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Abstract

:

Oral diabetes-specific nutritional supplements (ONS-D) induce favourable postprandial responses in subjects with type 2 diabetes (DM2), but they have not been correlated yet with incretin release and subjective appetite (SA). This randomised, double-blind, cross-over study compared postprandial effects of ONS-D with isomaltulose and sucromalt versus standard formula (ET) on glycaemic index (GI), insulin, glucose-dependent insulinotropic polypeptide (GIP), glucagon-like peptide 1 (GLP-1) and SA in 16 individuals with DM2. After overnight fasting, subjects consumed a portion of supplements containing 25 g of carbohydrates or reference food. Blood samples were collected at baseline and at 30, 60, 90, 120, 150 and 180 min; and SA sensations were assessed by a visual analogue scale on separate days. Glycaemic index values were low for ONS-D and intermediate for ET (p < 0.001). The insulin area under the curve (AUC0–180 min) (p < 0.02) and GIP AUC (p < 0.02) were lower after ONS-D and higher GLP-1 AUC when compared with ET (p < 0.05). Subjective appetite AUC was greater after ET than ONS-D (p < 0.05). Interactions between hormones, hunger, fullness and GI were found, but not within the ratings of SA; isomaltulose and sucromalt may have influenced these factors.
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1. Introduction


Diabetes mellitus (DM) is a complex metabolic disorder associated with long-term complications as a result of the interplay of genetic, epigenetic, environmental and lifestyle factors [1]. Nowadays, DM is considered a pandemic health problem and one of the top 10 killers, responsible for 1.6 million deaths in 2016 [2]. According to International Diabetes Federation projections, by 2045, 629 million people will be afflicted by DM, exhibiting the fastest rising prevalence of this phenomenon in the history of humanity, which the highest prevalence rates in North America and the Caribbean [3]. Thus, the epidemiological impact of this disease is translated into higher public health expenditures worldwide [4,5].



One of the most important strategies for the prevention and treatment of DM has been correct management of carbohydrate consumption, having been reviewed in dietary guidelines and recommendations stated by many scientific organisations worldwide [6]. The American Diabetes Association (ADA) has highlighted this need, considering nutritional therapy as the fundamental basis of glycaemic control in DM patients [7]. Besides that, the European Association for the Study of Diabetes (EASD) has also focused its recommendations on the amount and type of carbohydrates consumed [8], generating considerable interest in low glycaemic index (LGI) food prescription for management of DM2 [9]. Indeed, a recent international expert consensus debated about the clinical role of GI and glycaemic load (GL) in DM management [10], concluding that low GI and low GL diets have been associated with a reduction in the glycaemic response variability [11], and better appetite control [12,13]. This phenomenon leads us to hypothesise that lower insulin responses exhibited by these supplements could promote satiety and fullness [10,12,13,14].



Nutritional approaches to type 2 diabetes usually include novel strategies in dietary advice, especially in oral nutritional supplements (ONS) prescription as part of the management of some DM comorbidities or as a complement for daily diet [15,16]. Any ONS designed for people with diabetes (ONS-D) provides better control in postprandial glucose and glycated haemoglobin (HbA1c) when compared with standard supplements [17], since they are lower in total carbohydrate content (with a variety of sugar substitutes) and enriched with fibre and monounsaturated fatty acids [16,18,19]. Dietary fat and carbohydrate modifications modulate postprandial glycaemic responses by a reduction in glucose absorption rate [20].



The increase in peripheral glucose uptake via entero-insular axis peptides (EIAPs) such as the glucose-dependent insulinotropic peptide (GIP), glucagon-like peptide 1 (GLP-1), and insulin are a group of synergistic pathways counteracting undesirable glucose postprandial peaks [21]. Furthermore, a decrease in GIP secretion drives to adipocyte hypertrophy arrest and insulin resistance amelioration [22]. By contrast, GLP-1 has a direct suppression effect on appetite and protects pancreatic β-cells from programmed cell death [22,23]. It is well known that beverages have a faster gastric emptying and intestinal transit speed than solid food, which results in a rapid glycaemic response and lower perception of satiety [13,23]. For these reasons, the strategies of specific oral supplements designed for people with diabetes should include adaptation in the overall nutrients content [18,19]. Therefore, variations in both EIAP action and gastric emptying modulation by diet could play a fundamental role in short-time appetite regulation and energy intake [24,25].



Use of ONS-Ds in malnourished or sarcopenic diabetic patients enhances energy intake and overall nutritional status, improving glycaemic control, and thus, cause indirect economic benefits [19]. A meta-analysis by Elia et al. [15] on a total of 23 studies and 784 patients receiving oral supplements or tube feeding showed that when compared with standard supplements, ONS-D significantly reduced postprandial rise in blood glucose, peak blood glucose concentration and glucose area under the curve (AUCG) with no significant effects on HDL, total cholesterol, or triglyceride levels. Furthermore, this study reported a reduced insulin requirement (26–71% lower) and fewer complications in patients with ONS-D therapy when compared with standard nutritional supplements [15]. Therefore, in order to tighten glycaemic control, starch modification and sugar substitution [16,26] has become a primary strategy in the formulation of these supplements [15,16]. However, there is a compelling need to conduct more studies in special situations such as hospitalised patients, older people with DM2 or end-stage kidney disease and patients with cancer [27,28].



Recent evidence suggests a favourable glycaemic response after nutritional supplement intake with sucromalt (a natural analogue of sucrose with a lower glycaemic response) in diabetic patients [18,29,30]. Isomaltulose, another sucrose replacer, is a disaccharide composed of glucose and fructose linked by an alpha-1,6-glycosidic bond exhibiting prolonged absorption, LGI (GI = 32), and a 20–25% lower hydrolyzation rate when compared with sucrose [31]. Interestingly, GIP and GLP-1 secretion are affected by this disaccharide [32], resulting in a better insulin secretion profile [33] and a possible reduction in postprandial appetite [34].



Moreover, a study by Pfeiffer et al. [32] gave evidence on the relationship between high-glycaemic index carbohydrates and a faster GIP release pattern in patients with fatty liver disease, subclinical inflammation, DM2 and cardiovascular diseases. On the other hand, LGI carbohydrate consumption would induce a lower GIP release and a higher release of GLP-1 [32], promoting a better metabolic markers profile in both healthy and type DM2 individuals [18]. Therefore, these authors propose the GIP release rate as a determining factor in the “metabolic quality” and in consequence, relevant criteria for the selection of dietary carbohydrates [32].



Several studies in DM-2 subjects have explored incretin release after consumption of oral nutritional supplements with sucromalt or isomaltulose [18,35]; however, GI and GL have only been studied in healthy subjects [35,36] and not in diabetic patients. Likewise, the correlation between the glycaemic response (GI/GL) and SA as well as EIAP behaviour is not sufficiently well described to date, especially during ONS-D intake, digestion and absorption time.



Based on available literature, we hypothesised that an ONS-D that contains slow-digesting carbohydrates (isomaltulose or sucromalt) resulting in a significant release of GLP-1 and lower secretion of both GIP and insulin. As consequence, a reduction in GI/GL index and subjective postprandial appetite ratings would be found when compared with standard nutritional supplements. Thus, the aim of this study was to assess sucromalt/isomaltulose ONS-D effects on the glycaemic response (GI/GL), EIAP release and postprandial SA in type 2 diabetic individuals.




2. Materials and Methods


2.1. Study Design


2.1.1. Design and Ethics Issues


A randomised, double-blind, cross-over study was conducted according to Good Clinical Practice Guidelines, applicable Food and Drug privacy regulations and ethical principles based on the World Medical Association-Helsinki Declaration [37]. This research was approved by the Human Research Ethics Committee of the Endocrine and Metabolic Diseases Research Centre (EMDRC), “Dr. Félix Gómez”, School of Medicine at the University of Zulia, Venezuela, and then registered in Clinical Trials.gov (https://clinicaltrials.gov/ct2/show/NCT03829800).




2.1.2. Inclusion and Exclusion Criteria


This study included both male and female DM2 subjects over 50 years old who attended the outpatient diabetes medical clinic at EMDRC [37]. The only antidiabetic therapies allowed were diet/physical activity and/or metformin monotherapy. Body mass index (BMI) between 18.5 kg/m2–35 kg/m2 was the only compelling anthropometric marker in order to be included in this trial. Patients with diabetes mellitus type 1 (DM1), diabetic ketoacidosis, hypothyroidism/thyrotoxicosis congestive heart failure, gastric, kidney or hepatic diseases, myocardial infarction, stroke and subjects with insulin therapy or sulfonylureas, antibiotic therapy or corticosteroids, end-stage organ failure, or individuals with organ transplantation, coagulation disorder, bleeding disorders, chronic infectious disease (such as tuberculosis, hepatitis B or C or HIV) were excluded.




2.1.3. Population, Sample Size, and Patient’s Selection


Taking into account the criteria mentioned above, the whole EMDRC electronic medical record database was filtered obtaining a population of 57 eligible patients. Literature regarding GI and GL suggests 8 to 10 subjects for a proper meal/supplement assessment [10,36,38]. Thus, a random selection of 23 DM2 patients was made with the purpose of obtaining a sample size with a reasonable accuracy in determining the ONS-D glycaemic impact, GI and GL [36,38]. Since postprandial glycaemia and glycaemic index was our primary outcome, this study was powered to detect the difference among the AUCGs after consuming three oral nutritional supplements (effect size = 0.79) [20,24,35,36,38]. Based on our calculation, at least 15 participants were needed to detect this effect size at 80% statistical power using a cross-over study design [24]. Assuming an attrition rate of 30%, 23 participants were recruited in this study. Eligible subjects were contacted by phone and invited to attend a medical screening visit in order to: (1) be invited to participate in the study, (2) verify if the participant met the inclusion criteria and, (3) asked to give their written consent before beginning the study.




2.1.4. Anthropometric Assessment


Anthropometric data were obtained in fasting state, using light clothing and no shoes. For weight determination and electric bioimpedance study, an UM-018 Digital Scale (Tanita, Tokyo, Japan) was used. Height was measured using a SECA 216 stadiometer (Hamburg, Germany). Body mass index was calculated using the equation: BMI (kg/m2) = mass (Kg)/height (m2).





2.2. Study Protocol


2.2.1. Oral Nutritional Supplements Composition


In this study, three oral nutritional supplements were examined: (1) non-diabetes-specific standard oral nutritional supplements (ET; Ensure® Abbott Nutrition, Columbus, OH, USA); (2) oral supplements with a blend of slow-digesting carbohydrates including resistant maltodextrin and sucromalt (GS; Glucerna SR® Abbott Nutrition, Columbus, OH, USA); and (3) oral supplements composed of lactose, isomaltulose, and resistant starch (DI; Diasip® Nutricia Advanced, Medical Nutrition, Dublin, Ireland).



The macronutrient composition of these formulas per 100 mL is shown in Table 1. Considering that two of the supplements contained a relatively low amount of total carbohydrates, a standardised portion with 25 g of this nutrient was administered in each patient for all tests. This criterion is recommended when the carbohydrate load in the food is low, in order not to overestimate portion size [35,38]. Therefore, all supplements were compared with a glucose load of 25 g (GB), as a reference food (anhydrous glucose dissolved in 250 mL plain water) (100 Kcal) [35,38]. It is important to mention that there was no significant difference in the volume of formulations supplied in this study (Table 2).



The three oral nutritional supplements delivered energy ranging from 149 to 223 kcal (Table 2). Both DI and GS contained 208 kcal per 200 mL versus 205 Kcal per 220 mL, respectively (recommended daily serving size). Supplement DI had a lower percentage of carbohydrate (47 energy%) and protein (19%) but higher percentage of fat (32 energy%, of which 18.5% was monounsaturated fatty acids (MUFAs). On the other hand, the composition of GS was more comparable with DI; a lower percentage of carbohydrate 47.7% and protein 18.42%, and higher percentage of fat 33.81% (MUFA: 20.5%), while the composition of ET had a higher percentage of carbohydrate: 55.68%; lower percentage of fat: 29.45%; and protein: 14.87%; with 250 Kcal per 237 mL. The GI values were calculated according to the information reported in the nutritional labelling of each supplement.




2.2.2. Experimental Protocol


Background Diet, Physical Activities and Other Measurements


Subjects were informed about diet and physical activity restrictions to be followed before each session, which included: (1) 10–12 h fasting, (2) abstinence from alcohol, caffeine or smoking and not exercising excessively 24 h before each session; (3) avoiding the metformin morning dose or other medications allowed on trial days until instructed, and to do so at the health centre. Participants were evaluated before each treatment by a licenced nutritionist. In this evaluation, patients had to submit a 3 day food record in order to confirm adherence to the meal plan. The day before the administration of supplements, the nutritionist recommended a standardised dinner before 21:00 and were asked not to consume anything before arriving at the laboratory except water, which was allowed until midnight [14,39]. In order to ensure that participants complied with established protocols, they had to complete a compliance survey. In case they did not comply with the previous test protocols, the test sessions were rescheduled.



During the appetite test sessions, patients engaged in 60 min of sedentary activities (word puzzles, reading, board games, etc.) [14,39]. The activities were performed in a friendly, non-competitive manner to avoid emotional excitement or stress. Any food-related topics were avoided for the duration of the sessions [14]. Research team members evaluated the compliance of the experimental protocol verifying the correct administration to all patients in each visit. Participants had access to water during the day of the trial. The leading investigator reviewed these records before performing the food tolerance test. During each test day subjects were allowed to drink water each hour (maximum 150 mL each hour) immediately after filling in the appetite questionnaires. Water consumed during the test session on the first day was recorded and repeated on the other test days [14,39].




Randomisation


All participants were randomly assigned to eight consumption tests: two for the standard glucose solutions and two for each of the three nutritional supplements. This scheme was carried out with an interval of 1 week between tests in random sequences. The test supplement selection was randomised using a computerized randomisation matrix. The order of supplement was further randomised for each subject. The number of tests in each patient was done according to methodological considerations for glycaemic index protocols [38]. Appetite was assessed twice for the same subject before and after supplement intake on two different occasions [14,39].



Previous-evening lunch standardisation: the dinner consumed by all participants the night before each session day consisted of meat with boiled rice and a fruit cake for dessert ∼505 kcal [14]. The energy content of this meal was 35% of the daily estimated energy needs of each participant [40]. The distribution of energy in the evening meal was 50% from carbohydrate, 37% from fat and 13% from protein [14,39].






2.3. Measurement of EIAP/GI and Subjective Appetite Evaluation


2.3.1. EIAP and Glycaemic Index


Participants attended the EMDRC following 10–12 h fasting at 07:00. Both duplicated blood capillary samples (0.5 mL) and venous samples were taken in basal state, and then each patient was randomly assigned to drink one of both the ONS (ET DI or GS) supplement or the reference food (glucose 25 g in plain water) during a period not exceeding 15 min [35,36,38]. The reference food (GB) (glucose solution) was used for glucose and insulin AUC determination only. Subsequently, samples of capillary and venous blood were obtained at 30, 60, 90, 120 and 180 min for serum glucose, insulin, GIP and GLP-1 measurement. During this phase, subjects were comfortably seated in a room with a quiet environment [38]. This process was repeated seven more times, on different days, with one week interval until all consumption tests were done [36,38].




2.3.2. Subjective Appetite Assessment


The appetite sensations measured in this study were: hunger, desire to eat, prospective food consumption and fullness assessed on different days from those in which the GI was determined. The visual analogue scale (VAS) chart was supplied in every session [39] and the subjects were asked to fill this instrument at baseline (0 min), 30, 60, 90, 120, 150 and 180 min after the ingestion of each supplement. This instrument contemplates four questions: What is your feeling of fullness? How hungry are you? How intense is your desire to eat? And how much food do you think you could eat? [14,39].



The VAS structure consisted of 100 mm lines anchored at each end with opposite statements with a scale of 0 to 100 mm, in which 0 means absence of perception and 100 maximum perception. The distance between 0 and the marked point (an “x” placed by the participants on the line to indicate their assessment at that time) was measured to quantify the perceived sensations. The score was calculated by measuring the distance in millimetres from the beginning of the line to the “x” position (from left to right) [39].



The following equation was used to calculate the ratings of subjective appetite [41]: “Subjective appetite = (desire to eat + hunger + (100 − fullness) + prospective food consumption)/4”.




2.3.3. Laboratory Determinations


Capillary glycaemia was determined by the glucose oxidase method using a portable glucometer (Optium Xceed, Abbott Laboratories, Dallas, TX, USA) Both intra-assay and inter-assay coefficients of variation were 3.2 and 10.8%, respectively. Plasma Insulin (mU/L) was measured by an enzyme-linked immunosorbent assay (10-1113; Mercodia, Uppsala, Sweden) with a minimum detectable limit of 1.0 mU/L, and an intra- and inter-assay variation coefficients of 3.0% and 8.7%. Glycated haemoglobin HbA1c was determined using a cationic exchange resin separation method (SIGMA, St. Louis, MO, USA). Plasma total GIP (pg/mL) and GLP-1 (pmol/L) were measured by radioimmunoassay (RIA) (SIGMA, St. Louis, MO, USA). The minimum detectable limits were 2 pmol/L and 3 pmol/L with an intra- and inter-assay coefficient of variation for GIP of 3.9% and 9%, and for GLP-1 6.3% and 10.3%, respectively. Total cholesterol, triacylglycerides, and HDL-C were determined by commercial enzymatic-colorimetric kits (Human Gesellschaft für Biochemica und Diagnostica MBH, Wiesbaden, HE, Germany). Serum LDL-C levels were calculated according to Friedewald’s equation.





2.4. Data Processing and Statistical Analyses


Statistical analyses were performed using IBM SPSS Statistics for Windows, version 23.0 (IBM Corp., 2015, Armonk, NY, USA). Shapiro–Wilk test was used for the normality distribution assessment of quantitative variables.



Incremental areas under the curves (IAUCs) were determined according to the trapezoidal method for all variables using NCSS statistical software version 12.0 (NCSS, LLC, 2018, Kaysville, UT, USA). A 2 h glycaemic response curve was generated for each subject for test foods. Any area below the baseline fasting value was ignored. The calculated median of AUCG for three test foods from 16 participants was compared with the response to reference food or glucose solution (median of two measurements), and the GI value of the glucose solution was set as 100.



The GI was calculated using the following equation [36,38]: GI = (AUCG value for the test food/AUCG value for the reference food) × 100.



Data obtained was classified in low GI (≤55), intermediate (55–69) and high (≥70) [41]. Glycaemic load (GL) was represented by a derivative measure of the GI of the nutritional supplement tested and calculated by the following formula: GL = (GI × grams of carbohydrate per food portion)/100 [36,38].



All quantitative variables were presented as mean ± standard error of the mean (SEM). Plasma glucose, insulin, GIP, GLP-1, perceptions of hunger, desire to eat, prospective food consumption, fullness and SA had a normal distribution and its arithmetic means were analysed using ANOVA for repeated measures with the Tukey’s HSD (honestly significant difference) test. Significant statistical differences between ONS were evaluated through one-way ANOVA. The bivariate relation between variables such as the AUC, blood glucose, EIAP and SA was analysed by correlation coefficients for each oral test. Statistical significance was accepted at p < 0.05.





3. Results


At the beginning of the study, the initial sample was 23 individuals (12 women, 11 men), but seven subjects did not complete the trial for different reasons: (1) two subjects needed both corticosteroid and antibiotic therapy; (2) two subjects initiated a vigorous physical activity program by medical prescription; and (3) three voluntarily withdrew from the study. At the end of the study, only 16 subjects (seven women and nine men) completed all the test protocols. Table 3 shows the general characteristics of the sample.



The protocol was well tolerated by all subjects. No individual reported nausea, dizziness or vomiting after taking the nutritional supplements or the reference product. Basal concentrations of serum glucose, insulin, GLP-1 and GIP (Table 4 and Figure 1) did not show significant differences according to sex or among weekly visits. Similarly, hunger perception, fullness, desire to eat, prospective food consumption in fasting state and SA ratings (Table 5 and Figure 2) did not show significant differences among gender or study session (p > 0.05).



3.1. Glycaemic Response and EIAP Concentrations


Glycaemic curves, as well as the mean and SEM of the glucose AUC0–180 min after ingestion of both the reference product (glucose) and the nutritional supplements, are shown in Figure 1. Glucose maximum peak was observed at 60 min (Table 4) for all products but significantly higher for GB 15.03 ± 0.20 when compared with ET 10.80 ± 0.12mmol/L (p < 0.001), DI 10.17 ± 0.05 (p < 0.001) and GS 9.10 ± 0.06 mmol/L (p < 0.001). Glucose at 180 min was significantly higher in comparison with both, fasting level for GB (p < 0.001) and for ET (p < 0.024). The AUC0–180 min of ET (p < 0.001) was significantly higher than DI (p < 0.001) and GS (p < 0.01) (Figure 1).



3.1.1. Insulin


Plasma insulin concentrations increased after the consumption of all supplements and the reference product, reaching significant differences at 90 min for GB (serum peak) in comparison to ET (p < 0.05), GS (p < 0.001) and DI (p < 0.001), respectively (Figure 1). At 150 min, ET presented a higher glucose concentration than DSF (p < 0.001), but no significant differences were found in insulin concentration between DI and GS (p = 0.976), see Table 4. The AUC0–180 min in insulin response was significantly lower in GS when compared with the other supplements (p < 0.001) (Figure 1).




3.1.2. GLP-1


Maximum GLP-1 concentration was observed at 30 min after the intake of the three supplements, significantly higher for GS in comparison to ET (p < 0.05) and DI (p < 0.05). At 150 min, concentrations of GLP-1 in ET and DI supplements were similar (p = 0.841), but the value of this incretin was significantly higher for GS when compared with both, ET (p < 0.001) and DI (p < 0.001), (Table 4). The AUC0−180 min of the GLP-1 response was significantly higher in GS in contrast to the ET (p < 0.001) and DI (p < 0.001), (Figure 1).




3.1.3. GIP


The GIP plasma concentration increased after consumption of all supplements. The maximum peak of this incretin was observed at 90 min with ET and DI, which was higher when compared to GS levels (p < 0.05). At 150 min, ET presented higher GIP concentrations when compared to GS (p < 0.001) and DI (p < 0.001), however, DSF levels did not show significant differences (p = 0.844), Table 4. The AUC0–180 min of the GIP response for GS was lower when compared to DI (p < 0.001) and ET (p < 0.001, (Figure 1).





3.2. Subjective Appetite Measurements


Hunger sensation, fullness, desire to eat, prospective food consumption and SA from baseline to 180 min are shown in Figure 2. Consumption of the different treatments promoted an immediate decrease in hunger and desire to eat accompanied by an increase in the perception of fullness, reversing these sensations over the curve as time passed.



The arithmetic mean of hunger perception decreased after the consumption of all supplements, registering the lowest level at 30 min for E, while the minimum value for GS was evidenced at 90 min, significantly lower when compared to ET (p < 0.05) and DI (p < 0.05), (Table 5). The AUC0–180 min of hunger sensation for GS was significantly lower when compared to ET (p < 0.001) and DI (p < 0.001), (Figure 2).



Regarding fullness sensation, the maximum level was found at 30 min in the three groups, without significant differences between DI and GS, while the peak of fullness sensation was significantly lower with ET (p < 0.05), (Table 5). The AUC0–180 min of this sensation was significantly higher in GS when compared to DI (p < 0.001) and ET (p < 0.05), (Figure 2). On the other hand, the desire to eat AUC0–180 min was significantly lower for GS when compared to DI (p = 0.035) and ET (p < 0.001), (Figure 2).



This same pattern was evidenced in the prospective food consumption, in which the AUC0–180 min was significantly lower in GS when compared with ET (p < 0.001) and DI (p < 0.001), (Figure 2). Subjective appetite SA decreased to a minimum value at 30 min and then increased 60 min after the three treatments for all subjects; this score was higher with ET when compared to GS (p < 0.01) and DI (p < 0.01), (Table 5). The AUC0–180 min of SA was significantly lower with GS than with DI (p < 0.01) and ET (p < 0.001), (Figure 2).




3.3. Correlation Analysis Between EIAP, Serum Glucose and Subjective Appetite


After ET intake, insulin concentration AUC0–180 min and subjective sensation of fullness were directly related (r = 0.713, p = 0.021), while an inverse relationship between fullness perception and GLP-1 concentration AUC0–180 min (r = −0.756, p = 0.011) and serum glucose (r= − 0.687; p = 0.028) was observed. The value SA was directly correlated with serum glucose (r = 0.659, p = 0.038), see Table 6. No statistically significant correlations were found for AUC0–180 min concentrations of these peptides with DI and GS.



Correlations between baseline and postprandial concentrations at 30, 90 and 120 min of glucose, EIAP and SA measures were accomplished in all treatments. Insulin at 30 min for ET was inversely related to hunger sensation (r = −0.745, p = 0.012) and SA (r = −0.849, p = 0.002) (Supplementary Materials Table S1). DI intake was correlated with glycaemia and prospective food consumption at 30 min (r = 0.775, p = 0.008) and, GLP-1 with the desire to eat at 120 min (r = 0.667 p = 0.035); whereas, SA was inversely correlated at 30 min with GIP (r = −0.688, p = 0.028) (Supplementary Materials Table S2).



GS evidenced a direct relationship between glycaemia at 90 min with sensation of fullness (r = 0.698, p = 0.025) and levels of GIP with sensation of hunger (r = 0.825, p = 0.003). GLP-1 at 30 min and prospective food consumption were inversely related (r = −0.722, p = 0.018). SA was directly correlated with blood glucose levels at 30 min (r = 0.711, p = 0.021) (Supplementary Materials Table S3).




3.4. Glycaemic Index and Glycaemic Load


ET presented a GI mean higher than that calculated for DI (p < 0.001) and GS (p < 0.001), respectively. Comparing both specific supplements for diabetics, the lowest value for this indicator was evidenced in GS (p < 0.001). Concerning GL, ET showed the highest mean compared to the rest of treatments (p < 0.001), and the lowest mean value for DI (11.28 ± 0.14, p < 0.001), (Table 7).




3.5. EIAP and SA Relation with GI and GL


In relation to each supplement, it was found that hunger sensation AUC0–180 min was directly correlated with GI (r = 0.777, p = 0.008) and GL (r = 0.777, p = 0.008) for ET; while DI, both GI and GL were inversely related to GIP (r = −0.867, p = 0.001). GS, GI and GL were inversely related with fullness sensation (r = −0.698, p = 0.025). SA ratings did not correlate significantly with any of these indexes (p > 0.05), (Supplementary Materials Table S4).





4. Discussion


This study assessed ONS-D with isomaltulose and sucromalt versus a standard oral supplement on GI/GL, insulin response, incretin release and SA in DM2 patients. In this regard, the main finding of this study confirmed that ONS-D intake in diabetic subjects stimulated GLP-1 release, reducing GIP levels with a subsequent decrease in insulin secretion. This particular EIAP pattern promotes a lower IG/CG index when compared with a standard supplement. In spite of the former, there was a reduction of SA and AUC0–180 min after ONS-D intake; only correlation between hunger perception, fullness and some metabolic variables were found after GS intake.



These findings confirm that ONS-D consumption promotes a better metabolic profile in diabetic subjects than standard supplements, allowing greater control in postprandial appetite. Specifically, this investigation demonstrates that plasma glucose levels and glucose AUC0–180 min were significantly lower after the ingestion of ONS-D than ET. Our observations are consistent with previous research carried out with slow-digesting carbohydrates supplements [18,29,42,43]. In this study, after the consumption of GS, the mean glycaemic peak was consistent with ADA recommendations for glucose level < 180 mg/dL (9.99 mmol/L), with elevated HbA1c in DM patients [7] and IDF of 160 mg/dL goal, both in the postprandial period [6]. Similar to observations by Mottalib et al. [42] this study shows that serum glucose level after ONS-D ingestion returned to baseline in a shorter period (150 min) when compared with ET (180 min) [42], see Figure 1 and Table 4 [18,29,42]. These differences in glycaemic profile can be attributed, at least in part, to the low GI of ONS-D [18,29,35,42], a point of paramount importance to avoid cardiovascular complications [44] because of pro-inflammatory cytokines and oxygen free radical overproduction [44,45]. In this trial, the consumption of GS produced lower values of GI/GL, a lower increment of GIP/insulin and more significant release of GLP-1.



Among the different factors that influence the GI of a food, the source and carbohydrate type are very relevant aspects. High GI carbohydrates differ from those with LGI, not only in postprandial glycaemic and insulinemic response but also in GIP release [45,46,47]. In this regard, Pfeiffer et al. [32], suggest a novel concept that encompasses the intake of LGI CHO with a lower release of GIP and a greater GLP-1 secretion results in improvements of metabolic markers in healthy [45], type 2 and insulin-resistant individuals [46].



This concept relates to GI of each food to different secretory responses of GIP and GLP -1, which are released in different segments of the small intestine [21,45,46,47]. These authors propose that both a fast and pronounced GIP release in the proximal small intestine by high GI carbohydrates programming the intermediary metabolism towards useful energy storage but adversely promoting fatty liver disease [46], insulin resistance [48], obesity [49], subclinical inflammation and hypertriglyceridemia [46]. This program could represent an evolutionary advantage in times that rapid energy storage was required [32,46]. Complete understanding of the pathophysiological mechanisms of foods with a high GI provides a basis for the development of nutritional and therapeutic solutions [10,11,41,46].



Nonetheless, it is essential to differentiate the digestion (di, oligo and polysaccharides) and absorption rate (monosaccharide), from the particular metabolism of each monosaccharide. This is because certain simple sugars, such as fructose, with a relatively low GI (=23) [36], could induce insulin-independent additional metabolic effects [50] on uric acid levels, blood pressure, liver cell triacylglycerides content and hepatic insulin sensitivity when consumed in high amounts [51]. On the other hand, tagatose is a low GI (=3) monosaccharide [36], that promoting a GLP-1 release in a similar extent to fructose without any significant GIP secretion response [52] and exhibiting an interesting glucose-lowering effect [53]. In this study, we assessed two of the most employed slow-digesting carbohydrates in ONS-D: isomaltulose and sucromalt.



Beneficial metabolic effects have been reported when low GI disaccharides = 32, such as isomaltulose [31,36], are added to oral supplements in people with DM2 [29]. This disaccharide has an α-1,6-glycosidic bond replacing the original sucrose´s 1,2-glycosidic linkage by enzymatic isomerisation rearrangement obtained from beet sugar [33]. This molecular reorganisation leads to slower digestion and, in consequence, delayed intestinal uptake of glucose and fructose [33,54]. Unlike sucrose, isomaltulose administration prevents proximal K cells stimulation, secreting less GIP and promoting a smaller insulin release [32,33]. For its part, the low glycaemic response to sucromalt showed a sustained increase in GLP-1 secretion at 4 h post intake, suggesting an almost complete uptake by the small intestine [30]. Thus, it is important to distinguish the effects in GI from those caused by changes in gut microbiota that occur when sugar reaches the colon and alter microbiome composition, affecting long-term carbohydrate metabolism and insulin response [55,56,57].



In this study, ONS-D insulinemic behaviour interestingly showed a lower AUC0–180 min level in ET, especially after GS at 90 min, the time when the maximum peak of this hormone occurs. Meanwhile, the maximum insulin concentration after DI intake occurred at the 60 min (Figure 1). The maximum increase in GIP levels after GS occurred after the rest of the treatments (150 min), but it was only statistically different from ET (Table 4). Likewise, the AUC0–180 min for GIP was lower for ONS-D compared with the ET, and lowest for GS versus DI, (Figure 1). This finding could confirm the theory mentioned above about the effect of slow digestion carbohydrates on the release of insulin and GIP, although insulinemic peak after ET also occurred in 90 min, but with a much higher incretin concentration than that produced by ONS (p < 0.05 for both).



It has been proposed that slow-digestion carbohydrates can reach the more distal segments of the small intestine before being absorbed, hence, stimulating a late-plasma increase of GLP-1 [30,52]. In this trial, the AUC0–180 min of GLP-1 was higher after ONS-D consumption when compared to ET, and higher for GS when compared with DI, (Figure 1). Our results were similar to those reported by Devitt et al. [29] regarding metabolic differences after specific supplement ingestion composed of a variety of carbohydrates like tapioca dextrins, isomaltulose, tapioca starch/fructose and sucromalt in DM2 patients. In this study, patients showed an increase in AUC0–240 min for GLP-1 after sucromalt-based supplement intake, but it was only significantly higher after supplements made with tapioca dextrin in comparison with the standard ET [29].



Some benefits of increased GLP-1 secretion in DM2 patients are an improvement in insulin–glucagon ratio, suppression of endogenous glucose production and the increase in first-pass splanchnic glucose uptake [47,58]. It is currently unclear whether inhibition of L-cell secretion or GLP-1 enhanced degradation entails to the characteristic blunted-effect of this incretin in DM2. Also, the exact mechanism of GLP-1 effects on glucose control has not yet been elucidated [18,21]. Although there are studies about this incretin for isomaltulose and sucromalt in healthy subjects [46], other studies have reported benefits in individuals with metabolic syndrome, obesity and DM2 after isomaltulose versus sucrose consumption [31,58,59,60], but few have compared the effects of cross-consumption of pre-loads elaborated with these types of carbohydrates in DM2. To date, only one study has determined a higher release of GLP-1 after the consumption of isomaltulose in individuals with diabetes [58]. Our results showed an AUC0–180 min of GLP-1 higher after the consumption of GS versus DI, (Figure 1) exhibiting a synergistic effect of these carbohydrates.



In this sense, it is well-known that GLP-1 secretion is directly related to macronutrients composition, in particular to both carbohydrates and monounsaturated fatty acids (MUFAs) [61,62] without any significant effect on insulin levels [61,63,64]. This is consistent with our results and with the Mottalib et al. work regarding GLP-1 secretion and MUFA content in ONS-D when compared to ET [42]. In a study by Printz [65], adequate glycaemic and insulinemic responses were found after the intake of three enteral supplements for diabetics in subjects with DM2, but no significant differences in the release of GIP and GLP-1 were found [65]. In fact, carbohydrates used in Printz’s [65] study, such as glucose, fructose, lactose and maltose [65], probably resulted in both changes in the final place of the intraluminal digestion and the speed of absorption, which could explain these results, especially when comparing the forenamed carbohydrates with those administered in our study. Even though DI also contains disaccharides such as lactose, its metabolic profile could be sufficient to produce a more significant GLP-1 release of and less GIP than ET, but not enough to produce a better effect on incretins and insulin than GS. This observation confirms previous findings that both the amount and type of carbohydrates and fats influence incretin release 18,24,29,45], as well as in the GI and GL.



Our study could be one of the first demonstrating ONS-D effects on GI in DM2 subjects. In fact, when compared with glucose solution, the evaluated supplements turned out to have an intermediate GI value in people with diabetes for ET = 56. Meanwhile for GS = 47 and DI = 51, the result was a low GI. Whereas, GL was high for ET = 23 and intermediate for GS = 11 and DI = 12, (Table 7). The mean of these values is higher than the reported in the international GI and GL tables for healthy subjects [36]: GI for ET = 48, GS = 23, DI = 12; with an intermediate GL: ET = 16, GS = 6 DI = 3. In a randomised cross-over study conducted by Hofman et al. [35], in which the GI of 12 supplements was evaluated in healthy subjects, the mean GI value in the ONS-D was 19.4 ± 1.8, and from 42.1 ± 5.9 in standard supplements [35].



Significant differences have been reported in the GI value of different foods and/or typical foods between healthy subjects and DM2 [66]. It is well known that the subject’s characteristics does not have a significant effect on mean IG values [38], but the variation of the values can differ in different groups, being higher in people suffering from type 1 diabetes (29%) than in healthy subjects (22%) or in DM2 patients (15%) [38]. Our results are comparable with a previous study in which the GI for a DM oral specific supplement was assessed in healthy subjects (IG = 27) and DM2 (IG = 54), finding a significant difference between groups [67].



This situation can be explained by a greater relative increase in the glycaemic response after consumption of the reference food (GB) in people with diabetes compared to healthy subjects [38,68]. One possible explanation in that a defective insulin secretion is unable to counteract greater glycaemic excursions in DM2 patients. At the same time [68], healthy people preserve their insulin secretory machinery, preventing a greater glycaemic increase especially for the lowest digestion rates [38,68].



As mentioned above, we found a higher GI for DI, even though a lower GI value has been reported in healthy subjects when compared to the rest of the treatments [35,36]. However, in the study conducted by Hofman et al. [35], both supplements GS and DI contained fructose 1.9 g/100 mL, and a higher amount of MUFAs, DI = 3.6 g/100 mL versus GS = 3.8 g/100 mL than the supplements evaluated in this study, therefore, it is not possible to make an exact comparison [35].



The GI value for DI in DM2 patients could be explained in part by the quantitative sugar content (which has an 8.3 g versus 0.0 g to GS per portion given in this study) (Table 2). The rest of the components like both the amount and type of fibre can also influence these results. Moreover, soluble fibre can decrease the GI by many factors such as postprandial glucose fluctuation cushioning, and, by its action on intestinal motility, on peptide action and gastrointestinal enzymes [29,69,70].



In this study, total fibre concentration in DI was 2 g/100 mL, whose proportion corresponds to the 80:20 ratio of soluble/insoluble fibre compared to GS, whose total amount corresponds to 1.8 g/100 mL soluble (Table 1). In this regard, identical fibre concentrations generated different GI, such is the case of supplements with 1.5 g/100 mL of fibre and with GI = 26 and 17, respectively, in healthy subjects [35,36], constituted by different fibre mixtures based on fructooligosaccharides, inulin, oligofructose, Arabic gum, soybean polysaccharides and cellulose. Furthermore, it has been reported that soluble fibre can stimulate appetite-regulating peptides such as GLP-1 and pancreatic peptide YY (PYY) in rodents as well as in human [69,70,71]. It is important to note that DI has resistant starch, whereas GS contains a modified and resistant maltodextrin linked to soluble fibre [69]. In a study in healthy subjects, an increase in peptide YY concentrations and GLP-1 was observed alongside a corresponding decrease in the sensation of hunger and an increased satiety perception after the consumption of tea with 10 g of this component [69].



Few investigations about OSF-D intake have correlated SA with incretin concentrations as it has been evaluated in this study. This indicator was quantified through a score that included variables such as perception of hunger, desire to eat, prospective consumption of food and fullness [14]. It was observed in this investigation that plasma insulin, GIP and GLP-1 were related to some of these parameters but observing a lower SA ratings AUC0–180 min in the ET (Supplementary Materials Table S4). It is known that appetite regulation is a complex process stimulated by several central and peripheral signals in response to energy and, mainly, to food composition, where emotional, sensory and environmental factors can influence the overall response [71,72].



There is a lack of consensus regarding GI/GL usefulness in predicting appetite and food intake [12,73,74]. Although GI is not synonymous with glycaemic response, the debate is anchored to the controversy toward the effect of postprandial glycaemic level and its effects on SA reduction [14,75]. Some authors state that the evidence about these affirmations are not conclusive [73,76], postulating that postprandial glycaemic and appetite are not related and considering that insulin response [74], but not the glycaemic response is the real mediator of the short-term appetite reduction, as shown by Flint et al. [14,76]. Specifically, Flint et al. has reported that the maximum insulinemic peak after meal ingestion was related to a decrease in hunger sensation and a satiety increase.



Likewise, in our study, precisely at 30 min and not at the maximum peak, insulin values were inversely related to the sensation of hunger and the overall of SA rating after ET intake, but not the perception of fullness (Supplementary Materials Table S1). However, the same behaviour for these variables was not evident after the consumption of ONS-D. Possibly, this was due to the higher and faster insulin increase produced by ET at this point of the curve, based on the type and amount of non-extended release carbohydrates of this ONS, and more than half corresponded to free sugars (14.1 g/per portion given in this study) (Table 2). Despite this premise, a relationship between glycaemia concentration and prospective food consumption 30 min after DI intake was found, (Supplementary Materials Table S2) and a direct relationship between glycaemic levels in 90 min with the sensation of fullness after the consumption of GS (Supplementary Materials Table S3). The observed feeling of fullness could be related to another mechanism produced via carbohydrate type and fibre content in GS, a supplement that besides sucromalt also has amylase-resistant maltodextrin, in which fibre-viscosity addition could increase the fullness sensation [69].



It is important to note there was an inverse correlation between GLP-1 levels and prospective consumption of food 30 min after GS ingestion (Supplementary Materials Table S3). In other studies [24,77], a relationship between GLP-1 and delayed gastric emptying has been evidenced. This gastrointestinal response would influence the feeling of fullness after GS intake at this curve time. Niwano [12] showed that high GI foods consumption are associated with increased hunger and short-term satiety reduction in humans, but not over the long-term [74].



It is relevant to highlight the inverse correlation between GIP and GI/GL after ONS-D ingestion (Supplementary Materials Table S4). This finding could confirm the theory proposed by Pfeiffer et al. [32] regarding the role of this incretin as an indicator of “carbohydrate metabolic quality” [32]. On the other hand, we confirmed our hypothesis that ONS-D with slow-digesting carbohydrates strongly stimulates GLP-1 release with a subsequent decrease in GIP and insulin secretion, promoting a lower IG/CG index in DM2 subjects when compared with a standard supplement. Although ONS-D reduced the AUC0–180 min of subjective appetite, only GS exhibited both a hunger sensation decreasing effect and an increased fullness perception in some points of the postprandial response. Finally, these results were also consistent with Peters et al. [78], who evaluated the digestibility of three carbohydrates on appetite and its relation to blood glucose levels and postprandial insulin, reporting that glycaemic response had minimal effects on appetite when the products only differed in the rate and extension of carbohydrate digestibility [78].



The limitations of our research comprised the lack of evaluation of some variables such as gastric emptying. Although the number of subjects who completed this study was sufficient to assess GI/GL accurately, a higher number of patients is recommended for SA evaluation. On the other hand, one of the strengths of this study is that the results of these indicators, especially GI/GL, could be the first of their kind in the literature done in diabetic individuals from Latin America. It is also one of the first to combine these variables with subjective appetite and incretin levels. It would be a matter of interest to extend the curve’s time after consumption in order to evaluate the intake suppression force to the following meal, along with intervention protocols regarding intestinal microbiota in this type of individual.




5. Conclusions


The results of this study showed lower values in postprandial subjective appetite ratings and better metabolic profile after ONS-D intake when compared to standard supplements. A more attenuated glycaemic and insulinemic response along with a lower GIP release and higher levels of GLP-1 confirmed the synergistic effect of slow-digesting carbohydrates along MUFA addition. Isomaltulose and sucromalt may have influenced these factors. In this study, GI/GL in subjects with DM2 after ONS-D consumption were lower than the reference food (glucose solution) and the standard supplement, and lower for GS than DI.



Strategies in food technology, such as intestinal amylase-resistant dextrins along with new functional fibres, need to be considered in low GI product development in order to obtain adequately managed metabolic responses of fullness perception after ONS-D consumption. Our study qualifies two of these supplements as optimal for prescription in people with diabetes when compared with a standard supplement. However, it is necessary to conduct more investigations allowing to correlate long-term appetite suppression with the EG/CG of these supplements.
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	ADA
	American Diabetes Association



	BMI
	Body mass index



	DI
	Isomaltulose and resistant starch supplement



	DM2
	Diabetes mellitus type 2



	ET
	Standard nutritional supplement not specific for diabetics



	GB
	Glucose solution or reference food



	GI
	Glycaemic index



	GIP
	Glucose-dependent insulinotropic polypeptide



	GL
	Glycaemic load



	GLP-1
	Glucagon-like peptide 1



	GS
	Resistant maltodextrin and sucromalt supplement



	HbA1c
	Glycated haemoglobin (HbA1c)



	IDF
	International Diabetes Federation



	ONS-D
	Oral nutritional supplements specific for diabetics



	SEM
	Standard error of the mean



	VAS
	Visual analogue scale



	LGL
	Low glycaemic load



	AUCG
	Area under the curve glucose







References


	



Rosen, E.D.; Kaestner, K.H.; Natarajan, R.; Patti, M.-E.; Sallari, R.; Sander, M.; Susztak, K. Epigenetics and Epigenomics: Implications for Diabetes and Obesity. Diabetes 2018, 67, 1923–1931. [Google Scholar] [CrossRef]

	



World Health Organization. The Top 10 Causes of Death. 2018. Available online: https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death (accessed on 31 March 2019).

	



World Health Organization. Diabetes. 2018. Available online: https://www.who.int/en/news-room/fact-sheets/detail/diabetes (accessed on 31 March 2019).

	



Unnikrishnan, R.; Pradeepa, R.; Joshi, S.R.; Mohan, V. Type 2 Diabetes: Demystifying the Global Epidemic. Diabetes 2017, 66, 1432–1442. [Google Scholar] [CrossRef] [PubMed]

	



International Diabetes Federation (IDF). The 8th Edition of the Diabetes Atlas. 2017. Available online: http://diabetesatlas.org/resources/2017-atlas.html (accessed on 31 March 2019).

	



International Diabetes Federation Guideline Development Group. Guideline for management of postmeal glucose in diabetes. Diabetes Res. Clin. Pract. 2014, 103, 256–268. [Google Scholar] [CrossRef]

	



American Diabetes Association. 15. Diabetes Advocacy: Standards of Medical Care in Diabetes—2018. Diabetes Care 2018, 41, S152–S153. [Google Scholar] [CrossRef] [PubMed]

	



Diabetes and Nutrition Study Group of the European Association for the Study of Diabetes Recommendations for the nutritional management of patients with diabetes mellitus. Eur. J. Clin. Nutr. 2000, 54, 353–355. [CrossRef]

	



Willett, W.; Manson, J.; Liu, S. Glycemic index, glycemic load, and risk of type 2 diabetes. Am. J. Clin. Nutr. 2002, 76, 274S–280S. [Google Scholar] [CrossRef]

	



Augustin, L.S.A.; Kendall, C.W.C.; Jenkins, D.J.A.; Willett, W.C.; Astrup, A.; Barclay, A.W.; Björck, I.; Brand-Miller, J.C.; Brighenti, F.; Buyken, A.E.; et al. Glycemic index, glycemic load and glycemic response: An International Scientific Consensus Summit from the International Carbohydrate Quality Consortium (ICQC). Nutr. Metab. Cardiovasc. Dis. 2015, 25, 795–815. [Google Scholar] [CrossRef] [PubMed]

	



Ojo, O.; Ojo, O.O.; Adebowale, F.; Wang, X.-H. The Effect of Dietary Glycaemic Index on Glycaemia in Patients with Type 2 Diabetes: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutrients 2018, 10, 373. [Google Scholar] [CrossRef] [PubMed]

	



Niwano, Y.; Adachi, T.; Kashimura, J.; Sakata, T.; Sasaki, H.; Sekine, K.; Yamamoto, S.; Yonekubo, A.; Kimura, S. Is glycemic index of food a feasible predictor of appetite, hunger, and satiety? J. Nutr. Sci. Vitaminol. (Tokyo) 2009, 55, 201–207. [Google Scholar] [CrossRef]

	



Sun, F.-H.; Li, C.; Zhang, Y.-J.; Wong, S.; Wang, L. Effect of Glycemic Index of Breakfast on Energy Intake at Subsequent Meal among Healthy People: A Meta-Analysis. Nutrients 2016, 8, 37. [Google Scholar] [CrossRef] [PubMed]

	



Flint, A.; Møller, B.K.; Raben, A.; Sloth, B.; Pedersen, D.; Tetens, I.; Holst, J.J.; Astrup, A. Glycemic and insulinemic responses as determinants of appetite in humans. Am. J. Clin. Nutr. 2006, 84, 1365–1373. [Google Scholar] [CrossRef]

	



Elia, M.; Ceriello, A.; Laube, H.; Sinclair, A.J.; Engfer, M.; Stratton, R.J. Enteral nutritional support and use of diabetes-specific formulas for patients with diabetes: A systematic review and meta-analysis. Diabetes Care 2005, 28, 2267–2279. [Google Scholar] [CrossRef]

	



Ojo, O.; Brooke, J. Evaluation of the Role of Enteral Nutrition in Managing Patients with Diabetes: A Systematic Review. Nutrients 2014, 6, 5142–5152. [Google Scholar] [CrossRef] [PubMed]

	



De Luis DA, D.M. A randomized clinical trial with two enteral diabetes-specific supplements in patients with diabetes mellitus type 2: Metabolic effects. Eur. Rev. Med. Pharmacol. Sci. 2008, 12, 261–266. [Google Scholar]

	



Voss, A.C.; Maki, K.C.; Garvey, W.T.; Hustead, D.S.; Alish, C.; Fix, B.; Mustad, V.A. Effect of two carbohydrate-modified tube-feeding formulas on metabolic responses in patients with type 2 diabetes. Nutrition 2008, 24, 990–997. [Google Scholar] [CrossRef]

	



Sanz-Paris, A.; Boj-Carceller, D.; Lardies-Sanchez, B.; Perez-Fernandez, L.; Cruz-Jentoft, A. Health-Care Costs, Glycemic Control and Nutritional Status in Malnourished Older Diabetics Treated with a Hypercaloric Diabetes-Specific Enteral Nutritional Formula. Nutrients 2016, 8, 153. [Google Scholar] [CrossRef] [PubMed]

	



Tan, S.Y.; Siow, P.C.; Peh, E.; Henry, C.J. Influence of rice, pea and oat proteins in attenuating glycemic response of sugar sweetened beverages. Eur. J. Nutr. 2018, 57, 2795–2803. [Google Scholar] [CrossRef] [PubMed]

	



Yabe, D.; Seino, Y.; Seino, Y. Incretin concept revised: The origin of the insulinotropic function of glucagon-like peptide-1 -the gut, the islets or both? J. Diabetes Investig. 2018, 9, 21–24. [Google Scholar] [CrossRef]

	



Rojas, J.; Bermudez, V.; Palmar, J.; Martínez, M.S.; Olivar, L.C.; Nava, M.; Tomey, D.; Rojas, M.; Salazar, J.; Garicano, C.; et al. Pancreatic Beta Cell Death: Novel Potential Mechanisms in Diabetes Therapy. J. Diabetes Res. 2018, 2018, 1–19. [Google Scholar] [CrossRef]

	



Prinz, P. The role of dietary sugars in health: Molecular composition or just calories? Eur. J. Clin. Nutr. 2019. [Google Scholar] [CrossRef]

	



Giezenaar, C.; Trahair, L.G.; Luscombe-Marsh, N.D.; Hausken, T.; Standfield, S.; Jones, K.L.; Lange, K.; Horowitz, M.; Chapman, I.; Soenen, S. Effects of randomized whey-protein loads on energy intake, appetite, gastric emptying, and plasma gut-hormone concentrations in older men and women. Am. J. Clin. Nutr. 2017, 106, 865–877. [Google Scholar] [CrossRef] [PubMed]

	



Steinert, R.E.; Feinle-Bisset, C.; Asarian, L.; Horowitz, M.; Beglinger, C.; Geary, N. Ghrelin, CCK, GLP-1, and PYY(3-36): Secretory controls and physiological roles in eating and glycemia in health, obesity, and after RYGB. Physiol. Rev. 2017, 97, 411–463. [Google Scholar] [CrossRef] [PubMed]

	



Behall, K.M.; Scholfield, D.J.; Canary, J. Effect of starch structure on glucose and insulin responses in adults. Am. J. Clin. Nutr. 1988, 47, 428–432. [Google Scholar] [CrossRef] [PubMed]

	



McMahon, M.M.; Nystrom, E.; Braunschweig, C.; Miles, J.; Compher, C.; the American Society for Parenteral and Enteral Nutrition (A.S.P.E.N.) Board of Directors. A.S.P.E.N. Clinical Guidelines: Nutrition Support of Adult Patients with Hyperglycemia. J. Parenter. Enter. Nutr. 2013, 37, 23–36. [Google Scholar] [CrossRef] [PubMed]

	



Doola, R.; Todd, A.S.; Forbes, J.M.; Deane, A.M.; Presneill, J.J.; Sturgess, D.J. Diabetes-Specific Formulae Versus Standard Formulae as Enteral Nutrition to Treat Hyperglycemia in Critically Ill Patients: Protocol for a Randomized Controlled Feasibility Trial. JMIR Res. Protoc. 2018, 7, e90. [Google Scholar] [CrossRef]

	



Devitt, A.A.; Williams, J.A.; Choe, Y.S.; Hustead, D.S.; Mustad, V.A. Glycemic responses to glycemia-targeted specialized-nutrition beverages with varying carbohydrates compared to a standard nutritional beverage in adults with type 2 diabetes. Adv. Biosci. Biotechnol. 2013, 4, 1–10. [Google Scholar] [CrossRef]

	



Grysman, A.; Carlson, T.; Wolever, T.M.S. Effects of sucromalt on postprandial responses in human subjects. Eur. J. Clin. Nutr. 2008, 62, 1364–1371. [Google Scholar] [CrossRef]

	



Maresch, C.C.; Petry, S.F.; Theis, S.; Bosy-Westphal, A.; Linn, T. Low Glycemic Index Prototype Isomaltulose-Update of Clinical Trials. Nutrients 2017, 9, 381. [Google Scholar] [CrossRef]

	



Pfeiffer, A.F.H.; Keyhani-Nejad, F. High Glycemic Index Metabolic Damage—A Pivotal Role of GIP and GLP-1. Trends Endocrinol. Metab. 2018, 29, 289–299. [Google Scholar] [CrossRef]

	



Holub, I.; Gostner, A.; Theis, S.; Nosek, L.; Kudlich, T.; Melcher, R.; Scheppach, W. Novel findings on the metabolic effects of the low glycaemic carbohydrate isomaltulose (Palatinose). Br. J. Nutr. 2010, 103, 1730–1737. [Google Scholar] [CrossRef]

	



Kendall, F.E.; Marchand, O.; Haszard, J.J.; Venn, B.J. The Comparative Effect on Satiety and Subsequent Energy Intake of Ingesting Sucrose or Isomaltulose Sweetened Trifle: A Randomized Crossover Trial. Nutrients 2018, 10, 1504. [Google Scholar] [CrossRef] [PubMed]

	



Hofman, Z.; De Van Drunen, J.; Kuipers, H. The Glycemic Index of standard and diabetes-specific enteral formulas. Asia Pac. J. Clin. Nutr. 2006, 15, 412–417. [Google Scholar] [PubMed]

	



Atkinson, F.S.; Foster-Powell, K.; Brand-Miller, J.C. International Tables of Glycemic Index and Glycemic Load Values: 2008. Diabetes Care 2008, 31, 2281–2283. [Google Scholar] [CrossRef] [PubMed]

	



World Medical Association. Ethical Principles for Medical Research Involving Human Subjects. 64ª General Assembly. 2013. Available online: https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/ (accessed on 24 March 2019).

	



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

	



Parker, B.A.; Sturm, K.; Macintosh, C.G.; Feinle, C.; Horowitz, M.; Chapman, I.M. Relation between food intake and visual analogue scale ratings of appetite and other sensations in healthy older and young subjects. Eur. J. Clin. Nutr. 2004, 58, 212–218. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Energy and Protein Requirements: Report of a Joint FAO/WHO/UNU Expert Consultation. 1981. Available online: https://apps.who.int/iris/handle/10665/39527 (accessed on 24 March 2019).

	



Akilen, R.; Deljoomanesh, N.; Hunschede, S.; Smith, C.E.; Arshad, M.U.; Kubant, R.; Anderson, G.H. The effects of potatoes and other carbohydrate side dishes consumed with meat on food intake, glycemia and satiety response in children. Nutr. Diabetes 2016, 6, e195. [Google Scholar] [CrossRef]

	



Mottalib, A.; Mohd-Yusof, B.-N.; Shehabeldin, M.; Pober, D.; Mitri, J.; Hamdy, O. Impact of Diabetes-Specific Nutritional Formulas versus Oatmeal on Postprandial Glucose, Insulin, GLP-1 and Postprandial Lipidemia. Nutrients 2016, 8, 443. [Google Scholar] [CrossRef]

	



Alish, C.J.; Garvey, W.T.; Maki, K.C.; Sacks, G.S.; Hustead, D.S.; Hegazi, R.A.; Mustad, V.A. A Diabetes-Specific Enteral Formula Improves Glycemic Variability in Patients with Type 2 Diabetes. Diabetes Technol. Ther. 2010, 12, 419–425. [Google Scholar] [CrossRef]

	



Ceriello, A.; Davidson, J.; Hanefeld, M.; Leiter, L.; Monnier, L.; Owens, D.; Tajima, N.; Tuomilehto, J. Postprandial hyperglycaemia and cardiovascular complications of diabetes: An update. Nutr. Metab. Cardiovasc. Dis. 2006, 16, 453–456. [Google Scholar] [CrossRef]

	



Yoshizane, C.; Mizote, A.; Yamada, M.; Arai, N.; Arai, S.; Maruta, K.; Mitsuzumi, H.; Ariyasu, T.; Ushio, S.; Fukuda, S. Glycemic, insulinemic and incretin responses after oral trehalose ingestion in healthy subjects. Nutr. J. 2017, 16. [Google Scholar] [CrossRef]

	



Kawaguchi, T.; Nakano, D.; Oriishi, T.; Torimura, T. Effects of isomaltulose on insulin resistance and metabolites in patients with non-alcoholic fatty liver disease: A metabolomic analysis. Mol. Med. Rep. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Nauck, M.A.; Meier, J.J. The incretin effect in healthy individuals and those with type 2 diabetes: Physiology, pathophysiology, and response to therapeutic interventions. Lancet Diabetes Endocrinol. 2016, 4, 525–536. [Google Scholar] [CrossRef]

	



Holst, J.J. On the Physiology of GIP and GLP-1. Horm. Metab. Res. 2004, 36, 747–754. [Google Scholar] [CrossRef] [PubMed]

	



Nasteska, D.; Harada, N.; Suzuki, K.; Yamane, S.; Hamasaki, A.; Joo, E.; Iwasaki, K.; Shibue, K.; Harada, T.; Inagaki, N. Chronic Reduction of GIP Secretion Alleviates Obesity and Insulin Resistance Under High-Fat Diet Conditions. Diabetes 2014, 63, 2332. [Google Scholar] [CrossRef] [PubMed]

	



Bray, G.A. Potential health risks from beverages containing fructose found in sugar or high-fructose corn syrup. Diabetes Care 2013, 36, 11–12. [Google Scholar] [CrossRef] [PubMed]

	



Herman, M.A.; Samuel, V.T. The Sweet Path to Metabolic Demise: Fructose and Lipid Synthesis. Trends Endocrinol. Metab. 2016, 27, 719–730. [Google Scholar] [CrossRef] [PubMed]

	



Donner, T.W.; Wilber, J.F.; Ostrowski, D. D-tagatose, a novel hexose: Acute effects on carbohydrate tolerance in subjects with and without type 2 diabetes. Diabetes Obes. Metab. 1999, 1, 285–291. [Google Scholar] [CrossRef]

	



Guerrero-Wyss, M.; Durán Agüero, S.; Angarita Dávila, L. D-Tagatose Is a Promising Sweetener to Control Glycaemia: A New Functional Food. BioMed Res. Int. 2018, 2018, 8718053. [Google Scholar] [CrossRef]

	



Maeda, A.; Miyagawa, J.-I.; Miuchi, M.; Nagai, E.; Konishi, K.; Matsuo, T.; Tokuda, M.; Kusunoki, Y.; Ochi, H.; Murai, K.; et al. Effects of the naturally-occurring disaccharides, palatinose and sucrose, on incretin secretion in healthy non-obese subjects. J. Diabetes Investig. 2013, 4, 281–286. [Google Scholar] [CrossRef]

	



Ruiz-Ojeda, F.J.; Plaza-Díaz, J.; Sáez-Lara, M.J.; Gil, A. Effects of Sweeteners on the Gut Microbiota: A Review of Experimental Studies and Clinical Trials. Adv. Nutr. (Bethesda Md.) 2019, 10, S31–S48. [Google Scholar] [CrossRef]

	



Zeevi, D.; Korem, T.; Zmora, N.; Israeli, D.; Rothschild, D.; Weinberger, A.; Ben-Yacov, O.; Lador, D.; Avnit-Sagi, T.; Lotan-Pompan, M.; et al. Personalized Nutrition by Prediction of Glycemic Responses. Cell 2015, 163, 1079–1094. [Google Scholar] [CrossRef] [PubMed]

	



Angarita, L.; Bermudez, V.; Reina, N.; Cisternas, S.; Díaz, W.; Escobar, M.C.; Carrasco, P.; Durán, S.; Buhring, K.; Buhring, R.; et al. New Insights into Alleviating Diabetes Mellitus: Role of Gut Microbiota and a Nutrigenomic Approach. In Diabetes Food Plan; Waisundara, V., Ed.; InTech: London, UK, 2018; ISBN 978-1-78923-274-5. [Google Scholar]

	



Ang, M.; Linn, T. Comparison of the effects of slowly and rapidly absorbed carbohydrates on postprandial glucose metabolism in type 2 diabetes mellitus patients: A randomized trial. Am. J. Clin. Nutr. 2014, 100, 1059–1068. [Google Scholar] [CrossRef] [PubMed]

	



König, D.; Theis, S.; Kozianowski, G.; Berg, A. Postprandial substrate use in overweight subjects with the metabolic syndrome after isomaltulose (Palatinose TM) ingestion. Nutrition 2012, 28, 651–656. [Google Scholar] [CrossRef] [PubMed]

	



Van Can, J.G.P.; van Loon, L.J.C.; Brouns, F.; Blaak, E.E. Reduced glycaemic and insulinaemic responses following trehalose and isomaltulose ingestion: Implications for postprandial substrate use in impaired glucose-tolerant subjects. Br. J. Nutr. 2012, 108, 1210–1217. [Google Scholar] [CrossRef]

	



Sloth, B.; Due, A.; Larsen, T.M.; Holst, J.J.; Heding, A.; Astrup, A. The effect of a high-MUFA, low-glycaemic index diet and a low-fat diet on appetite and glucose metabolism during a 6-month weight maintenance period. Br. J. Nutr. 2008, 101, 1846–1858. [Google Scholar] [CrossRef] [PubMed]

	



Drucker, D.J. The biology of incretin hormones. Cell Metab. 2006, 3, 153–165. [Google Scholar] [CrossRef]

	



Rocca, A.S.; LaGreca, J.; Kalitsky, J.; Brubaker, P.L. Monounsaturated Fatty Acid Diets Improve Glycemic Tolerance through Increased Secretion of Glucagon-Like Peptide-1*. Endocrinology 2001, 142, 1148–1155. [Google Scholar] [CrossRef]

	



Storm, H.; Holst, J.J.; Hermansen, K.; Thomsen, C. Differential effects of saturated and monounsaturated fats on postprandial lipemia and glucagon-like peptide 1 responses in patients with type 2 diabetes. Am. J. Clin. Nutr. 2003, 77, 605–611. [Google Scholar] [CrossRef]

	



Printz, H.; Recke, B.; Fehmann, H.C.; Göke, B. No apparent benefit of liquid formula diet in NIDDM. Exp. Clin. Endocrinol. Diabetes 2009, 105, 134–139. [Google Scholar] [CrossRef]

	



Noreberg, C.; Indar-Brown, K.; Madar, Z. Glycemic and insulinemic responses after ingestion of ethnic foods by NIDDM and healthy subjects. Am. J. Clin. Nutr. 1992, 55, 89–95. [Google Scholar] [CrossRef]

	



Aguirre, P.C.; Galgani, F.J.; Díaz, B.E. Determinación del índice glicémico del alimento nutridiabetic® destinado a diabéticos tipo 2. Rev. Chil. Nutr. 2006, 33, 14–21. [Google Scholar] [CrossRef]

	



Rizkalla, S.W.; Laromiguiere, M.; Champ, M.; Bruzzo, F.; Boillot, J.; Slama, G. Effect of baking process on postprandial metabolic consequences: Randomized trials in normal and type 2 diabetic subjects. Eur. J. Clin. Nutr. 2006, 61, 175. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Z.; Arumugam, V.; Haugabrooks, E.; Williamson, P.; Hendrich, S. Soluble dietary fibre (Fibersol-2) decreased hunger and increased satiety hormones in humans when ingested with a meal. Nutr. Res. 2015, 35, 393–400. [Google Scholar] [CrossRef] [PubMed]

	



Delzenne, N.M.; Cani, P.D.; Daubioul, C.; Neyrinck, A.M. Impact of inulin and oligofructose on gastrointestinal peptides. Br. J. Nutr. 2005, 93, S157–S161. [Google Scholar] [CrossRef] [PubMed]

	



Kirkmeyer, S.V.; Mattes, R.D. Effects of food attributes on hunger and food intake. Int. J. Obes. 2000, 24, 1167–1175. [Google Scholar] [CrossRef]

	



Stafleu, A.; Hendriks, H.F.; Smeets, P.A.; Blom, W.A.; de Graaf, C. Biomarkers of satiation and satiety. Am. J. Clin. Nutr. 2004, 79, 946–961. [Google Scholar]

	



Thomas, D.; Elliott, E.; Baur, L. Low glycaemic index or low glycaemic load diets for overweight and obesity. Cochrane Database Syst. Rev. 2007. [Google Scholar] [CrossRef]

	



Bornet, F.R.J.; Jardy-Gennetier, A.-E.; Jacquet, N.; Stowell, J. Glycaemic response to foods: Impact on satiety and long-term weight regulation. Appetite 2007, 49, 535–553. [Google Scholar] [CrossRef]

	



Van Dam, R.M.; Seidell, J.C. Carbohydrate intake and obesity. Eur. J. Clin. Nutr. 2007, 61, S75. [Google Scholar] [CrossRef]

	



Flint, A.; Gregersen, N.T.; Gluud, L.L.; Møller, B.K.; Raben, A.; Tetens, I.; Verdich, C.; Astrup, A. Associations between postprandial insulin and blood glucose responses, appetite sensations and energy intake in normal weight and overweight individuals: A meta-analysis of test meal studies. Br. J. Nutr. 2007, 98, 17–25. [Google Scholar] [CrossRef]

	



Giezenaar, C.; van der Burgh, Y.; Lange, K.; Hatzinikolas, S.; Hausken, T.; Jones, K.; Horowitz, M.; Chapman, I.; Soenen, S. Effects of Substitution, and Adding of Carbohydrate and Fat to Whey-Protein on Energy Intake, Appetite, Gastric Emptying, Glucose, Insulin, Ghrelin, CCK and GLP-1 in Healthy Older Men—A Randomized Controlled Trial. Nutrients 2018, 10, 113. [Google Scholar] [CrossRef] [PubMed]

	



Peters, H.P.F.; Ravestein, P.; van der Hijden, H.T.W.M.; Boers, H.M.; Mela, D.J. Effect of carbohydrate digestibility on appetite and its relationship to postprandial blood glucose and insulin levels. Eur. J. Clin. Nutr. 2010, 65, 47. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 11 01477 g001 550]





Figure 1. Time course and AUC0–180 min of serum glucose, insulin GIP and GPL-1 concentrations following ingestions of GB, ET, GS and DI. (A) Glucose in relation with time and AUC0–180 min, (B) insulin in relation with time and AUC0–180 min, (C) GIP in relation with time and AUC0–180 min, and (D) GLP-1 in relation with time and AUC0–180 min for all the different types of treatments. Data are expressed as means ± SEM; n = 16. The same colour scheme was used for all the graphs. All AUC0–180 min means significant differences (p < 0.02) in each group. Treatment groups: (GB) Glucose solution or reference product; (ET) standard nutritional supplement not specific for diabetics; (GS) resistant maltodextrin and sucromalt supplement; (DI) isomaltulose and resistant starch supplement. GIP: glucose-dependent insulinotropic polypeptide; GLP-1: glucagon-like peptide 1. 
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Figure 2. Time course and formula of postprandial perception of hunger, desire to eat, fullness, prospective food consumption, subjective appetite and AUC0–180 min values following ingestions of GB, ET, GS and DI. (A) hunger in relation with time and formula; (B) desire to eat in relation with time and formula, (C) fullness in relation to time and formula, (D) prospective food consumption in relation with time and formula and (E) subjective appetite in relation with time and formula. Data are expressed as means ± SEM, (n = 16). Data comparisons about differences in subjective measurements of appetite according to consumption tests are described in Table 5. The same colour scheme was used for all graphs. All means of AUC0–180 min showed significant differences (p < 0.02) in each group. Treatment groups: (ET) standard nutritional supplement not specifically for people with diabetes. (GS) Resistant maltodextrin and sucromalt supplement. (DI) Isomaltulose and resistant starch supplement. 






Figure 2. Time course and formula of postprandial perception of hunger, desire to eat, fullness, prospective food consumption, subjective appetite and AUC0–180 min values following ingestions of GB, ET, GS and DI. (A) hunger in relation with time and formula; (B) desire to eat in relation with time and formula, (C) fullness in relation to time and formula, (D) prospective food consumption in relation with time and formula and (E) subjective appetite in relation with time and formula. Data are expressed as means ± SEM, (n = 16). Data comparisons about differences in subjective measurements of appetite according to consumption tests are described in Table 5. The same colour scheme was used for all graphs. All means of AUC0–180 min showed significant differences (p < 0.02) in each group. Treatment groups: (ET) standard nutritional supplement not specifically for people with diabetes. (GS) Resistant maltodextrin and sucromalt supplement. (DI) Isomaltulose and resistant starch supplement.



[image: Nutrients 11 01477 g002]







[image: Table]





Table 1. Macronutrient composition of the oral nutritional supplements per 100 mL.
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	Composition
	ET
	DI
	GS





	Calories (kcal)
	105
	104
	93



	Protein (g)
	3.8
	4.9
	4.3



	Fat (g)
	2.5
	3.8
	3.5



	Saturates (g)
	0.4
	0.5
	0.3



	Monounsaturates (g)
	0.8
	2.2
	2.1



	Polyunsaturates (g)
	1.3
	1.1
	0.9



	Total carbohydrate (g)
	17.3
	11.7
	10.9



	Sugar (g)
	10.0
	8.3
	1.7



	Dietary Fibre (g)
	1.0
	2.0
	1.8



	Soluble (g)
	0.0
	1.6
	1.8



	Non-soluble (g)
	0.0
	0.4
	0.0



	Chromium (µg)
	12.7
	12.0
	5.0



	Portion size (mL)
	100
	100
	100







Ensure® (ET): A standard oral nutritional supplement which is non-specific for diabetic patients. Diasip® (DI): Isomaltulose and resistant starch oral nutritional supplement. Glucerna® (GS): Resistant maltodextrin and sucromalt oral nutritional supplement.
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