventions [49,50,51], and seven reports (12 trials, n = 179) examined delayed coupling interventions [18,52,53,54,55,56,57].




3.2. Trial Characteristics


Supplementary Tables S3–S5 show the characteristics of included trials that examined uncoupling, coupling, and delayed coupling interventions.



Uncoupling interventions [34,35,36,37,38,39,40,41,42,43,44,45,46,47,48]: trials were conducted in Europe (45%), Asia (30%), North America (20%), and South America (5%). Trial funding came from agency (35%) and industry sources (10%), with the majority of trials not reporting funding sources (55%). The trial sample size ranged from 6 to 32 participants (51% male, 49% female) aged (median (range) of the reported means) 31.3 (21.3–69.0) years with a BMI of 23.5 (21.2–33.7) kg/m2. Trials were mainly conducted in otherwise healthy individuals (75%), with 5 trials (18%) in individuals with type 2 diabetes and 1 trial (8%) in individuals with impaired glucose tolerance. Trials examined NNS beverages sweetened with single NNS, including ace-K (dose, 165 mg), aspartame (median dose (range), 400 mg (165–1000 mg)), cyclamate (800 mg), saccharin (135 mg (75–135 mg)), sucralose (120 mg (40–200 mg)), and NNS blends, including ace-K (56 mg) + aspartame (84 mg), and ace-K + aspartame + cyclamate (dose not provided), along with matched water controls and SSBs sweetened with glucose (75.7 g (75–100 g)), sucrose (35 g (20–76.3 g)), and fructose (76.3 g).



Coupling interventions [49,50,51]: two of three trials were conducted in Europe (66%) and one trial was conducted in North America (33%). All trials were funded by agency sources. The trial sample size ranged from 7 to 10 participants (33% male, 67% female) aged 27.0 (21.7–27.2) with a BMI of 22.3 (20.6–23.9). All trials were conducted in otherwise healthy individuals. Trials examined NNS beverages sweetened with single NNS, including aspartame (140 mg (80–200 mg)) and NNS blends including ace-K (58 mg) + aspartame (31 mg) with carbohydrates loads, including a cherry flavored beverage containing 60 g carbohydrate as partial hydrolysate (one trial), a chocolate drink containing 20 g milk protein, 5 g fat-free and sucrose-free cocoa with 5 g agar (one trial), and a 25 g oral glucose solution (one trial).



Delayed coupling interventions [18,52,53,54,55,56,57]: trials were mainly conducted in North America (83%) and Europe (17%). The majority of trials were funded by agency sources (75%), with the remainder not reporting funding sources (25%). The trial sample size ranged from 8 participants to 31 participants (37% male, 63% female) aged 28.5 (17.9–51.5) with a BMI of 26.1 (21.7–41.0). The majority of trials were conducted in otherwise healthy participants (75%), with 1 trial (8%) in individuals with type 1 diabetes and 2 trials (17%) in individuals with type 2 diabetes. Trials examined NNS beverages sweetened with single NNS, including aspartame (72 mg), saccharin (18 mg), and sucralose (48 mg(24–170 mg)), and NNS blends including ace-K (58 mg) + aspartame (31 mg), ace-K (41 mg) + sucralose (68 mg), and ace-K (18 mg) + aspartame (57 mg) + sucralose (18 mg), along with matched water controls as preloads. All trials utilized a 75 g oral glucose solution as the carbohydrate load, except one trial [57] which utilized a 25 g oral glucose solution.




3.3. Risk of Bias


Supplementary Figures S3–S5 present the risk of bias in each study examining uncoupling, coupling, and delayed coupling interventions. The overall risk of bias was low in 73% (11/15) of uncoupling interventions, 33% (1/3) of studies examining coupling interventions, and 86% (6/7) of delayed coupling interventions. Some concerns in the overall risk of bias were observed in 27% (4/15) of uncoupling interventions, 66% (2/3) of coupling interventions, and 14% (1/7) of delayed coupling interventions. The key limitation was bias arising from the randomization process due presence of non-randomized trials in the overall analysis.




3.4. Primary Outcome (Glucose)


3.4.1. Uncoupling Interventions


The results for uncoupling interventions examining postprandial glucose in healthy participants are presented in Figure 1 with CINeMA assessments presented in Supplementary Table S6 and Figures S6–S9. NNS beverages sweetened with single NNS and NNS blends had no effect on postprandial glucose similar to water (generally, moderate to high confidence), whereas SSBs sweetened with caloric sugars (glucose and sucrose) increased postprandial glucose (mostly, high confidence).



Network meta-analysis results in participants with type 2 diabetes are presented in Figure 2, Supplementary Table S7, and Figures S10–S13. NNS beverages sweetened with aspartame and saccharin had no effect on postprandial glucose (low confidence) similar to water, whereas SSBs sweetened with glucose increased postprandial glucose (low confidence).



Only one trial comparison (n = 20) was identified in participants with impaired glucose tolerance that found no statistically significant difference in postprandial glucose when comparing NNS beverages sweetened with aspartame with a glucose solution (low confidence; Supplementary Table S25).




3.4.2. Coupling Interventions


The results for coupling interventions examining postprandial glucose in healthy participants are presented in Figure 3, Supplementary Table S15, and Figure S34. NNS beverages sweetened with aspartame (single NNS) and aspartame + ace-K (NNS blend) had similar postprandial glucose responses to the control (low confidence).




3.4.3. Delayed Coupling Interventions


The results for delayed coupling interventions examining postprandial glucose in healthy participants are presented in Figure 4, Supplementary Table S17, and Figures S37–S40, and results for participants with type 2 diabetes are presented in Figure 5, Supplementary Table S18, and Figure S41. NNS beverages sweetened with single NNS and NNS blends had no effect on postprandial glucose similar to water controls in both healthy individuals (generally, low to moderate confidence) and participants with type 2 diabetes (generally, low confidence).



Single-trial comparisons were identified in participants living with obesity (comparing NNS beverages sweetened with sucralose vs. water control) and participants with type 1 diabetes (comparing NNS beverages sweetened with sucralose + ace-K vs. water control), and effects were similar in the postprandial glucose response (low confidence; Supplementary Table S25).





3.5. Secondary Endocrine Outcomes (Insulin, GLP-1, PYY, GIP, Ghrelin, Leptin, and Glucagon)


3.5.1. Uncoupling Interventions


The results for uncoupling interventions examining postprandial insulin response, GLP-1, GIP, ghrelin, and glucagon, are presented in Supplementary Figures S14–S33 and Table S8–S14 for healthy participants and those with type 2 diabetes in uncoupling interventions. NNS beverages (single or blends) had no effect on postprandial insulin, GLP-1, GIP, PYY, ghrelin, and glucagon responses similar to water controls (generally, low to moderate confidence), whereas SSBs sweetened with caloric sugars (glucose and sucrose) increased postprandial insulin, GLP-1, and GIP responses with no differences in postprandial ghrelin and glucagon responses (generally, low to moderate confidence).



In participants with impaired glucose tolerance, there were no differences in postprandial insulin response when NNS beverages sweetened with aspartame were compared to SSBs sweetened with glucose (low confidence; Supplementary Table S25).



No trials were identified that examined postprandial leptin response.




3.5.2. Coupling Interventions


The results for postprandial insulin response for healthy participants in coupling interventions are presented in Figure S35 with CINeMA assessments in Supplementary Figure S36 and Table S16. NNS beverages sweetened with aspartame (single NNS) had a similar effect on postprandial insulin response compared with the control (low confidence). There were no coupling interventions evaluating the other postprandial endocrine outcomes (e.g., GLP-1, PYY, GIP, ghrelin, leptin, and glucagon).




3.5.3. Delayed Coupling Interventions


Results for healthy participants and participants with type 2 diabetes in delayed coupling interventions for secondary outcomes are presented in Supplementary Figures S42–S62 and Tables S19–S24. NNS beverages sweetened with single NNS or NNS blends had no effect on postprandial insulin, GLP-1, GIP, and glucagon responses similar to water controls (generally, low to moderate confidence).



Single-trial comparisons were identified in participants living with obesity (comparing NNS beverages sweetened with sucralose vs. water control), examining postprandial insulin response in participants with type 1 diabetes (comparing NNS beverages sweetened with sucralose + ace-K vs. water control), examining postprandial insulin, GLP-1, GIP, and glucagon responses in type 2 diabetes (comparing NNS beverages sweetened with sucralose + ace-K vs. water control), and examining postprandial GIP and glucagon responses. No difference in the endpoints was observed among these trial comparisons (low confidence; Supplementary Table S25).



No trials were identified that examined postprandial leptin response.






4. Discussion


4.1. Summary of Findings


This systematic review and network meta-analysis of 36 acute feeding trials involving 472 predominantly healthy participants compared the effect of NNS beverages sweetened with single or blends of NNS with water and sugar-sweetened beverages (SSBs) sweetened with various caloric sugars on postprandial glucose and endocrine responses. Three pre-specified patterns of intakes were examined: (1) uncoupling interventions (NNS beverages consumed alone without added energy or nutrients), (2) coupling interventions (NNS beverages consumed together with additional energy and nutrients as carbohydrates), and (3) delayed coupling interventions (NNS beverages consumed as a preload prior to added energy and nutrients as carbohydrates). In uncoupling interventions, NNS beverages (single or blends) had no effect on postprandial glucose, insulin, GLP-1, GIP, PYY, ghrelin, and glucagon responses similar to water controls, whereas SSBs sweetened with caloric sugars (glucose and sucrose) increased postprandial glucose, insulin, GLP-1, and GIP responses with no differences in ghrelin and glucagon responses. In coupling interventions, NNS beverages (single or blends) had no effect on the postprandial glucose and insulin responses to carbohydrate loads similar to controls. In delayed coupling interventions, NNS beverages (single and blends) had no effect on postprandial glucose, insulin, GLP-1, GIP, and glucagon responses to carbohydrate loads similar to water controls.




4.2. Findings in the Context of Existing Studies


Our findings are in agreement with previous systematic reviews and meta-analyses that examined the effect of NNS on acute glucose and insulin responses. The findings that NNS has no acute effects on postprandial glucose and insulin response when compared to a control intervention were recently shown by Greyling et al. [58], by Nichol et al. [59], and by Tucker et al. [60] in a prior systematic review and meta-analyses. Despite similar findings, there are several differences between these reports and our study: (1) our network meta-analysis was a priori rather than post hoc, (2) in addition to postprandial glucose and insulin outcomes, we also examined other endocrine responses, including GLP-1, PYY, GIP, ghrelin, and glucagon, (3) we examined the certainty of evidence using CINeMA and the GRADE approach, and (4) in addition to water/unsweetened controls, we also compared and quantified the effect of NNS beverages with SSBs, where data were available.



The evidence from our study, which shows no association with acute metabolic and endocrine outcomes, is at odds with the systematic review and meta-analysis of cohort studies that used prevalent exposure to show long-term harm with NNS consumption [15]. Such meta-analyses have a higher risk of bias due to residual confounding, reverse causality, and behavior clustering [61,62,63]. The recently published systematic reviews and meta-analyses of both cohort studies [64] and RCTs [65] that used rigorous methods to protect against such bias are in line with our results. These studies showed that NNS is not associated with cardiometabolic harm and can be used as a replacement strategy to reduce risk from intake of empty calories from SSBs.



Our study results may also be at odds with results from select narrative reviews, in-vitro, animal, and human studies [19,20,21,22] because these failed to carefully consider key methodological and design issues, including the pattern of intake, type of NNS, and nature of the comparator. Our work addressed these gaps and provides a more rigorous body of work.



In this systematic review, we excluded two trials [66,67] due to the consumption of beverages in non-fasting conditions and excluded one trial [68] due to preload duration being more than 15 min. However, it is still worth examining the findings from these trials as they have some relevance to our study objectives. Tey et al. [66] examined the effects of aspartame-, monk fruit-, stevia-, and sucrose-sweetened beverages on postprandial glucose and insulin responses following a standardized breakfast in 30 healthy male participants. The authors concluded that the consumption of beverages sweetened with the three different NNS had minimal influences on glucose and insulin responses when compared to sucrose-sweetened beverages. Pearson et al. [67] examined the effects of 20 oz of Diet Coke, Coca-Cola, or water with a mixed meal following a pre-trial meal in eight college-aged, healthy males. The authors found that although there was no significant difference in the glucose response among treatments; the insulin response was significantly higher after consumption of the Coca-Cola treatment when compared to the Diet Coke treatment, and trended higher when compared to the water treatment (p = 0.054). Lastly, in a study by Brown et al. [68] which examined postprandial glucose, insulin, and ghrelin responses in eight female participants, a combination of 50 g of sucrose and 6 g of granular sucralose in 355 mL of water resulted in similar responses when compared to 50 g of sucrose dissolved in 355 mL of water, whereas 6 g of granular sucralose dissolved in 355 mL of water resulted in similar effects when compared to 355 mL of water alone. Overall, even though these trials were excluded from our analysis, the findings from these trials are in line with our findings.




4.3. Potential Mechanisms


The “sweet uncoupling hypothesis” purports that the uncoupling of sweet taste from caloric content in the case of NNS may disrupt the metabolic consequences of sweet taste [69,70], likely through acute hormonal changes [71]. Our study is uniquely set to test this hypothesis. The first set of studies we examined were NNS which were consumed without any additional calories and, therefore, were uncoupled from energy. The acute intake of these uncoupled beverages did not elicit any acute hormonal response and was similar to water. We saw similar results in healthy and people with type 2 diabetes. These studies confirmed that NNS were inert, and their intake did not elicit a sweet uncoupling through acute metabolic and hormonal response. Although we found that some NNS blends showed a slight increase in postprandial glucose response, the effects were trivial and likely to be noise. However, still this raises the question of blending of NNS which may require further studies to see if any unique combination may have some unknown synergistic mechanism of action.



The evidence against the sweet uncoupling hypothesis has been mounting and some argue that the NNS might alter metabolism as it is simultaneously consumed with glucose or other caloric foods [21]. In our second and third sets of studies, we examined the effect of coupling NNS with calories and NNS as a preload, in which they are consumed slightly before providing calories. In both sets of studies, the results displayed the inert nature of NNS and showed that they do not produce any alteration in acute glucose or other metabolic responses including insulin, GLP-1, GIP, and glucagon.




4.4. Strengths and Limitations


The present systematic review and network meta-analysis has several strengths. The use of network meta-analysis allowed for simultaneous comparison of beverages sweetened with NNS (single and blends) with water and beverages sweetened with caloric sweeteners. This was important because NNS represent a heterogeneous group of compounds with distinct absorption, distribution, metabolism, and excretion kinetics [23]. In addition, beverages sweetened with caloric sweeteners (e.g., sucrose) are the target of the intended replacement strategy, while water typically represents the “standard of care”. Other strengths included a comprehensive literature search, extension of outcomes beyond glucose and insulin, recalculation of missing iAUC data in studies, subgroups by patterns of food intake and health status, and use of CINeMA and GRADE to assess the confidence in our effect estimates.



There were also several limitations in our synthesis. First, there was evidence of serious imprecision in several pooled estimates, particularly when comparing beverages sweetened with NNS (single and blends) with each other and with water. The 95% CI crossed the prespecified minimal important difference for the primary outcome of postprandial blood glucose and several secondary outcomes across the three patterns of intakes. Evidence was downgraded further for several secondary outcomes due to the availability of only one or two direct comparisons. Second, there was evidence of within-study bias for several pooled estimates in the primary and secondary outcomes due to the inclusion of non-randomized trials. Third, a few pooled estimates in the primary and secondary outcomes were downgraded due to heterogeneity and incoherence, as computed by the CiNEMA software.



Balancing these strengths and limitations, we assessed the confidence in the estimates as generally moderate to high for postprandial glucose and insulin when comparing NNS beverages sweetened with single or blends of NNS with water/unsweetened controls and SSBs sweetened with caloric sweeteners across the three patterns of intakes. For the remaining outcomes, we assessed the confidence as generally low to moderate.




4.5. Implications


Our findings are relevant to the biological plausibility that has been proposed by several epidemiological and experimental studies related to NNS consumption and the potential for cardiometabolic harm [16]. In our analyses, we found no differences in acute metabolic and endocrine responses which regulate glucose and food intake regulation when comparing NNS (single and blends) with water across three patterns of intake (uncoupled, coupled, and delayed coupling interventions). Furthermore, these findings support data from recent systematic reviews and network meta-analyses of RCTs [65] and prospective cohort studies [64] that support substituting SSBs with NNS beverages for cardiometabolic benefits. In addition to single sweeteners, we also examined NNS blends which are commonly consumed making our findings relevant to the real-world [72]. Lastly, our analyses focused on beverages, the most important source of NNS in a diet, and a single food matrix [73,74].





5. Conclusions


This systematic review and network meta-analysis found that NNS beverages sweetened with single or blends of NNS had no meaningful effects on postprandial glucose and endocrine responses across three patterns of food intake (uncoupling interventions, coupling interventions, and delayed coupling interventions). Together, these data fall in line with recent syntheses of long-term data from RCTs and prospective cohort studies which support the use of NNS beverages as an alternative replacement strategy for SSBs similar to water (the “standard of care”).








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/nu15041050/s1. Table S1: Search strategy, Table S2: PICOTS framework, Table S3: Characteristics of UNCOUPLING INTERVENTIONS, Table S4: Characteristics of COUPLING INTERVENTIONS, Table S5: Characteristics of DELAYED COUPLING INTERVENTIONS, Table S6: OVERALL CINeMA assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Table S7: OVERALL CINeMA assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in participants with TYPE 2 DIABETES, Table S8: OVERALL CINeMA assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Table S9: OVERALL CINeMA assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Table S10: GRADE assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in HEALTHY participants, Table S11: GRADE assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GIP response in HEALTHY participants, Table S12: GRADE assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GHRELIN response in HEALTHY participants, Table S13: GRADE assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCAGON response in HEALTHY participants, Table S14: GRADE assessments of UNCOUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCAGON response in participants with TYPE 2 DIABETES, Table S15: GRADE assessments of COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and controls on postprandial blood GLUCOSE response in HEALTHY participants, Table S16: GRADE assessments of COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and controls on postprandial blood INSULIN response in HEALTHY participants, Table S17: OVERALL CINeMA assessments of DELAYED COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and water on postprandial blood GLUCOSE response in HEALTHY participants, Table S18: GRADE assessments of DELAYED COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and water on postprandial blood GLUCOSE response in participants with TYPE 2 DIABETES, Table S19: OVERALL CINeMA assessments of DELAYED COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and water on postprandial blood INSULIN response in HEALTHY participants, Table S20: GRADE assessments of DELAYED COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and water on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Table S21: OVERALL CINeMA assessments of DELAYED COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and water on postprandial blood GLP-1 response in HEALTHY participants, Table S22: GRADE assessments of DELAYED COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and water on postprandial blood GLP-1 response in participants with TYPE 2 DIABETES, Table S23: OVERALL CINeMA assessments of DELAYED COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and water on postprandial blood GIP response in HEALTHY participants, Table S24: GRADE assessments of DELAYED COUPLING INTERVENTIONS examining the effect of non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS) and water on postprandial blood GLUCAGON response in HEALTHY participants, Table S25: GRADE assessments for outcomes with single direct trial comparisons. Figure S1: Formulas used to compute incremental area under the curve (iAUC) for primary and secondary outcomes, Figure S2: Flow of literature, Figure S3: Individual (top) and summary (bottom) risk of bias assessments of studies with UNCOUPLING INTERVENTIONS, Figure S4: Individual (top) and summary (bottom) risk of bias assessment of studies with COUPLING INTERVENTIONS, Figure S5: Individual (top) and summary (bottom) risk of bias assessment of studies with DELAYED COUPLING INTERVENTIONS, Figure S6: Risk of bias assessment of UNCOUPLING INTERVENTIONS examining non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Figure S7: CINeMA output for the IMPRECISION domain of UNCOUPLING INTERVENTIONS examining non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Figure S8: CINeMA output for the HETEROGENEITY domain of UNCOUPLING INTERVENTIONS examining non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Figure S9: CINeMA output for the INCOHERENCE domain of UNCOUPLING INTERVENTIONS examining non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Figure S10: Risk of bias assessment of UNCOUPLING INTERVENTIONS examining non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in participants with TYPE 2 DIABETES, Figure S11: CINeMA output for the IMPRECISION domain of UNCOUPLING INTERVENTIONS examining non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in participants with TYPE 2 DIABETES, Figure S12: CINeMA output for the HETEROGENEITY domain of UNCOUPLING INTERVENTIONS examining non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in participants with TYPE 2 DIABETES, Figure S13: CINeMA output for the INCOHERENCE domain of UNCOUPLING INTERVENTIONS examining non-nutritive sweetened beverages (NNS beverages) sweetened with individual or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in participants with TYPE 2 DIABETES, Figure S14: Network plot and meta-analysis of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S15: Risk of bias assessment of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S16: CINeMA output for the IMPRECISION domain of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S17: CINeMA output for the HETEROGENEITY domain of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S18: CINeMA output for the INCOHERENCE domain of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S19: Network plot and meta-analysis of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Figure S20: Risk of bias assessment of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Figure S21: CINeMA output for the IMPRECISION domain of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Figure S22: CINeMA output for the HETEROGENEITY domain of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Figure S23: CINeMA output for the INCOHERENCE domain of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Figure S24: Network plot and meta-analysis of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in HEALTHY participants, Figure S25: Risk of bias assessment of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in HEALTHY participants, Figure S26: Network plot and meta-analysis of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GIP response in HEALTHY participants, Figure S27: Risk of bias assessment of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GIP response in HEALTHY participants, Figure S28: Network plot and meta-analysis of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GHRELIN response in HEALTHY participants, Figure S29: Risk of bias assessment of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GHRELIN response in HEALTHY participants, Figure S30: Network plot and meta-analysis of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCAGON response in HEALTHY participants, Figure S31: Risk of bias assessment of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCAGON response in HEALTHY participants, Figure S32: Network plot and meta-analysis of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCAGON response in participants with TYPE 2 DIABETES, Figure S33: Risk of bias assessment of UNCOUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCAGON response in participants with TYPE 2 DIABETES, Figure S34: Risk of bias assessment of COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS) and controls on postprandial blood GLUCOSE response in HEALTHY participants, Figure S35: Network plot and meta-analysis of COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS) and controls on postprandial blood INSULIN response in HEALTHY participants, Figure S36: Risk of bias assessment of COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS) and controls on postprandial blood INSULIN response in HEALTHY participants, Figure S37: Risk of bias assessment of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Figure S38: CINeMA output for the IMPRECISION domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Figure S39: CINeMA output for the HETEROGENEITY domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Figure S40: CINeMA output for the INCOHERENCE domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in HEALTHY participants, Figure S41: Risk of bias assessment of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCOSE response in participants with TYPE 2 DIABETES, Figure S42: Network plot and meta-analysis of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S43: Risk of bias assessment of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S44: CINeMA output for the IMPRECISION domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S45: CINeMA output for the HETEROGENEITY domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S46: CINeMA output for the INCOHERENCE domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in HEALTHY participants, Figure S47: Network plot and meta-analysis of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Figure S48: Risk of bias assessment of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood INSULIN response in participants with TYPE 2 DIABETES, Figure S49: Network plot and meta-analysis of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in HEALTHY participants, Figure S50: Risk of bias assessment of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in HEALTHY participants, Figure S51: CINeMA output for the IMPRECISION domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in HEALTHY participants, Figure S52: CINeMA output for the HETEROGENEITY domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in HEALTHY participants, Figure S53: CINeMA output for the INCOHERENCE domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in HEALTHY participants, Figure S54: Network plot and meta-analysis of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in participants with TYPE 2 DIABETES, Figure S55: Risk of bias assessment of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLP-1 response in participants with TYPE 2 DIABETES, Figure S56. Network plot and meta-analysis of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GIP response in HEALTHY participants, Figure S57: Risk of bias assessment of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GIP response in HEALTHY participants, Figure S58: CINeMA output for the IMPRECISION domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GIP response in HEALTHY participants, Figure S59: CINeMA output for the HETEROGENEITY domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GIP response in HEALTHY participants, Figure S60: CINeMA output for the INCOHERENCE domain of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GIP response in HEALTHY participants, Figure S61: Network plot and meta-analysis of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCAGON response in HEALTHY participants, Figure S62: Risk of bias assessment of DELAYED COUPLING INTERVENTIONS evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood GLUCAGON response in HEALTHY participants. [75,76,77,78,79,80,81,82].





Author Contributions


Research design (project conception, development of overall research plan, and study oversight): T.A.K., S.M.G., C.W.C.K. and J.L.S. Research conduct (hands-on conduct of the experiments and data collection): R.Z., J.C.N., T.A.K., N.M. and S.B. Data analysis and statistical analysis: R.Z., J.C.N. and T.A.K. Writing, review, and editing: R.Z., J.C.N., T.A.K. and J.L.S. Study supervision: T.A.K. and S.M.G. J.L.S. had primary responsibility for the final content and take responsibility for the integrity of the data and the accuracy of the data analysis. All the authors contributed to the critical revision of the manuscript for important intellectual content. The corresponding author attests that all listed authors meet authorship criteria and that no others meeting the criteria have been omitted. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by an unrestricted grant from the Institute for the Advancement of Food and Nutrition Sciences (IAFNS). The grant was awarded through a competitive request for the proposal process. The sponsor was not involved in the development of the study protocol and design, execution, analyses, interpretation of the data, or decision to publish. The protocol and results were presented to the Low- And No-Calorie Sweeteners Scientific Committee of IAFNS on several occasions with an opportunity for scientific dialogue.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are available upon request.




Conflicts of Interest


J.C.N. has worked as a clinical research coordinator at INQUIS Clinical Research. He has also received research support from Glycemia Consulting Inc. T.A.K. has received research support from the Canadian Institutes of Health Research (CIHR), the International Life Science Institute (ILSI), and the National Honey Board. He has taken honorariums for lectures from the International Food Information Council (IFIC) and the Institute for the Advancement of Food and Nutrition Sciences (IAFNS; formerly ILSI North America). He is funded by the National Honey Board. N.M., was a former employee of Loblaw Companies Limited, and is a current employee of Enhanced Medical Nutrition. She has completed consulting work for contract research organizations, restaurants, start-ups, the International Food Information Council, and the American Beverage Association, all of which occurred outside of the submitted work. S.M.G. has received honoraria from Dietitians of Canada and Diabetes Canada for the development and delivery of educational resources on the glycemic index in the past five years. C.W.C.K has received grants or research support from the Advanced Food Materials Network, Agriculture and Agri-Foods Canada (AAFC), the Almond Board of California, Barilla, the Canadian Institutes of Health Research (CIHR), the Canola Council of Canada, the International Nut and Dried Fruit Council, the International Tree Nut Council Research and Education Foundation, Loblaw Brands Ltd., the Peanut Institute, Pulse Canada, and Unilever. He has received in-kind research support from the Almond Board of California, Barilla, the California Walnut Commission, Kellogg Canada, Loblaw Companies, Nutrartis, Quaker (PepsiCo), the Peanut Institute, Primo, Unico, Unilever, and WhiteWave Foods/Danone. He has received travel support and/or honoraria from Barilla, the California Walnut Commission, the Canola Council of Canada, General Mills, the International Nut and Dried Fruit Council, the International Pasta Organization, Lantmannen, Loblaw Brands Ltd., the Nutrition Foundation of Italy, Oldways Preservation Trust, Paramount Farms, the Peanut Institute, Pulse Canada, Sun-Maid, Tate & Lyle, Unilever, and White Wave Foods/Danone. He has served on the scientific advisory board for the International Tree Nut Council, the International Pasta Organization, the McCormick Science Institute, and Oldways Preservation Trust. He is a founding member of the International Carbohydrate Quality Consortium (ICQC), the Chair of the Diabetes and Nutrition Study Group (DNSG) of the European Association for the Study of Diabetes (EASD), is on the Clinical Practice Guidelines Expert Committee for Nutrition Therapy of the EASD, and is a Director of Glycemia Consulting and the Toronto 3D Knowledge Synthesis and Clinical Trials foundation. J.L.S. has received research support from the Canadian Foundation for Innovation, the Ontario Research Fund, the Province of Ontario Ministry of Research and Innovation and Science, the Canadian Institutes of health Research (CIHR), Diabetes Canada, the American Society for Nutrition (ASN), the International Nut and Dried Fruit Council (INC) Foundation, the National Honey Board (U.S. Department of Agriculture [USDA] honey “Checkoff” program), the Institute for the Advancement of Food and Nutrition Sciences (IAFNS; formerly ILSI North America), Pulse Canada, the Quaker Oats Center of Excellence, the United Soybean Board (USDA soy “Checkoff” program), the Tate and Lyle Nutritional Research Fund at the University of Toronto, the Glycemic Control and Cardiovascular Disease in Type 2 Diabetes Fund at the University of Toronto (a fund established by the Alberta Pulse Growers), the Plant Protein Fund at the University of Toronto (a fund which has received contributions from IFF), and the Nutrition Trialists Network Fund at the University of Toronto (a fund established by an inaugural donation from the Calorie Control Council). He has received food donations to support randomized controlled trials from the Almond Board of California, the California Walnut Commission, the Peanut Institute, Barilla, Unilever/Upfield, Unico/Primo, Loblaw Companies, Quaker, Kellogg Canada, WhiteWave Foods/Danone, Nutrartis, and Dairy Farmers of Canada. He has received travel support, speaker fees and/or honoraria from ASN, Danone, Dairy Farmers of Canada, FoodMinds LLC, Nestlé, Abbott, General Mills, Nutrition Communications, the International Food Information Council (IFIC), the Calorie Control Council, the International Sweeteners Association, and the International Glutamate Technical Committee. He has or has had ad hoc consulting arrangements with Perkins Coie LLP, Tate & Lyle, Phynova, and Inquis Clinical Research. He is a former member of the European Fruit Juice Association Scientific Expert Panel and a former member of the Soy Nutrition Institute (SNI) Scientific Advisory Committee. He is on the Clinical Practice Guidelines Expert Committees of Diabetes Canada, the European Association for the study of Diabetes (EASD), the Canadian Cardiovascular Society (CCS), and Obesity Canada/Canadian Association of Bariatric Physicians and Surgeons. He serves or has served as an unpaid member of the Board of Trustees and an unpaid scientific advisor for the Carbohydrates Committee of IAFNS. He is a member of the International Carbohydrate Quality Consortium (ICQC), an Executive Board Member of the Diabetes and Nutrition Study Group (DNSG) of the EASD, and a Director of the Toronto 3D Knowledge Synthesis and Clinical Trials foundation. His spouse is an employee of AB InBev. R.Z. and S.B. have no conflicts of interest to declare.




References


	



Lustig, R.H.; Schmidt, L.A.; Brindis, C.D. The toxic truth about sugar. Nature 2012, 482, 27–29. [Google Scholar] [CrossRef]

	



World Health Organization. Guideline: Sugars Intake for Adults and Children. 2015. Available online: https://apps.who.int/iris/bitstream/handle/10665/149782/9789241549028_eng.pdf?sequence=1 (accessed on 21 September 2021).

	



Dietary Guidelines Advisory Committee. Scientific Report of the 2015 Dietary Guidelines Advisory Committee: Advisory Report to the Secretary of Health and Human Services and the Secretary of Agriculture; U.S. Department of Agriculture, Agricultural Research Service: Washington, DC, USA, 2015. Available online: https://health.gov/sites/default/files/2019-09/Scientific-Report-of-the-2015-Dietary-Guidelines-Advisory-Committee.pdf (accessed on 21 September 2021).

	



Scientific Advisory Committe on Nutrition. Carbohydrates and Health. Stationery Office. 2015. Available online: https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/445503/SACN_Carbohydrates_and_Health.pdf (accessed on 21 September 2021).

	



Heart and Stroke Foundation of Canada, Sugar, Heart Disease and Stroke. Available online: https://www.heartandstroke.ca/-/media/pdf-files/canada/2017-position-statements/sugar-ps-eng.ashx (accessed on 23 September 2021).

	



Diabetes Canada, Diabetes Canada’s Position on Sugars. Available online: https://www.diabetes.ca/DiabetesCanadaWebsite/media/Advocacy-and-Policy/Diabetes-Canada_Position-Statement_Sugar_ENGLISH_January-2020.pdf (accessed on 23 September 2021).

	



Malik, V.S.; Popkin, B.M.; Bray, G.A.; Després, J.P.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and risk of metabolic syndrome and type 2 diabetes: A meta-analysis. Diabetes Care 2010, 33, 2477–2483. [Google Scholar] [CrossRef]

	



Malik, V.S.; Pan, A.; Willett, W.C.; Hu, F.B. Sugar-sweetened beverages and weight gain in children and adults: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2013, 98, 1084–1102. [Google Scholar] [CrossRef]

	



Jayalath, V.H.; de Souza, R.J.; Ha, V.; Mirrahimi, A.; Blanco-Mejia, S.; Di Buono, M.; Jenkins, A.L.; Leiter, L.A.; Wolever, T.M.; Beyene, J.; et al. Sugar-sweetened beverage consumption and incident hypertension: A systematic review and meta-analysis of prospective cohorts. Am. J. Clin. Nutr. 2015, 102, 914–921. [Google Scholar] [CrossRef] [PubMed]

	



Xi, B.; Huang, Y.; Reilly, K.H.; Li, S.; Zheng, R.; Barrio-Lopez, M.T.; Martinez-Gonzalez, M.A.; Zhou, D. Sugar-sweetened beverages and risk of hypertension and CVD: A dose-response meta-analysis. Br. J. Nutr. 2015, 113, 709–717. [Google Scholar] [CrossRef] [PubMed]

	



U.S. Food and Drug Administration. Additional Information about High-Intensity Sweeteners Permitted for Use in Food in the United States. 2018. Available online: https://www.fda.gov/food/food-additives-petitions/additional-information-about-high-intensity-sweeteners-permitted-use-food-united-states (accessed on 2 October 2021).

	



European Food Safety Authority. Scientific Topic: Sweeteners. 2019. Available online: https://www.efsa.europa.eu/en/topics/topic/sweeteners (accessed on 7 October 2021).

	



Mortensen, A. Sweeteners permitted in the European Union: Safety aspects. Scand. J. Food Nutr. 2006, 50, 104–116. [Google Scholar] [CrossRef]

	



Health Canada. Sugar Substitutes. 2004. Available online: https://www.canada.ca/en/health-canada/services/food-nutrition/food-safety/food-additives/sugar-substitutes.html (accessed on 5 October 2021).

	



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. [Google Scholar] [CrossRef]

	



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 2017, 189, E929–E939. [Google Scholar] [CrossRef]

	



Khan, T.A.; Sievenpiper, J.L. Low-energy sweeteners and cardiometabolic health: Is there method in the madness? Am. J. Clin. Nutr. 2020, 112, 917–919. [Google Scholar] [CrossRef]

	



Sylvetsky, A.C.; Brown, R.J.; Blau, J.E.; Walter, M.; Rother, K.I. Hormonal responses to non-nutritive sweeteners in water and diet soda. Nutr. Metab. 2016, 13, 71. [Google Scholar] [CrossRef]

	



Brown, R.J.; Rother, K.I. Non-nutritive sweeteners and their role in the gastrointestinal tract. J. Clin. Endocrinol. Metab. 2012, 97, 2597–2605. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Dalenberg, J.R.; Patel, B.P.; Denis, R.; Veldhuizen, M.G.; Nakamura, Y.; Vinke, P.C.; Luquet, S.; Small, D.M. Short-Term Consumption of Sucralose with, but Not without, Carbohydrate Impairs Neural and Metabolic Sensitivity to Sugar in Humans. Cell Metab. 2020, 31, 493–502.e497. [Google Scholar] [CrossRef]

	



Suez, J.; Korem, T.; Zilberman-Schapira, G.; Segal, E.; Elinav, E. Non-caloric artificial sweeteners and the microbiome: Findings and challenges. Gut Microbes 2015, 6, 149–155. [Google Scholar] [CrossRef]

	



Magnuson, B.A.; Carakostas, M.C.; Moore, N.H.; Poulos, S.P.; Renwick, A.G. Biological fate of low-calorie sweeteners. Nutr. Rev. 2016, 74, 670–689. [Google Scholar] [CrossRef] [PubMed]

	



Khan, T.A.; Kendall, C.; Sievenpiper, J. Systematic Review and Network Meta-Analyses of Low-Calorie Sweeteners and Acute Glycemic Response. 2020. Available online: https://doi.org/10.17605/OSF.IO/QSZBP (accessed on 7 May 2020).

	



Higgins, J.P.T.; Thomas, J.; Chandler, J.; Cumpston, M.; Li, T.; Page, M.J.; Welch, V.A. (Eds.) Cochrane Handbook for Systematic Reviews of Interventions Version 6.2 (Updated February 2021); Cochrane: Chichester, UK, 2021; Available online: www.training.cochrane.org/handbook (accessed on 5 March 2022).

	



Hutton, B.; Salanti, G.; Caldwell, D.M.; Chaimani, A.; Schmid, C.H.; Cameron, C.; Ioannidis, J.P.; Straus, S.; Thorlund, K.; Jansen, J.P.; et al. The PRISMA extension statement for reporting of systematic reviews incorporating network meta-analyses of health care interventions: Checklist and explanations. Ann. Intern. Med. 2015, 162, 777–784. [Google Scholar] [CrossRef]

	



Brouns, F.; Bjorck, I.; Frayn, K.; Gibbs, A.L.; Lang, V.; Slama, G.; Wolever, T. Glycemic index methodology. Nutr. Res. Rev. 2005, 18, 145–171. [Google Scholar] [CrossRef] [PubMed]

	



Chapter 2.5.5. Propagation of Error Considerations. NIST/SEMATECH e-Handbook of Statistical Methods. 2003. Available online: https://www.itl.nist.gov/div898//handbook/mpc/section5/mpc55.htm#exactMay (accessed on 13 September 2021).

	



Sterne, J.A.C.; Savović, J.; Page, M.J.; Elbers, R.G.; Blencowe, N.S.; Boutron, I.; Cates, C.J.; Cheng, H.-Y.; Corbett, M.S.; Eldridge, S.M.; et al. RoB 2: A revised tool for assessing risk of bias in randomised trials. BMJ 2019, 366, l4898. [Google Scholar] [CrossRef]

	



CINeMA: Confidence in Network Meta-Analysis. Bern: Institute of Social and Preventive Medicine. 2017. Available online: https://cinema.ispm.unibe.ch/ (accessed on 3 November 2021).

	



Rücker, G.; Krahn, U.; König, J.; Efthimiou, O.; Davies, A.; Papakonstantinou, T.; Schwarzer, G. Netmeta: Network Meta-Analysis Using Frequentist Methods. GitHub. 2020. Available online: https://github.com/guido-s/netmeta (accessed on 12 March 2020).

	



Nikolakopoulou, A.; Higgins, J.P.T.; Papakonstantinou, T.; Chaimani, A.; Del Giovane, C.; Egger, M.; Salanti, G. CINeMA: An approach for assessing confidence in the results of a network meta-analysis. PLoS Med. 2020, 17, e1003082. [Google Scholar] [CrossRef]

	



Papakonstantinou, T.; Nikolakopoulou, A.; Higgins, J.P.T.; Egger, M.; Salanti, G. CINeMA: Software for semiautomated assessment of the confidence in the results of network meta-analysis. Campbell Syst. Rev. 2020, 16, e1080. [Google Scholar] [CrossRef]

	



Shigeta, H.; Yoshida, T.; Nakai, M.; Mori, H.; Kano, Y.; Nishioka, H.; Kajiyama, S.; Kitagawa, Y.; Kanatsuna, T.; Kondo, M.; et al. Effects of aspartame on diabetic rats and diabetic patients. J. Nutr. Sci. Vitaminol. 1985, 31, 533–540. [Google Scholar] [CrossRef]

	



Okuno, G.; Kawakami, F.; Tako, H.; Kashihara, T.; Shibamoto, S.; Yamazaki, T.; Yamamoto, K.; Saeki, M. Glucose tolerance, blood lipid, insulin and glucagon concentration after single or continuous administration of aspartame in diabetics. Diabetes Res. Clin. Pr. 1986, 2, 23–27. [Google Scholar] [CrossRef] [PubMed]

	



Horwitz, D.L.; McLane, M.; Kobe, P. Response to single dose of aspartame or saccharin by NIDDM patients. Diabetes Care 1988, 11, 230–234. [Google Scholar] [CrossRef] [PubMed]

	



Møller, S.E. Effect of aspartame and protein, administered in phenylalanine-equivalent doses, on plasma neutral amino acids, aspartate, insulin and glucose in man. Pharm. Toxicol. 1991, 68, 408–412. [Google Scholar] [CrossRef] [PubMed]

	



Härtel, B.; Graubaum, H.; Schneider, B. The Influence of Sweetener Solutions on the Secretion of Insulin and the Blood Glucose Level. Ernährungsumschau 1993, 40, 152–155. [Google Scholar]

	



Nguyen, U.N.; Dumoulin, G.; Henriet, M.T.; Regnard, J. Aspartame ingestion increases urinary calcium, but not oxalate excretion, in healthy subjects. J. Clin. Endocrinol. Metab. 1998, 83, 165–168. [Google Scholar] [CrossRef]

	



Coppola, L.; Coppola, A.; Grassia, A.; Mastrolorenzo, L.; Lettieri, B.; De Lucia, D.; De Nanzio, A.; Gombos, G. Acute hyperglycemia alters von Willebrand factor but not the fibrinolytic system in elderly subjects with normal or impaired glucose tolerance. Blood Coagul. Fibrinolysis 2004, 15, 629–635. [Google Scholar] [CrossRef]

	



Berlin, I.; Vorspan, F.; Warot, D.; Manéglier, B.; Spreux-Varoquaux, O. Effect of glucose on tobacco craving. Is it mediated by tryptophan and serotonin? Psychopharmacology 2005, 178, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Ford, H.E.; Peters, V.; Martin, N.M.; Sleeth, M.L.; Ghatei, M.A.; Frost, G.S.; Bloom, S.R. Effects of oral ingestion of sucralose on gut hormone response and appetite in healthy normal-weight subjects. Eur. J. Clin. Nutr. 2011, 65, 508–513. [Google Scholar] [CrossRef]

	



Maersk, M.; Belza, A.; Holst, J.J.; Fenger-Grøn, M.; Pedersen, S.B.; Astrup, A.; Richelsen, B. Satiety scores and satiety hormone response after sucrose-sweetened soft drink compared with isocaloric semi-skimmed milk and with non-caloric soft drink: A controlled trial. Eur. J. Clin. Nutr. 2012, 66, 523–529. [Google Scholar] [CrossRef]

	



Hazali, N.; Mohamed, A.; Ibrahim, M.; Masri, M.; Anuar, K.; Norazmir, M.N.; Ayob, M.; Fadzlan, F. Effect of Acute Stevia Consumption on Blood Glucose Response in Healthy Malay Young Adults. Sains Malays. 2014, 43, 649–654. [Google Scholar]

	



Bloomer, R.; Peel, S.; Moran, R.; MacDonnchadh, J. Blood glucose and insulin response to artificially- and sugar-sweetened sodas in healthy men. Integr. Food Nutr. Metab. 2016, 3, 268–272. [Google Scholar] [CrossRef]

	



González-Domínguez, R.; Mateos, R.M.; Lechuga-Sancho, A.M.; González-Cortés, J.J.; Corrales-Cuevas, M.; Rojas-Cots, J.A.; Segundo, C.; Schwarz, M. Synergic effects of sugar and caffeine on insulin-mediated metabolomic alterations after an acute consumption of soft drinks. Electrophoresis 2017, 38, 2313–2322. [Google Scholar] [CrossRef] [PubMed]

	



Goza, R.; Bunout, D.; Barrera, G.; de la Maza, M.; Hirsch, S. Effect of Acute Consumption of Artificially Sweetened Beverages on Blood Glucose and Insulin in Healthy Subjects. J. Nutr. Food Sci. 2018, 8, 1–5. [Google Scholar] [CrossRef]

	



Eckstein, M.L.; Brockfeld, A.; Haupt, S.; Schierbauer, J.R.; Zimmer, R.T.; Wachsmuth, N.; Zunner, B.; Zimmermann, P.; Obermayer-Pietsch, B.; Moser, O. Acute Metabolic Responses to Glucose and Fructose Supplementation in Healthy Individuals: A Double-Blind Randomized Crossover Placebo-Controlled Trial. Nutrients 2021, 13, 4095. [Google Scholar] [CrossRef]

	



Wolf-Novak, L.C.; Stegink, L.D.; Brummel, M.C.; Persoon, T.J.; Filer, L.J., Jr.; Bell, E.F.; Ziegler, E.E.; Krause, W.L. Aspartame ingestion with and without carbohydrate in phenylketonuric and normal subjects: Effect on plasma concentrations of amino acids, glucose, and insulin. Metabolism 1990, 39, 391–396. [Google Scholar] [CrossRef]

	



Melchior, J.C.; Rigaud, D.; Colas-Linhart, N.; Petiet, A.; Girard, A.; Apfelbaum, M. Immunoreactive beta-endorphin increases after an aspartame chocolate drink in healthy human subjects. Physiol. Behav. 1991, 50, 941–944. [Google Scholar] [CrossRef]

	



Solomi, L.; Rees, G.A.; Redfern, K.M. The acute effects of the non-nutritive sweeteners aspartame and acesulfame-K in UK diet cola on glycaemic response. Int. J. Food Sci. Nutr. 2019, 70, 894–900. [Google Scholar] [CrossRef] [PubMed]

	



Brown, R.J.; Walter, M.; Rother, K.I. Effects of diet soda on gut hormones in youths with diabetes. Diabetes Care 2012, 35, 959–964. [Google Scholar] [CrossRef]

	



Pepino, M.Y.; Tiemann, C.D.; Patterson, B.W.; Wice, B.M.; Klein, S. Sucralose affects glycemic and hormonal responses to an oral glucose load. Diabetes Care 2013, 36, 2530–2535. [Google Scholar] [CrossRef]

	



Temizkan, S.; Deyneli, O.; Yasar, M.; Arpa, M.; Gunes, M.; Yazici, D.; Sirikci, O.; Haklar, G.; Imeryuz, N.; Yavuz, D.G. Sucralose enhances GLP-1 release and lowers blood glucose in the presence of carbohydrate in healthy subjects but not in patients with type 2 diabetes. Eur. J. Clin. Nutr. 2015, 69, 162–166. [Google Scholar] [CrossRef] [PubMed]

	



Karimian Azari, E.; Smith, K.R.; Yi, F.; Osborne, T.F.; Bizzotto, R.; Mari, A.; Pratley, R.E.; Kyriazis, G.A. Inhibition of sweet chemosensory receptors alters insulin responses during glucose ingestion in healthy adults: A randomized crossover interventional study. Am. J. Clin. Nutr. 2017, 105, 1001–1009. [Google Scholar] [CrossRef] [PubMed]

	



Nichol, A.D.; Salame, C.; Rother, K.I.; Pepino, M.Y. Effects of Sucralose Ingestion versus Sucralose Taste on Metabolic Responses to an Oral Glucose Tolerance Test in Participants with Normal Weight and Obesity: A Randomized Crossover Trial. Nutrients 2019, 12, 29. [Google Scholar] [CrossRef]

	



Solomi, L. Diet cola and glycaemia: The acute effects of a preload containing the non-nutritive sweeteners aspartame and acesulfame-K on the glycaemic response to a glucose load. Plymouth Stud. Sci. 2020, 13, 97–111. [Google Scholar]

	



Greyling, A.; Appleton, K.M.; Raben, A.; Mela, D.J. Acute glycemic and insulinemic effects of low-energy sweeteners: A systematic review and meta-analysis of randomized controlled trials. Am. J. Clin. Nutr. 2020, 112, 1002–1014. [Google Scholar] [CrossRef] [PubMed]

	



Nichol, A.D.; Holle, M.J.; An, R. Glycemic impact of non-nutritive sweeteners: A systematic review and meta-analysis of randomized controlled trials. Eur. J. Clin. Nutr. 2018, 72, 796–804. [Google Scholar] [CrossRef]

	



Tucker, R.M.; Tan, S.Y. Do non-nutritive sweeteners influence acute glucose homeostasis in humans? A systematic review. Physiol. Behav. 2017, 182, 17–26. [Google Scholar] [CrossRef]

	



Sievenpiper, J.L.; Khan, T.A.; Ha, V.; Viguiliouk, E.; Auyeung, R. The importance of study design in the assessment of nonnutritive sweeteners and cardiometabolic health. CMAJ 2017, 189, E1424–E1425. [Google Scholar] [CrossRef]

	



Mossavar-Rahmani, Y.; Kamensky, V.; Manson, J.E.; Silver, B.; Rapp, S.R.; Haring, B.; Beresford, S.A.A.; Snetselaar, L.; Wassertheil-Smoller, S. Artificially Sweetened Beverages and Stroke, Coronary Heart Disease, and All-Cause Mortality in the Women’s Health Initiative. Stroke 2019, 50, 555–562. [Google Scholar] [CrossRef]

	



Malik, V.S. Non-sugar sweeteners and health. BMJ 2019, 364, k5005. [Google Scholar] [CrossRef]

	



Lee, J.J.; Khan, T.A.; McGlynn, N.; Malik, V.S.; Hill, J.O.; Leiter, L.A.; Jeppesen, P.B.; Rahelić, D.; Kahleová, H.; Salas-Salvadó, J. Relation of Change or Substitution of Low-and No-Calorie Sweetened Beverages with Cardiometabolic Outcomes: A Systematic Review and Meta-analysis of Prospective Cohort Studies. Diabetes Care 2022, 45, 1917–1930. [Google Scholar] [CrossRef] [PubMed]

	



McGlynn, N.D.; Khan, T.A.; Wang, L.; Zhang, R.; Chiavaroli, L.; Au-Yeung, F.; Lee, J.J.; Noronha, J.C.; Comelli, E.M.; Mejia, S.B. Association of Low-and No-Calorie Sweetened Beverages as a Replacement for Sugar-Sweetened Beverages with Body Weight and Cardiometabolic Risk: A Systematic Review and Meta-analysis. JAMA Netw. 2022, 5, e222092. [Google Scholar] [CrossRef] [PubMed]

	



Tey, S.L.; Salleh, N.B.; Henry, J.; Forde, C.G. Effects of aspartame-, monk fruit-, stevia- and sucrose-sweetened beverages on postprandial glucose, insulin and energy intake. Int. J. Obes. 2017, 41, 450–457. [Google Scholar] [CrossRef]

	



Pearson, R.C.; Green, E.S.; Olenick, A.A.; Jenkins, N.T. Comparison of aspartame- and sugar-sweetened soft drinks on postprandial metabolism. Nutr. Health 2021, 02601060211057415. [Google Scholar] [CrossRef] [PubMed]

	



Brown, A.W.; Bohan Brown, M.M.; Onken, K.L.; Beitz, D.C. Short-term consumption of sucralose, a nonnutritive sweetener, is similar to water with regard to select markers of hunger signaling and short-term glucose homeostasis in women. Nutr. Res. 2011, 31, 882–888. [Google Scholar] [CrossRef] [PubMed]

	



Fowler, S.P. Low-calorie sweetener use and energy balance: Results from experimental studies in animals, and large-scale prospective studies in humans. Physiol. Behav. 2016, 164, 517–523. [Google Scholar] [CrossRef]

	



Swithers, S.E. Artificial sweeteners produce the counterintuitive effect of inducing metabolic derangements. Trends Endocrinol. Metab. 2013, 24, 431–441. [Google Scholar] [CrossRef]

	



Hunter, S.R.; Reister, E.J.; Cheon, E.; Mattes, R.D. Low calorie sweeteners differ in their physiological effects in humans. Nutrients 2019, 11, 2717. [Google Scholar] [CrossRef]

	



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

	



Redruello-Requejo, M.; González-Rodríguez, M.; Samaniego-Vaesken, M.D.L.; Montero-Bravo, A.; Partearroyo, T.; Varela-Moreiras, G. Low-and no-calorie sweetener (LNCS) consumption patterns amongst the Spanish adult population. Nutrients 2021, 13, 1845. [Google Scholar] [CrossRef]

	



Nunn, R.; Young, L.; Ni Mhurchu, C. Prevalence and Types of Non-Nutritive Sweeteners in the New Zealand Food Supply, 2013 and 2019. Nutrients 2021, 13, 3228. [Google Scholar] [CrossRef]

	



Bureau of Nutritional Sciences, Food Directorate, Health Products and Food Branch. Summary of Health Canada’s Assessment of a Health Claim about a Polysaccharide Complex (Glucomannan, Xanthan Gum, Sodium Alginate) and a Reduction of Post-Prandial Blood Glucose Response. 2016. Available online: https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/fn-an/alt_formats/pdf/label-etiquet/claims-reclam/assess-evalu/glucose-complex-polysaccharides-complexe-glycemique-eng.pdf (accessed on 20 June 2021).

	



Calanna, S.; Christensen, M.; Holst, J.J.; Laferrère, B.; Gluud, L.L.; Vilsbøll, T.; Knop, F.K. Secretion of glucagon-like peptide-1 in patients with type 2 diabetes mellitus: Systematic review and meta-analyses of clinical studies. Diabetologia 2013, 56, 965–972. [Google Scholar] [CrossRef]

	



Calanna, S.; Christensen, M.; Holst, J.J.; Laferrère, B.; Gluud, L.L.; Vilsbøll, T.; Knop, F.K. Secretion of glucose-dependent insulinotropic polypeptide in patients with type 2 diabetes: Systematic review and meta-analysis of clinical studies. Diabetes Care 2013, 36, 3346–3352. [Google Scholar] [CrossRef] [PubMed]

	



Sievenpiper, J.L.; Jenkins, D.J.; Josse, R.G.; Vuksan, V. Dilution of the 75-g oral glucose tolerance test increases postprandial glycemia: Implications for diagnostic criteria. Can. Med. Assoc. J. 2000, 162, 993–996. [Google Scholar]

	



Braunstein, C.R.; Noronha, J.C.; Glenn, A.J.; Viguiliouk, E.; Noseworthy, R.; Khan, T.A.; Au-Yeung, F.; Mejia, S.B.; Wolever, T.M.; Josse, R.G.; et al. A Double-Blind, Randomized Controlled, Acute Feeding Equivalence Trial of Small, Catalytic Doses of Fructose and Allulose on Postprandial Blood Glucose Metabolism in Healthy Participants: The Fructose and Allulose Catalytic Effects (FACE) Trial. Nutrients 2018, 10, 750. [Google Scholar] [CrossRef]

	



Noronha, J.C.; Braunstein, C.R.; Glenn, A.J.; Khan, T.A.; Viguiliouk, E.; Noseworthy, R.; Mejia, S.B.; Kendall, C.W.C.; Wolever, T.M.S.; Leiter, L.A.; et al. The effect of small doses of fructose and allulose on postprandial glucose metabolism in type 2 diabetes: A double-blind, randomized, controlled, acute feeding, equivalence trial. Diabetes Obes. Metab. 2018, 20, 2361–2370. [Google Scholar] [CrossRef] [PubMed]

	



Schünemann, H.; Brożek, J.; Guyatt, G.; Oxman, A. (Eds.) GRADE Handbook for Grading Quality of Evidence and Strength of Recommendations. Updated October 2013. The GRADE Working Group. 2013. Available online: www.guidelinedevelopment.org/handbook (accessed on 20 November 2022).

	



Wolever, T.M.; Jenkins, D.J.; Jenkins, A.L.; Josse, R.G. The glycemic index: Methodology and clinical implications. Am. J. Clin. Nutr. 1991, 54, 846–854. [Google Scholar] [CrossRef]








[image: Nutrients 15 01050 g001 550] 





Figure 1. Network plot and meta-analysis of uncoupling interventions evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood glucose response in healthy participants. Network plot: the size of the nodes is proportional to the number of participants and the line width is proportional to the number of studies. Network table: treatments are grouped by treatment type (i.e., single NNS, NNS blends, water, and caloric sweeteners) and are reported in alphabetical order. Treatment estimates (mmol*min/L) are MDs and 95% CIs of the column-defining treatment compared with the row-defining treatment. MDs less than 0 favor the column-defining treatment. MDs greater than 0 favor the row-defining treatment. Statistically significant results are bolded in black. Results that are not statistically significant are grey and not bolded. The minimally important difference (MID) for postprandial glucose response is 100 mmol*min/L. Trivial effects (<1 MID) or no effects have a white background; small important effects (≥1 MID) have a light blue background; moderate effects (≥2 MID) have a darker blue background; large effects (≥5 to <10 MID) have a purple background; and very large effects (≥10 MID) have a black background. Confidence in the effect estimate (CINeMA) is shown for each treatment comparison: high confidence ⊕⊕⊕⊕; moderate confidence ⊕⊕⊕; low confidence ⊕⊕; and very low confidence ⊕. See Supplementary Table S6 for overall CiNEMA assessments and Supplementary Figures S6–S9 for detailed assessments of the confidence in the effect estimate using the CINeMA framework. 






Figure 1. Network plot and meta-analysis of uncoupling interventions evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood glucose response in healthy participants. Network plot: the size of the nodes is proportional to the number of participants and the line width is proportional to the number of studies. Network table: treatments are grouped by treatment type (i.e., single NNS, NNS blends, water, and caloric sweeteners) and are reported in alphabetical order. Treatment estimates (mmol*min/L) are MDs and 95% CIs of the column-defining treatment compared with the row-defining treatment. MDs less than 0 favor the column-defining treatment. MDs greater than 0 favor the row-defining treatment. Statistically significant results are bolded in black. Results that are not statistically significant are grey and not bolded. The minimally important difference (MID) for postprandial glucose response is 100 mmol*min/L. Trivial effects (<1 MID) or no effects have a white background; small important effects (≥1 MID) have a light blue background; moderate effects (≥2 MID) have a darker blue background; large effects (≥5 to <10 MID) have a purple background; and very large effects (≥10 MID) have a black background. Confidence in the effect estimate (CINeMA) is shown for each treatment comparison: high confidence ⊕⊕⊕⊕; moderate confidence ⊕⊕⊕; low confidence ⊕⊕; and very low confidence ⊕. See Supplementary Table S6 for overall CiNEMA assessments and Supplementary Figures S6–S9 for detailed assessments of the confidence in the effect estimate using the CINeMA framework.
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Figure 2. Network plot and meta-analysis of uncoupling interventions evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood glucose response in participants with type 2 diabetes. Network plot: the size of the blue nodes is proportional to the number of participants and the line width is proportional to the number of studies. Network table: treatments are grouped by treatment type (i.e., individual non-nutritive sweeteners (NNS), NNS blends, water, and caloric sweeteners) and are reported in alphabetical order. Treatment estimates (mmol*min/L) are MDs and 95% CIs of the column-defining treatment compared with the row-defining treatment. MDs less than 0 favor the column-defining treatment. MDs greater than 0 favor the row-defining treatment. Significant results are bolded in black. Non-significant results are grey and not bolded. The minimally important difference (MID) for postprandial glucose response is 100 mmol*min/L. Trivial (significant) effects (<1 MID) or no effects have a white background; small important effects (≥1 MID) have a light blue background; moderate effects (≥2 MID) have a darker blue background; large effects (≥5 to <10 MID) have a purple background; and very large effects (≥10 MID) have a black background. Confidence in the effect estimate is shown for each treatment comparison: high confidence ⊕⊕⊕⊕; moderate confidence ⊕⊕⊕; low confidence ⊕⊕; and very low confidence ⊕. See Supplementary Table S7 and Figures S10–S13 for detailed assessments of the confidence in the effect estimate using the CINeMA framework. 
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Figure 3. Network plot and meta-analysis of coupling interventions evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS) and controls on postprandial glucose response in healthy participants. Network plot: the size of the blue nodes is proportional to the number of participants and the line width is proportional to the number of studies. Network table: treatments are grouped by treatment type (i.e., individual non-nutritive sweeteners (NNS), NNS blends, water, and caloric sweeteners) and are reported in alphabetical order. Treatment estimates (mmol*min/L) are MDs and 95% CIs of the column-defining treatment compared with the row-defining treatment. MDs less than 0 favor the column-defining treatment. MDs greater than 0 favor the row-defining treatment. Significant results are bolded in black. Non-significant results are grey and not bolded. The minimally important difference (MID) for postprandial glucose response is 100 mmol*min/L. Trivial (significant) effects (<1 MID) or no effects have a white background; small important effects (≥1 MID) have a light blue background; moderate effects (≥2 MID) have a darker blue background; large effects (≥5 to <10 MID) have a purple background; and very large effects (≥10 MID) have a black background. Confidence in the effect estimate is shown for each treatment comparison: high confidence ⊕⊕⊕⊕; moderate confidence ⊕⊕⊕; low confidence ⊕⊕; and very low confidence ⊕. See Supplementary Table S15 and Figure S34 for detailed assessments of the confidence in the effect estimate using the CINeMA framework. 
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Figure 4. Network plot and meta-analysis of delayed coupling interventions evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood glucose response in healthy participants. Network plot: the size of the blue nodes is proportional to the number of participants and the line width is proportional to the number of studies. Network table: treatments are grouped by treatment type (i.e., individual non-nutritive sweeteners (NNS), NNS blends, water, and caloric sweeteners) and are reported in alphabetical order. Treatment estimates (mmol*min/L) are MDs and 95% CIs of the column-defining treatment compared with the row-defining treatment. MDs less than 0 favor the column-defining treatment. MDs greater than 0 favor the row-defining treatment. Significant results are bolded in black. Non-significant results are grey and not bolded. The minimally important difference (MID) for postprandial glucose response is 100 mmol*min/L. Trivial (significant) effects (<1 MID) or no effects have a white background; small important effects (≥1 MID) have a light blue background; moderate effects (≥2 MID) have a darker blue background; large effects (≥5 to <10 MID) have a purple background; very large effects (≥10 MID) have a black background. Confidence in the effect estimate is shown for each treatment comparison: high confidence ⊕⊕⊕⊕; moderate confidence ⊕⊕⊕; low confidence ⊕⊕; very low confidence ⊕. See Supplementary Table S17 and Figures S37–S40 for detailed assessments of the confidence in the effect estimate using the CINeMA framework. 






Figure 4. Network plot and meta-analysis of delayed coupling interventions evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood glucose response in healthy participants. Network plot: the size of the blue nodes is proportional to the number of participants and the line width is proportional to the number of studies. Network table: treatments are grouped by treatment type (i.e., individual non-nutritive sweeteners (NNS), NNS blends, water, and caloric sweeteners) and are reported in alphabetical order. Treatment estimates (mmol*min/L) are MDs and 95% CIs of the column-defining treatment compared with the row-defining treatment. MDs less than 0 favor the column-defining treatment. MDs greater than 0 favor the row-defining treatment. Significant results are bolded in black. Non-significant results are grey and not bolded. The minimally important difference (MID) for postprandial glucose response is 100 mmol*min/L. Trivial (significant) effects (<1 MID) or no effects have a white background; small important effects (≥1 MID) have a light blue background; moderate effects (≥2 MID) have a darker blue background; large effects (≥5 to <10 MID) have a purple background; very large effects (≥10 MID) have a black background. Confidence in the effect estimate is shown for each treatment comparison: high confidence ⊕⊕⊕⊕; moderate confidence ⊕⊕⊕; low confidence ⊕⊕; very low confidence ⊕. See Supplementary Table S17 and Figures S37–S40 for detailed assessments of the confidence in the effect estimate using the CINeMA framework.
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Figure 5. Network plot and meta-analysis of delayed coupling interventions evaluating the effect of non-nutritive sweetened beverages (NNS beverages) sweetened single or blends of non-nutritive sweeteners (NNS), water, and sugar-sweetened beverages (SSBs) sweetened with caloric sweeteners on postprandial blood glucose response in participants with type 2 diabetes. Network plot: the size of the blue nodes is proportional to the number of participants and the line width is proportional to the number of studies. Network table: treatments are grouped by treatment type (i.e., individual non-nutritive sweeteners (NNS), NNS blends, water, and caloric sweeteners) and are reported in alphabetical order. Treatment estimates (mmol*min/L) are MDs and 95% CIs of the column-defining treatment compared with the row-defining treatment. MDs less than 0 favor the column-defining treatment. MDs greater than 0 favor the row-defining treatment. Significant results are bolded in black. Non-significant results are grey and not bolded. The minimally important difference (MID) for postprandial glucose response is 100 mmol*min/L. Trivial (significant) effects (<1 MID) or no effects have a white background; small important effects (≥1 MID) have a light blue background; moderate effects (≥2 MID) have a darker blue background; large effects (≥5 to <10 MID) have a purple background; and very large effects (≥10 MID) have a black background. Confidence in the effect estimate is shown for each treatment comparison: high confidence ⊕⊕⊕⊕; moderate confidence ⊕⊕⊕; low confidence ⊕⊕; and very low confidence ⊕. See Supplementary Table S18 and Figure S41 for detailed assessments of the confidence in the effect estimate using the CINeMA framework. 
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