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It is well-appreciated that the diet is a crucial tool to counteract cardiometabolic disturbances due to its impact on blood glucose concentration and gut microbiome. This retrospective analysis aimed to examine whether the inclusion of isomaltulose and prebiotic inulin-type fructans (ITF) into the habitual diet has an impact on glycemic control and gut microbiota. Furthermore, we examined interindividual differences in glycemic response to sugar replacement with isomaltulose. We retrospectively analyzed data of 117 individuals who participated in a digital nutrition program including a 14-day continuous glucose measurement. Participants underwent six test days with sweetened drinks (isomaltulose vs. sucrose) consumed with their usual breakfasts and lunches. Dinner was supplemented with ITF for 11 days. Postprandial glycemia and 24 h-glycemic variability were determined following test meals and days, respectively. Fecal microbiota was analyzed by 16S rRNA sequencing before and after test phase. Meals with isomaltulose-sweetened drinks compared to meals with sucrose-sweetened drinks induced lower postprandial glycemia. Moreover, glucose oscillations over 24 h were lower on isomaltulose when compared to sucrose test days and improved further during ITF supplementation. Furthermore, ITF modulated gut microbiota composition beneficially. Responder analysis revealed that 72% of participants benefited from the sugar replacement with isomaltulose and that their gut microbiota differed from the low responders. Taken together, the incorporation of isomaltulose and ITF into the habitual diet was shown to be an effective strategy to improve glucose control and beneficially modulate gut microbiota, and thereby aid to maintain metabolic health. Data indicate interindividual differences in glycemic response to ingredients and suggest that gut microbiota might be somehow related to it.
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INTRODUCTION

There is a high prevalence of impaired glucose tolerance and prediabetes in the general population (1, 2). In turn, hyperglycemia as well as a high glycemic variability are important risk factors for cardiometabolic diseases and type 2 diabetes (T2D) (3–5). Consequently, there is an urgent demand for effective strategies to prevent elevated blood glucose concentrations. A central element in those strategies are dietary modifications since individual diet represents a fundamental determinant of blood glucose regulation (6, 7).

A systematic reduction of the dietary glycemic index (GI) could be an important approach to improve postprandial glucose response. It has been shown previously that replacing rapidly digestible, high-GI foods by slowly digestible, low-GI foods contributes to reduced postprandial glycemia and insulinemia and lowers glycemic variability (8–11). Moreover, there is sufficient evidence that a frequent consumption of high-GI foods is associated with an increased risk of cardiometabolic diseases when compared to a diet rich in low-GI foods (12, 13).

However, regardless of the established benefits of a low-GI diet for the general population, the glycemic response to identical foods is subject to considerable interindividual variability (14–16). Therefore, in order to meet personalized dietary needs, individualized recommendations rather than general dietary advice could be useful to obtain the greatest possible improvements in daylong glycemia (17, 18). Zeevi et al. (18) were the first to systematically examine potential determinants of the high interindividual variability of postprandial glucose response in an expressive study population. Apart from factors like anthropometrics, lifestyle behaviors and clinical parameters, the gut microbiota has been identified as an important predictor of individual glycemic response. Furthermore, applying personalized dietary interventions resulted in lower postprandial glycemia and consistent changes in gut microbiota (18). Besides Zeevi and colleagues, also other researchers demonstrated a strong link between gut microbiota and glycemia or associated outcomes (19–21), and hence, the targeted modulation of the microbiota seems to be a further suitable approach to improve blood glucose regulation.

An established way to achieve a beneficial shift in microbiota is the supplementation with prebiotics (22, 23). This approach would furthermore increase the daily fiber intake and thus help to fill the existing “fiber gap” (24), which is, given the essential role of dietary fibers in maintaining human health, of high interest (25).

For this retrospective analysis, data have been drawn from a general population analysis originally performed by Perfood GmbH. The initial research aim was to include isomaltulose and prebiotic inulin-type fructans as a part of freely chosen test meals in order to confirm the quality of the methodology used in the digital nutrition program.

Isomaltulose (tradename Palatinose™, ISO) is a fully digestible, low-GI sucrose isomer naturally occurring in honey and sugar cane juice (26). Since the α-1,6-glycosidic bond between fructose and glucose molecules is stronger compared to e.g., that of sucrose, its digestion is lower, which leads to a lower and more sustained postprandial glycemia accompanied by a lower glycemic variability (26).

Inulin-type fructans (ITF) are prebiotic dietary fibers naturally occurring in plants, such as onions, artichokes, chicory or garlic (23). Through the selective fermentation of ITF by gut bacteria, especially Bifidobacteria, they mediate health-promoting effects (23).

In this retrospective analysis, we examined whether the intervention with two functional food ingredients with established health benefits, that are slowly digestible, low-GI ISO, and prebiotic ITF, is an effective strategy to improve blood glucose control and modify gut microbiota in a real-life setting. Furthermore, we evaluated differences in the individual responses and aimed to identify participants who particularly benefit from the ingredients and whether these could be distinguished by their underlying gut microbiota composition.



METHODS


Initial Intention of the Investigation

The initial investigation was a general population analysis conducted by Perfood GmbH (Germany), a company offering a digital nutrition program aiming to control body weight by applying personalized nutrition recommendations. More specifically, interested persons can run a 2-week test phase which includes freely chosen test meals. Individual responses to test meals using state-of-the-art methodology, i.e., continuous glucose monitoring (CGM) and gut microbiome RNA sequencing, are analyzed and personalized, tailored nutrition recommendations derived.

To prove the quality of the methodology and software used, Perfood GmbH included the commercially available functional ingredients, Palatinose™ and Orafti®Synergy1 provided by BENEO GmbH, in their digital nutrition program. Since this was part of the evaluation of test meals, no ethical committee approval was required.



Design

In total, 120 volunteers from the general population were recruited by Perfood GmbH using different social media channels. In total, 117 participants completed the sensor-assisted test phase; 231 gut microbiota samples were collected. All participants gave their informed consent to use their anonymized data for scientific purposes. The Institute of Nutritional Medicine at the University of Lübeck was asked to evaluate the data regarding human metabolism in order to subsequently prepare prospective clinical trials.

The participants took part in a 14-day test phase throughout which glucose response was tracked continuously. Therefore, participants were instructed to insert the glucose monitoring sensor on day 1 and remove it on day 14. During the test phase, participants were allowed to freely choose their meals. Besides this, on selective days, they were asked to consume test drinks containing either isomaltulose (ISO; Palatinose™, BENEO GmbH, Germany) or sucrose (saccharose, SAC; Südzucker AG, Germany) together with their habitual breakfast and lunch. More specifically, SAC drinks were consumed on days 2, 7, and 12, whereas ISO drinks were consumed on days 3, 8, and 13 (Figure 1). Therefore, instant powders containing 30 g of available carbohydrates were dissolved in 250 ml water. The participants were allowed to have their habitual breakfast and lunch without further instructions; additionally, they were asked to eat comparable meals on all test days. Both, the participants, and the data analyst were blinded, with un-blinding taking place after data analysis. From day 4, participants were asked to supplement their daily diet with 10 g prebiotic ITF (i.e., an oligofructose-enriched inulin, Orafti®Synergy1, BENEO GmbH, Germany) which was consumed together with their habitual dinner.
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FIGURE 1. Study design. Drinks containing the sucrose (SAC) and isomaltulose (ISO) were consumed with breakfasts and lunches on days 2, 7, 12 for SAC and 3, 8, 13 for ISO. During the study, drink composition was double-blinded. Prebiotic inulin-type fructans were supplemented from day 4 until day 14. Continuous glucose monitoring sensor (CGMS) was inserted on day 1 and removed on day 14. The stool samples were collected on days 1 and 14.


At the beginning and end of the test phase, participants were instructed to take stool samples and to complete a medical questionnaire. Relevant lifestyle habits such as food intake or sport activities were tracked with the MillionFriends App (www.millionfriends.de).



Glucose Measurements

Continuous glucose monitoring (CGM) was performed daily throughout the test phase using the Abbott FreeStyle Libre system (Abbott GmbH, Germany). Postprandial glycemic response following the ingestion of test meals (i.e., breakfast and lunch with SAC and ISO drinks) was expressed by the AUCi (incremental area under the curve). The AUCi was calculated by the trapezoidal rule using the glucose values determined during 120 min after the meals have been logged by the participants into the MillionFriends App. For further characterization of glycemic control, additional parameters such as glucose peak (Cmax), glucose nadir (Cmin) as well as the times at which peak (Tmax) and nadir (Tmin) occur were determined for 180 min post-meal. Of note, participants were instructed to have a minimum interval of 2 h between two meals and/or a meal and any physical activity. Mean amplitude of glucose excursion (MAGE) over 24 h was calculated using the R package gluvarpro version 2.0.0 in order to compare the glycemic variability between consecutive SAC and ISO test days at the beginning (day 2 vs. 3), the middle (day 7 vs. 8), and end (day 12 vs. 13) of the test phase. Higher MAGE values reflect greater glycemic variability indicating a greater amplitude of glycemic fluctuations over a 24 h period. Moreover, the glycemic variability on test days at the beginning (i.e., days 2 and 3) was compared with that on a control day. Since at baseline, on day 1, CGM calibration took place, day 4 was used which was a day without test drink consumption and the first day of ITF supplementation.

To characterize glycemic condition of the participants, detailed glucose profiles were used to calculate fasting glucose concentrations, average glucose concentrations as well as glycated hemoglobin (HbA1c). Fasting glucose was determined as the baseline glucose concentration using a proprietary algorithm developed by Perfood GmbH. Briefly, the baseline is predicted on daily individual 24 h glucose profiles combined with data from individual medical records. HbA1c was calculated following Temsch et al. by multiplying the average glucose concentration of the complete test phase with 0.03 and adding 2.6 (27). Of note, HbA1c as calculated in this study is not of the same quality as HbA1c measured in standardized laboratories.



Fecal Microbiota Analysis

The fecal microbiota composition was analyzed via 16S ribosomal DNA sequencing. For this purpose, participants sent in two stool samples taken on days 1 and 14 of the test phase (Figure 1). The samples were stored in PSP Spin Stool DNA plus kit provided by Invitek Molecular (Germany) with 8 ml DNA stabilizer. After arrival, samples were stored at −80°C. Extraction, isolation, and sequencing was performed at Microsynth AG (Switzerland). Postal transfer to the lab was performed at room temperature. After sequencing, microbiome data were imported as “fastq files” and preprocessed using an in-house pipeline comprising merging of paired reads, quality filtering, chimera removal using vsearch (v2.8.0) and taxonomic assignment against NCBI 16s databases using malt (v0.4.1). Preprocessed files were converted into biom format and analyzed using R packages phyloseq (1.30.0) and vegan (2.5–6). Alpha diversity was estimated using Chao1 and Shannon index, beta diversity was estimated using Bray-Curtis dissimilarity and principal coordinate analysis (PCoA) was used to visualize the results. Sequencing data used for this study were submitted to the European Nucleotide Archive (ENA) and are available under accession number PRJEB49980.



Responder Analysis

Since participants differed in the extent of their response to the ISO and SAC test drinks, a responder analysis has been performed. For this, the difference in MAGE between days 3 (ISO) and 2 (SAC) was considered as main readout. With a minimum difference of 7.5%, individuals were considered as good responders. Consequently, a participant was classified as a good responder with a ratio above 1.075 and as a low responder with a ratio below 0.925. To classify responders, only participants that ate all three sets of required breakfasts (days 2 vs. 3, 7 vs. 8, 12 vs. 13; n = 70) were included. In order to compare the composition of the fecal microbiome between good and low responders, stool sample 1 was used.



Statistical Analysis

Statistical analyses were performed using R (v3.6.2). Statistical tests were performed using non-parametric tests (Wilcoxon–tests and Kruskal–Wallis test). If necessary, tests were performed in a paired test framework. Statistical significances were reported using uncorrected p-values or p-values that were corrected for multiple testing using Benjamini–Hochberg correction (denoted as q-values). Differences in beta diversity were assessed by permutational multivariate analysis of variance (PERMANOVA) using distance matrices with 9,999 permutations to calculate significance values.




RESULTS


Cohort Description

In total, 117 participants completed the sensor-assisted test phase; 231 microbiota samples were collected. The study cohort consisted of 73.5% female (n = 86) and 26.5% male (n = 31). Mean age was 42.9 years. Mean weight was 84.9 kg with a mean BMI of 28.7 kg/m2 (Table 1).


Table 1. Baseline characteristics of the test cohort as well as a randomly assigned reference cohorta, b.
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In order to examine whether the test cohort represents people usually participating in the digital nutrition program from Perfood without the inclusion of functional ingredients, a cohort was randomly assigned from the MillionFriends database (in the following called reference cohort). For this, an equal subject number (n = 117) was randomly selected without any pre-filtering for any covariate (e.g., age, weight, or gender; Table 1).

The reference cohort consisted of 75.5% (n = 88) female and 24.8% (n = 29) male. The mean age of the reference cohort was 42.4 years which did not differ from the test cohort. The participants of the test cohort when compared to the reference cohort reported a higher weight (84.9 vs. 77.8 kg) but a lower mean weight increase (0.45 vs. 2.18 kg) over the 12 months before the test phase. The body mass index (BMI) was 1.8 kg/m2 higher for participants of the test cohort when compared to the reference. The distribution of the body weight in the categories underweight, normal weight, overweight, and obesity WHO grade I° to WHO III° did not differ between the test and the reference cohort. Of the test cohort, 34.2% were overweight and 35.1% were obese. On average the participants in the test cohort were 9.4 h physically active per week (sports, household, garden work), which was in the range of the reference cohort.

Mean daily energy, macronutrient and fiber intake did not differ between test and reference cohorts (Table 1). To avoid any underreporting bias, for mean energy intake calculation, only days were included on which in total >1,200 kcal were logged into the MillionFriends app. On average, participants of the test cohort received 45.4% of daily energy from carbohydrates, 36.0% from fat, and 16.2% from proteins. Mean daily fiber intake was 28.6 and 21.4 g in the test and reference cohort. Difference between cohorts can be explained by the additional fiber intake in the test cohort which is included in the analysis. Thus, data show that only after supplementing the diet with dietary fiber, the recommended intake level of 30 g/d were almost reached. Taken together, nutrient parameters indicate similar dietary habits of test cohort when compared to the reference cohort.

The mean of the continuous glucose values obtained during the test phases, i.e., fasting glucose, average glucose and the calculated HbA1c were higher in the test cohort as compared to the reference cohort (Table 1).

The breakfasts and lunches at which the participants had the ISO and SAC drinks were, except for the drinks, freely chosen by the participants. Therefore, energy and macronutrient intakes of the meals on days 2, 7, 12 for SAC and on days 3, 8, 13 for ISO were analyzed and compared. This was performed to rule out these factors as confounders when analyzing glycemic reactions. For the analysis of nutrient composition of the breakfasts and lunches, only participants who consumed all six breakfasts and lunches with the test drinks were included. Accordingly, analysis for breakfast and lunch was done in 70 and 65 participants, respectively.

Neither the energy nor the amount of carbohydrates, proteins, or fat differed between test meals with SAC or ISO drinks (Supplementary Figure 1). This indicates that the meals can be used for a proper comparison of glycemic reactions to the test drinks.

In addition, the daily energy and macronutrient intakes were compared between consecutive SAC and ISO test days at the beginning (days 2 and 3), the middle (days 7 and 8), and the end (days 12 and 13). The analysis revealed that daily energy intake as well as the amount of carbohydrates, proteins, and fat were similar when comparing SAC and ISO test days (data not shown).



Glucose Response—Comparing the Effects of ISO and SAC

To address the question whether meals consumed with ISO induced a lower postprandial glucose response, the absolute glucose values from 35 min before meal intake (gray line) to 130 min after meal intake were pooled (Figure 2). For this again n = 637 breakfasts (SAC n = 319, ISO n = 318) and n = 597 lunches (SAC n = 301, ISO n = 296) were considered. For both meals, breakfast and lunch, mean glucose values after meal intake were lower with ISO compared to SAC in the first hour, while mean glucose remained higher with ISO in the second hour post-prandially (Figure 2).
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FIGURE 2. Pooled postprandial glucose response following the ingestion of test meals: (A) breakfast and (B) lunch with either the SAC drink (green) or the ISO drink (blue) at single time points (n = 319 and n = 318 for breakfast with SAC and ISO; n = 301 and n = 296 for lunch with SAC and ISO).


Two-hour glycemic response (i.e., AUCi2h) following the breakfast with ISO was significantly lower when compared to the breakfast with SAC in the middle (day 7 vs. 8) and at the end (day 12 vs. 13) of the test phase (Table 2). Glucose peak (Cmax) was consistently lower after breakfast and lunch with ISO drinks as compared to meals with SAC drinks, albeit this was statistically significant for breakfast at the beginning of the test phase only, i.e., on day 3 vs. 2. Moreover, glucose peak occurred later when ISO was added to the meals as compared to SAC which was significant for the breakfasts at the beginning of the test phase (i.e., days 2 vs. 3) as well as for all lunches (Table 2). With respect to the glucose nadir (Cmin), in comparison to the addition of SAC, significant higher values were observed for the breakfast and lunch with ISO drinks at the beginning of the test phase (i.e., days 3 vs. 2; Table 2). Thus, data confirm higher minimal glucose concentrations and thereby indicating a prolonged glucose supply. Regarding the time when glucose nadir occurred, the only difference was observed following the lunch on days 7 and 8, showing a later Cmin with SAC in comparison to ISO (Table 2).


Table 2. Glycemic response to the test mealsa.
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To determine glucose variability, MAGE over 24 h was calculated and compared between consecutive SAC and ISO test days at the beginning (days 2 and 3), the middle (days 7 and 8) and the end (days 12 and 13) of the test phase. Data reveal a significant difference between ISO and SAC days at the beginning and the end of the test phase, clearly indicating lower glucose oscillations on ISO days (Figures 3A,C). On days 7 and 8 no difference was detected (Figure 3B).


[image: Figure 3]
FIGURE 3. Mean amplitude of glycemic excursions (MAGE) over 24 h following test breakfasts containing SAC or ISO consumed on consecutive test days: (A) day 2 vs. 3, (B) day 7 vs. 8, (C) day 12 vs. 13. Significant differences between test breakfasts were assessed using the Wilcoxon test: p < 0.05.


The comparison between MAGE on test days at the beginning (i.e., day 2 and 3) and the control day (i.e., day 4) demonstrated a similar glycemic variability on the SAC test day as compared to the control day. In contrast, glycemic variability on the ISO test day was lower compared to both, the SAC test day and the control day (Supplementary Figure 2).



Glucose Response—Effects of Continuous Prebiotic Supplementation

In order to analyze potential effects of ITF on glycemic variability, MAGE over 24 h of the ISO and SAC test days at the beginning were compared to those at the end of the test phase after 8–9 days of ITF intake. Accordingly, for ISO, MAGE on day 3 was compared to MAGE on day 13, whereas for SAC, comparison was made between MAGE on day 2 vs. 12. Irrespective of the carbohydrate consumed, a significant decrease in glycemic variability over time, and thus, after ITF supplementation was noted (Figure 4).
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FIGURE 4. Mean amplitude of glycemic excursions (MAGE) over 24 h following test breakfasts containing (A) SAC or (B) ISO at the beginning and the end of intervention. Significant differences were assessed using the Wilcoxon test: p < 0.05.




Fecal Microbiota

ITF are accepted prebiotics known to impact intestinal microbiota composition. Accordingly, we performed a comparative analysis of fecal microbiome on day 1 before ITF supplementation and on day 14 after continuous ITF supplementation of n = 103 subjects. After 16S gene sequencing and preprocessing, 32.922 ± 16.794 contigs (mean) were reached and represent taxonomic annotation. For comparison a subsampling of 7,400 contigs was performed.

On phylum level, relative abundance of Actinobacteria significantly increased over the course of ITF supplementation (Figure 5A). Other phyla and the Firmicutes/Bacteroidetes ratio did not differ significantly (q > 0.05).
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FIGURE 5. Gut microbiome profiles before and after prebiotic supplementation. (A) Relative phylum abundance, (B) relative abundance of the genera Anaerostipes, Bifidobacterium, Collinsella, and Eubacterium, (C) alpha diversity, (D) Beta diversity (Principal Coordinate Analysis of Bray-Curtis dissimilarity). Significant differences were assessed using Wilcoxon-test and p-values were adjusted for multiple testing (q-values); asterisk denote significant differences on phylum abundance.


Analyzing differences in the relative abundance of genera revealed that Bifidobacteria, Collinsella, and Anaerostipes increased, and Eubacterium decreased over the course of ITF supplementation (q-values: Bifidobacterium q < 0.001, Collinsella q < 0.001, Anaerostipes q < 0.05, Eubacterium q < 0.001; Figure 5B).

In line with the genera changes, beta diversity changed between the two sample points of the study (PERMANOVA: p = 0.0001, R2 = 0.03067), while alpha diversity remained stable. This clearly indicates a community shift but no change in species numbers after ITF intake (Figures 5C,D).



Responder Analyses

A cut-off of 7.5% was used to classify good responders and low responders based on the difference in MAGE between SUC test day 2 vs. ISO test day 3. In total, 50 participants were found to be good responders (71% of n = 70), whereas 20 were found to be low responders (29% of n = 70). None of the participants was classified as a negative responder. A stratification of the different responders regarding age, gender, weight parameters, glucose parameters, and nutritional parameters revealed no differences.

For comparing the fecal microbiome between the different responders, n = 50 and n = 19 stool samples were available from good and low responders. After 16S gene sequencing and preprocessing, 31.292 ± 12.133 contigs (mean) were reached and represent taxonomic annotation. For comparison, a subsampling of 9,200 contigs was performed. On phylum level, no difference was detected between good responders and low responders (Figure 6A). However, on genus level significant differences (q < 0.05) have been found (Figure 6B). The relative abundance of Eubacterium were higher and Parabacteroides were lower in good responders as compared to low responders. The ratio between Firmicutes and Bacteroidetes revealed a trend for a higher value in good responders (Figure 6C, p = 0.097). No differences were seen in alpha (Chao1, Shannon) or beta (Bray-Curtis) diversity (data not shown).
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FIGURE 6. Gut microbiome profiles in good and low responders. (A) Relative phylum abundance, (B) abundance of the genera Eubacteria and Parabacteroides, (C) the ratio of Firmicutes to Bacteroidetes (log10). Significant differences were assessed using Wilcoxon test and p-values were adjusted for multiple testing (q-values).





DISCUSSION

Several human intervention studies demonstrated the acute blood glucose-lowering effects of ISO when compared to rapidly available, high-glycemic index carbohydrates (26, 28, 29). Furthermore, prebiotic ITF have been shown to improve postprandial glycemic response (30–32). However, these effects have not been investigated yet in real-life trials. Therefore, to our knowledge, this retrospective study is the first one to explore the physiological effects of ISO and ITF on glycemic response and gut microbiome composition in volunteers from the general population in a habitual, real-world lifestyle setting.

As major findings, the consumption of ISO drinks instead of SUC drinks with usual breakfasts and lunches lowered postprandial glycemia as well as 24-h glycemic variability. Furthermore, glycemic variability improved in the course of the 11-day ITF supplementation. Besides this, continuous supplementation with prebiotic ITF selectively modified gut microbiome composition, characterized by a significant increase in the relative abundance of Bifidobacteria. These observations are in line with previous evidence from clinical trials (31, 33–35).

Like different previous studies, we used CGM to determine individual glycemia. This approach facilitates a detailed analysis of glycemic variability, which is of outstanding relevance in diabetes management (36). Recurrent glucose fluctuations contribute to the development and progression of cardio-metabolic disturbances (3), making them even worse than a constantly high glycemia (37–41).

Our findings on glycemic variability, i.e., the acute reduction in MAGE when comparing two subsequent test days as well as the additional reduction in MAGE over time, reflect the different mechanisms by which ISO and ITF influence glycemia.

More specifically, ISO exerts an acute glucose-lowering effect when replacing high-GI carbohydrates as a consequence of the slower hydrolysis and absorption in the small intestine. In contrast, ITF mainly exerts longer-term benefits on glycemia due to its intestinal fermentation.

The present findings on acute MAGE are in line with a 3-day cross-over intervention study in Chinese, demonstrating a reduction in 24-h glycemic variability when sucrose was replaced by isomaltulose (8). Similar findings were observed by an inactivity study conducted by Keller et al. in healthy, active men (42). After only 1 week of physical inactivity and the consumption of high-GI beverages containing a maltodextrin-sucrose mixture, young men showed a deterioration of glycemic variability (i.e., MAGE). The increase in MAGE evoked by physical inactivity was significantly prevented by the consumption of low-GI beverages with ISO (42).

One plausible explanation for the acute effects of ISO on MAGE is the increased secretion of glucagon-like peptide 1 (GLP-1) and the decreased secretion of glucose-induced insulinotropic peptide (GIP). Besides the insulin-enhancing feature, GLP-1 triggers pancreatic beta-cell proliferation as well as differentiation, which in total leads to the contribution of GLP-1 to limit glucose excursions (43, 44). The GLP-1 increase followed by GIP suppression due to ISO intake has been demonstrated in several intervention studies before (9, 28, 42, 45, 46).

Moreover, we demonstrated a decrease in glycemic variability over time. In agreement, previous studies showed an improvement in different aspects of glucose metabolism following continuous ITF consumption, such as lower postprandial glycemic response to a standardized meal or improved insulin sensitivity (47–50). The beneficial effect on metabolic parameters can be attributed to the selective fermentation of ITF by the gut microbiota. By this, ITF acts as a prebiotic that stimulates the production of bacterial metabolites, like SCFA (23), which are suggested to be key mediators of both, intestinal physiology (e.g., gut integrity, inflammation) and metabolic health (e.g., glucose and energy homeostasis) (51–53). Animals and human studies have furthermore demonstrated an inulin-induced increase in GLP-1 and peptide YY (PYY) which was linked to improved insulin sensitivity, decreased appetite, and reduced body weight gain (47, 49, 54–58). Remarkably, irrespective of the effect achieved by ITF, the difference in glycemic variability between ISO and SAC test days remained even at the end of the intervention. Even though the functional food ingredients, ISO and ITF, work “hand-in-hand” in ameliorating glycemic variability, further research is warranted to elucidate the synergistic nature of these effects.

In terms of the gut microbiome composition, an increase in the relative abundance of Actinobacteria as well as Bifidobacteria was detected, which is well in line with numerous clinical studies showing the inulin-induced bifidogenic effect (31, 33–35). Bifidobacteria have been shown to be beneficial for human health (22, 59). Furthermore, our data confirm previous findings of an increase in butyrate-producing and thus health-promoting Anearostipes (31, 60). Taken together, our data confirm the hypothesis of an ITF-induced selective modulation of the gut microbiota composition, also under habitual living conditions and a real-life setting.

Blood glucose regulation is subject to a high interindividual variability (18, 61). Recent data indicate that a person's individual glycemic response might be predicted by anthropometrics or gut microbiota composition (14, 18). We also observed a high interindividual variability in terms of the postprandial glucose response as well as the glycemic variability. With regards to MAGE, we speculate that the improvement in glycemic variability with ISO also varies between individuals and that these individuals differ in their characteristics related to anthropometrics, metabolic- or microbiome-related variables. Remarkably, the assignment of individuals to good responders and low responders according to their magnitude of glycemic fluctuations revealed that the majority showed pronounced improvements while none experienced a disadvantage of the replacement of SAC with ISO.

Microbiome analyses indicated a difference regarding the Firmicutes:Bacteroidetes (F:B) ratio between good responders and low responders. The F:B ratio has been shown earlier to be positively associated with obesity and its comorbidities (19, 62, 63). Our findings demonstrate a trend for a higher F:B ratio in good responders. Due to this finding, we hypothesize that good responders might be characterized by a rather unfavorable metabolic phenotype, e.g., higher body weight, BMI, or insulin resistance. If so, those participants may benefit even more from low-GI carbohydrates and prebiotic fibers.

Our study as a retrospective analysis has several strengths: Data were obtained in a relatively large and heterogenous sample from the general population under habitual lifestyle conditions. The analyses demonstrate the relevant benefits of the functional ingredients tested when integrated into the daily diet. The parameters which were available for this analysis were determined using state-of-the-art microbiome analysis, i.e., 16S rRNA sequencing, as well as increasingly important and very detailed CGM.

We do acknowledge some limitations. Since this was a retrospective analysis, we did not have the possibility to examine the impact on further metabolic parameters like insulinemia, gut hormones, or SCFA. Because of the initial aim of this real-life investigation, there was no control arm for the ITF intervention and potentially relevant confounding factors, such as physical activity or lifestyle changes, cannot be excluded. In addition, the ad libitum meals were self-reported as was the adherence to the ingredients by the participants.



CONCLUSION

With this retrospective analysis of data from a real-life setting, we demonstrated that the integration of functional food ingredients could exert beneficial health effects and thereby improve diet's quality, as a major determinant for health.

More specifically, we showed that combining prebiotic inulin-type fructans and the low-GI carbohydrate, isomaltulose, in the habitual diet benefits on the postprandial and daylong glycemia, as well as intestinal microbiota. The effects observed were robust even in such a very heterogenous population and not overruled by the habitual diet and usual lifestyle. Still, we detected interindividual differences and data reveal persons who might profit even more from the benefits of the ingredients. Lastly, we provide evidence for a synergistic effect of ISO and ITF on glycemia. Further research in prospective trials is essential to confirm our observations.



DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the European Nucleotide Achive repository, accession number PRJEB49980; https://www.ebi.ac.uk/ena/browser/view/PRJEB49980.



ETHICS STATEMENT

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

CS and TS contributed to the conception and design of the digital nutrition program and performed data collection. LS and ST provided scientific input for the retrospective data analysis. AKü and HB performed the statistical analysis. AKo, MS, and LS wrote the first draft of the manuscript. All authors read and approved the submitted manuscript.



FUNDING

Financial support of the modified digital nutrition program was provided by BENEO GmbH (Mannheim, Germany) a member of the Südzucker Group. BENEO GmbH reserves the exclusive right to use the results and data for possible Health Claim requests. HB acknowledges funding by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany's Excellence Strategy—EXC 22167-390884018. The authors declare that this study received funding from BENEO GmbH/Südzucker Group. The funder had the following involvement in the study: provided the test products, LS and ST provided scientific input for the retrospective data analysis, LS contributed to the first draft of the manuscript.



ACKNOWLEDGMENTS

We would like to thank all volunteers for their participation in this real-life study. HB and AKü acknowledge computational support from the OMICS compute cluster at the University of Lübeck.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.829933/full#supplementary-material



REFERENCES

 1. Cho NH, Shaw JE, Karuranga S, Huang Y, da Rocha Fernandes JD, Ohlrogge AW, et al. IDF diabetes Atlas: global estimates of diabetes prevalence for 2017 and projections for 2045. Diabetes Res Clin Pract. (2018) 138:271–81. doi: 10.1016/j.diabres.2018.02.023

 2. Edwards CM, Cusi K. Prediabetes: a worldwide epidemic. Endocrinol Metab Clin North Am. (2016) 45:751–64. doi: 10.1016/j.ecl.2016.06.007

 3. Forbes JM, Fotheringham AK. Vascular complications in diabetes: old messages, new thoughts. Diabetologia. (2017) 60:2129–38. doi: 10.1007/s00125-017-4360-x

 4. Brannick B, Dagogo-Jack S. Prediabetes and cardiovascular disease: pathophysiology and interventions for prevention and risk reduction. Endocrinol Metab Clin North Am. (2018) 47:33–50. doi: 10.1016/j.ecl.2017.10.001

 5. Huang Y, Cai X, Mai W, Li M, Hu Y. Association between prediabetes and risk of cardiovascular disease and all-cause mortality: systematic review and meta-analysis. BMJ. (2016) 355:i5953. doi: 10.1136/bmj.i5953

 6. Gallwitz B. Implications of postprandial glucose and weight control in people with type 2 diabetes: understanding and implementing the International Diabetes Federation guidelines. Diabetes Care. (2009) 32(Suppl. 2):S322–5. doi: 10.2337/dc09-S331

 7. Russell WR, Baka A, Björck I, Delzenne N, Gao D, Griffiths HR, et al. Impact of diet composition on blood glucose regulation. Crit Rev Food Sci Nutr. (2016) 56:541–90. doi: 10.1080/10408398.2013.792772

 8. Henry CJ, Kaur B, Quek RY, Camps SG. A low glycaemic index diet incorporating isomaltulose is associated with lower glycaemic response and variability, and promotes fat oxidation in Asians. Nutrients. (2017) 9:473. doi: 10.3390/nu9050473

 9. 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) 100:1059–68. doi: 10.3945/ajcn.113.076638

 10. Hon HW, Wong TH, Tse IM, Louie JC. The effect of a low glycaemic index diet on reducing day-long glycaemia in healthy young adults: a randomized crossover trial. Diabetes Obes Metab. (2020) 22:2398–407. doi: 10.1111/dom.14167

 11. Livesey G, Taylor R, Hulshof T, Howlett J. Glycemic response and health–a systematic review and meta-analysis: relations between dietary glycemic properties and health outcomes. Am J Clin Nutr. (2008) 87:258S−68S. doi: 10.1093/ajcn/87.1.258S

 12. Jenkins DJ, Dehghan M, Mente A, Bangdiwala SI, Rangarajan S, Srichaikul K, et al. Glycemic index, glycemic load, and cardiovascular disease and mortality. N Engl J Med. (2021) 384:1312–22. doi: 10.1056/NEJMoa2007123

 13. Zhang J-Y, Jiang Y-T, Liu Y-S, Chang Q, Zhao Y-H, Wu Q-J. The association between glycemic index, glycemic load, and metabolic syndrome: a systematic review and dose-response meta-analysis of observational studies. Eur J Nutr. (2020) 59:451–63. doi: 10.1007/s00394-019-02124-z

 14. Mendes-Soares H, Raveh-Sadka T, Azulay S, Edens K, Ben-Shlomo Y, Cohen Y, et al. Assessment of a personalized approach to predicting postprandial glycemic responses to food among individuals without diabetes. JAMA Netw Open. (2019) 2:e188102. doi: 10.1001/jamanetworkopen.2018.8102

 15. Vega-López S, Ausman LM, Griffith JL, Lichtenstein AH. Interindividual variability and intra-individual reproducibility of glycemic index values for commercial white bread. Diabetes Care. (2007) 30:1412–7. doi: 10.2337/dc06-1598

 16. Vrolix R, Mensink RP. Variability of the glycemic response to single food products in healthy subjects. Contemp Clin Trials. (2010) 31:5–11. doi: 10.1016/j.cct.2009.08.001

 17. Shamanna P, Dharmalingam M, Sahay R, Mohammed J, Mohamed M, Poon T, et al. Retrospective study of glycemic variability, BMI, and blood pressure in diabetes patients in the digital twin precision treatment program. Sci Rep. (2021) 11:14892. doi: 10.1038/s41598-021-94339-6

 18. Zeevi D, Korem T, Zmora N, Israeli D, Rothschild D, Weinberger A, et al. Personalized nutrition by prediction of glycemic responses. Cell. (2015) 163:1079–94. doi: 10.1016/j.cell.2015.11.001

 19. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature. (2006) 444:1027–31. doi: 10.1038/nature05414

 20. Karlsson FH, Tremaroli V, Nookaew I, Bergström G, Behre CJ, Fagerberg B, et al. Gut metagenome in European women with normal, impaired and diabetic glucose control. Nature. (2013) 498:99–103. doi: 10.1038/nature12198

 21. Zhang X, Shen D, Fang Z, Jie Z, Qiu X, Zhang C, et al. Human gut microbiota changes reveal the progression of glucose intolerance. PLoS ONE. (2013) 8:e71108. doi: 10.1371/journal.pone.0071108

 22. Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ, et al. Expert consensus document: the International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scope of prebiotics. Nat Rev Gastroenterol Hepatol. (2017) 14:491–502. doi: 10.1038/nrgastro.2017.75

 23. Gibson GR, Roberfroid MB. Dietary modulation of the human colonic microbiota: introducing the concept of prebiotics. J Nutr. (1995) 125:1401–12. doi: 10.1093/jn/125.6.1401

 24. Stephen AM, Champ MM-J, Cloran SJ, Fleith M, van Lieshout L, Mejborn H, et al. Dietary fibre in Europe: current state of knowledge on definitions, sources, recommendations, intakes and relationships to health. Nutr Res Rev. (2017) 30:149–90. doi: 10.1017/S095442241700004X

 25. Barber TM, Kabisch S, Pfeiffer AF, Weickert MO. The health benefits of dietary fibre. Nutrients. (2020) 12:3209. doi: 10.3390/nu12103209

 26. Holub I, Gostner A, Theis S, Nosek L, Kudlich T, Melcher R, et al. Novel findings on the metabolic effects of the low glycaemic carbohydrate isomaltulose (Palatinose). Br J Nutr. (2010) 103:1730–7. doi: 10.1017/S0007114509993874

 27. Temsch W, Luger A, Riedl M. HbA1c values calculated from blood glucose levels using truncated Fourier series and implementation in standard SQL database language. Methods Inf Med. (2008) 47:346–55. doi: 10.3414/ME0468

 28. Keyhani-Nejad F, Kemper M, Schueler R, Pivovarova O, Rudovich N, Pfeiffer AF. Effects of palatinose and sucrose intake on glucose metabolism and incretin secretion in subjects with type 2 diabetes. Diabetes Care. (2016) 39:e38–9. doi: 10.2337/dc15-1891

 29. Kahlhöfer J, Karschin J, Silberhorn-Bühler H, Breusing N, Bosy-Westphal A. Effect of low-glycemic-sugar-sweetened beverages on glucose metabolism and macronutrient oxidation in healthy men. Int J Obes. (2016) 40:990–7. doi: 10.1038/ijo.2016.25

 30. Lomax AR, Cheung LV, Tuohy KM, Noakes PS, Miles EA, Calder PC. β2-1 Fructans have a bifidogenic effect in healthy middle-aged human subjects but do not alter immune responses examined in the absence of an in vivo immune challenge: results from a randomised controlled trial. Br J Nutr. (2012) 108:1818–28. doi: 10.1017/S0007114511007276

 31. Vandeputte D, Falony G, Vieira-Silva S, Wang J, Sailer M, Theis S, et al. Prebiotic inulin-type fructans induce specific changes in the human gut microbiota. Gut. (2017) 66:1968–74. doi: 10.1136/gutjnl-2016-313271

 32. Healey G, Murphy R, Butts C, Brough L, Whelan K, Coad J. Habitual dietary fibre intake influences gut microbiota response to an inulin-type fructan prebiotic: a randomised, double-blind, placebo-controlled, cross-over, human intervention study. Br J Nutr. (2018) 119:176–89. doi: 10.1017/S0007114517003440

 33. Dewulf EM, Cani PD, Claus SP, Fuentes S, Puylaert PG, Neyrinck AM, et al. Insight into the prebiotic concept: lessons from an exploratory, double blind intervention study with inulin-type fructans in obese women. Gut. (2013) 62:1112–21. doi: 10.1136/gutjnl-2012-303304

 34. Nicolucci AC, Hume MP, Martínez I, Mayengbam S, Walter J, Reimer RA. Prebiotics reduce body fat and alter intestinal microbiota in children who are overweight or with obesity. Gastroenterology. (2017) 153:711–22. doi: 10.1053/j.gastro.2017.05.055

 35. Reimer RA, Willis HJ, Tunnicliffe JM, Park H, Madsen KL, Soto-Vaca A. Inulin-type fructans and whey protein both modulate appetite but only fructans alter gut microbiota in adults with overweight/obesity: a randomized controlled trial. Mol Nutr Food Res. (2017) 61:1–12. doi: 10.1002/mnfr.201700484

 36. Monnier L, Colette C, Owens D. The glycemic triumvirate and diabetic complications: is the whole greater than the sum of its component parts? Diabetes Res Clin Pract. (2012) 95:303–11. doi: 10.1016/j.diabres.2011.10.014

 37. Cavalot F, Petrelli A, Traversa M, Bonomo K, Fiora E, Conti M, et al. Postprandial blood glucose is a stronger predictor of cardiovascular events than fasting blood glucose in type 2 diabetes mellitus, particularly in women: lessons from the San Luigi Gonzaga Diabetes Study. J Clin Endocrinol Metab. (2006) 91:813–9. doi: 10.1210/jc.2005-1005

 38. Woerle HJ, Neumann C, Zschau S, Tenner S, Irsigler A, Schirra J, et al. Impact of fasting and postprandial glycemia on overall glycemic control in type 2 diabetes Importance of postprandial glycemia to achieve target HbA1c levels. Diabetes Res Clin Pract. (2007) 77:280–5. doi: 10.1016/j.diabres.2006.11.011

 39. Rendell MS, Jovanovic L. Targeting postprandial hyperglycemia. Metabolism. (2006) 55:1263–81. doi: 10.1016/j.metabol.2006.05.012

 40. Temelkova-Kurktschiev TS, Koehler C, Henkel E, Leonhardt W, Fuecker K, Hanefeld M. Postchallenge plasma glucose and glycemic spikes are more strongly associated with atherosclerosis than fasting glucose or HbA1c level. Diabetes Care. (2000) 23:1830–4. doi: 10.2337/diacare.23.12.1830

 41. Service FJ. Glucose variability. Diabetes. (2013) 62:1398–404. doi: 10.2337/db12-1396

 42. Keller J, Kahlhöfer J, Peter A, Bosy-Westphal A. Effects of low versus high glycemic index sugar-sweetened beverages on postprandial vasodilatation and inactivity-induced impairment of glucose metabolism in healthy men. Nutrients. (2016) 8:802. doi: 10.3390/nu8120802

 43. Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev. (2007) 87:1409–39. doi: 10.1152/physrev.00034.2006

 44. Nauck MA, Meier JJ. The incretin effect in healthy individuals and those with type 2 diabetes: physiology, pathophysiology, and response to therapeutic interventions. Lancet Diabetes Endocrinol. (2016) 4:525–36. doi: 10.1016/S2213-8587(15)00482-9

 45. Martinussen C, Bojsen-Møller KN, Dirksen C, Svane MS, Kristiansen VB, Hartmann B, et al. Augmented GLP-1 secretion as seen after gastric bypass may be obtained by delaying carbohydrate digestion. J Clin Endocrinol Metab. (2019) 104:3233–44. doi: 10.1210/jc.2018-02661

 46. Keyhani-Nejad F, Barbosa Yanez RL, Kemper M, Schueler R, Pivovarova-Ramich O, Rudovich N, et al. Endogenously released GIP reduces and GLP-1 increases hepatic insulin extraction. Peptides. (2020) 125:170231. doi: 10.1016/j.peptides.2019.170231

 47. Cani PD, Lecourt E, Dewulf EM, Sohet FM, Pachikian BD, Naslain D, et al. Gut microbiota fermentation of prebiotics increases satietogenic and incretin gut peptide production with consequences for appetite sensation and glucose response after a meal. Am J Clin Nutr. (2009) 90:1236–43. doi: 10.3945/ajcn.2009.28095

 48. Hiel S, Gianfrancesco MA, Rodriguez J, Portheault D, Leyrolle Q, Bindels LB, et al. Link between gut microbiota and health outcomes in inulin -treated obese patients: lessons from the Food4Gut multicenter randomized placebo-controlled trial. Clin Nutr. (2020) 39:3618–28. doi: 10.1016/j.clnu.2020.04.005

 49. Parnell JA, Reimer RA. Weight loss during oligofructose supplementation is associated with decreased ghrelin and increased peptide YY in overweight and obese adults. Am J Clin Nutr. (2009) 89:1751–9. doi: 10.3945/ajcn.2009.27465

 50. Guess ND, Dornhorst A, Oliver N, Bell JD, Thomas EL, Frost GS. A randomized controlled trial: the effect of inulin on weight management and ectopic fat in subjects with prediabetes. Nutr Metab. (2015) 12:36. doi: 10.1186/s12986-015-0033-2

 51. Daud NM, Ismail NA, Thomas EL, Fitzpatrick JA, Bell JD, Swann JR, et al. The impact of oligofructose on stimulation of gut hormones, appetite regulation and adiposity. Obesity. (2014) 22:1430–8. doi: 10.1002/oby.20754

 52. van der Beek CM, Canfora EE, Kip AM, Gorissen SH, Olde Damink SW, van Eijk HM, et al. The prebiotic inulin improves substrate metabolism and promotes short-chain fatty acid production in overweight to obese men. Metabolism. (2018) 87:25–35. doi: 10.1016/j.metabol.2018.06.009

 53. Blaak EE, Canfora EE, Theis S, Frost G, Groen AK, Mithieux G, et al. Short chain fatty acids in human gut and metabolic health. Benef Microbes. (2020) 11:411–55. doi: 10.3920/BM2020.0057

 54. Cani PD, Joly E, Horsmans Y, Delzenne NM. Oligofructose promotes satiety in healthy human: a pilot study. Eur J Clin Nutr. (2006) 60:567–72. doi: 10.1038/sj.ejcn.1602350

 55. Pedersen C, Lefevre S, Peters V, Patterson M, Ghatei MA, Morgan LM, et al. Gut hormone release and appetite regulation in healthy non-obese participants following oligofructose intake. A dose-escalation study. Appetite. (2013) 66:44–53. doi: 10.1016/j.appet.2013.02.017

 56. Cani PD, Dewever C, Delzenne NM. Inulin-type fructans modulate gastrointestinal peptides involved in appetite regulation (glucagon-like peptide-1 and ghrelin) in rats. Br J Nutr. (2004) 92:521–6. doi: 10.1079/BJN20041225

 57. Cani PD, Knauf C, Iglesias MA, Drucker DJ, Delzenne NM, Burcelin R. Improvement of glucose tolerance and hepatic insulin sensitivity by oligofructose requires a functional glucagon-like peptide 1 receptor. Diabetes. (2006) 55:1484–90. doi: 10.2337/db05-1360

 58. Verhoef SP, Meyer D, Westerterp KR. Effects of oligofructose on appetite profile, glucagon-like peptide 1 and peptide YY3-36 concentrations and energy intake. Br J Nutr. (2011) 106:1757–62. doi: 10.1017/S0007114511002194

 59. So D, Whelan K, Rossi M, Morrison M, Holtmann G, Kelly JT, et al. Dietary fiber intervention on gut microbiota composition in healthy adults: a systematic review and meta-analysis. Am J Clin Nutr. (2018) 107:965–83. doi: 10.1093/ajcn/nqy041

 60. Baxter NT, Schmidt AW, Venkataraman A, Kim KS, Waldron C, Schmidt TM. Dynamics of human gut microbiota and short-chain fatty acids in response to dietary interventions with three fermentable fibers. mBio. (2019) 10:e02566-18. doi: 10.1128/mBio.02566-18

 61. Hall H, Perelman D, Breschi A, Limcaoco P, Kellogg R, McLaughlin T, et al. Glucotypes reveal new patterns of glucose dysregulation. PLoS Biol. (2018) 16:e2005143. doi: 10.1371/journal.pbio.2005143

 62. Koliada A, Syzenko G, Moseiko V, Budovska L, Puchkov K, Perederiy V, et al. Association between body mass index and Firmicutes/Bacteroidetes ratio in an adult Ukrainian population. BMC Microbiol. (2017) 17:120. doi: 10.1186/s12866-017-1027-1

 63. Indiani CM, Rizzardi KF, Castelo PM, Ferraz LF, Darrieux M, Parisotto TM. Childhood obesity and firmicutes/bacteroidetes ratio in the gut microbiota: a systematic review. Child Obes. (2018) 14:501–9. doi: 10.1089/chi.2018.0040

Conflict of Interest: ST and LS are employees of BENEO/Südzucker Group. TS was employed at Perfood GmbH. TS and CS are co-founders of Perfood GmbH and minority shareholders. AKü obtained the payment for performing the microbiome analysis in this study.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Kordowski, Künstner, Schweitzer, Theis, Schröder, Busch, Sina and Smollich. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-09-829933-g005.gif





OPS/images/fnut-09-829933-g006.gif





OPS/images/fnut-09-829933-g003.gif
peooor
92005
pooor

Doy2 SAC  Day 5150 Day7-SAC  Day 8150 Day12.SAC D2
- oy 13150






OPS/images/fnut-09-829933-g004.gif
.....






OPS/images/fnut-09-829933-t001.jpg
Variable Test cohort

Participants, n 117
Female, n 86
Age,y 429113
Body weight, kg 84.9+205°
Body weight 1 y before, kg 845+ 196"
BMI, kg/m? 287+ 6.7
Nutritional status, %

Underweight 00
Normal weight 299
Overweight or obesity 69.3
Weekly activ 9.4+62
Energy intake, keal/d 2,168 + 468
Fat, energy% 360+ 6.1
Carbohydrates, energy% 454+7.0
Protein, energy% 16233
Fiber, energy% 27+07
Fiber, g/dl 28678
Hbalcea, % 556+ 0.32"
Average glucose, mg/dl 987 £ 103"
Fasting glucose, mg/dl 89,6+ 108"

“Data presented as mean % SD.

Reference cohort

17

88
424 £11.9
80.0+236
778+21.2
269+68

1.2
393
582

89+58
2,047 + 389
37351

446+65

164+ 3.6

20+07

21.4£48
5284027
89387
82.7 £10.3

5BM, body mass index; Hbacey, calculated value of glycated hemoglobin. Significant
differences between cohorts were assessed using Wilcoxon test: *p < 0.05.





OPS/images/fnut-09-829933-t002.jpg
SAC Breakfast

SO Breakfast
ABreakfastgso-sac)
SAC Breakfast

SO Breakfast
ABreakfastyso-sac)
SAC Breakfast

SO Breakfast
ABreakfastso-sic)
SAC Lunch

1SO Lunch

ALunch gso-sac)
SAC Lunch

1O Lunch

ALunch gso-sac)
SAC Lunch

1SO Lunch

Alunch gso-sac)

4Data presented as mean + SD. Significant differences between test meals are presented in bold and were assessed using Wilcoxon test: *'p < 0.001, *p < 0.05.

Day

12
13

12
13

iAUC::
(mmol/L)

196.7 + 114.71
180.78 £ 117.01
—156.97
201.49 + 126.76
165.92+98.02
—35.57*
205.06 + 127.83
168.42 + 88.37
_36.63"
206.05 + 101.19
22432 £134.84
18.27
228.04 + 164.42
188.58 + 103.80
-39.46
245.23 + 154.02
209.8 + 110.52
-35.43

Cmax
(mmol/L)

146,67 + 32.41
136.49 £ 26.76
—10.18*
151.49 £20.87
136.01 £26.74
-15.48
147.1 £29.62
135.87 £23.49
=11.28
145.75 £ 25.30
140.85 + 28,54
-4.90
150.89 + 29.06
137.72 £25.23
-13.17
151.79 £ 31.64
139.06 + 27.08
-12.73

Crmin
(mmol/L)

80.24 % 16.78
8529+ 12.73
5.05
85.14 % 14.27
87.65 % 16.48
251
85.85 % 14.92
86.49 % 12.97
064
80.83 & 13.95
87.08 + 13.93
6.05
89.72 % 14.46
87.33+13.75
-2.39
87,65+ 14.28
87.51 1522
-0.14

Tmax
)

0.71+0.23
0.93+0.45
0.22**
0.79 £ 0.39
0.96 + 0.54
0.17
0.93 + 0.56
1.05 £ 0.54
0.12
0.85+0.41
1.02 043
017"
0.85 + 0.45
114 £ 065
0.29*
0.87 £0.35
1.07 £0.63
0.20*

Tmin
*)

1.71+0.89
1.68+1.08
-0.03
1.91£092
1.87 £0.99
-0.04
1.86 £ 0.95
1.76 £ 0.98
=0.10
1.73£1.07
158+ 1.11
=0.15
1.83+0.95
152£1.13
-0.31*
1.44 £1.10
1.65+1.13
0.11





OPS/xhtml/Nav.xhtml




Contents





		Cover



		PalatinoseTM (Isomaltulose) and Prebiotic Inulin-Type Fructans Have Beneficial Effects on Glycemic Response and Gut Microbiota Composition in Healthy Volunteers—A Real-Life, Retrospective Study of a Cohort That Participated in a Digital Nutrition Program



		Introduction



		Methods



		Initial Intention of the Investigation



		Design



		Glucose Measurements



		Fecal Microbiota Analysis



		Responder Analysis



		Statistical Analysis







		Results



		Cohort Description



		Glucose Response—Comparing the Effects of ISO and SAC



		Glucose Response—Effects of Continuous Prebiotic Supplementation



		Fecal Microbiota



		Responder Analyses







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
’ frontiers
in Nutrition

Palatinose™ (Isomaltulose) and
Prebiotic Inulin-Type Fructans Have
Beneficial Effects on Glycemic
Response and Gut Microbiota
Composition in Healthy
Volunteers—A Real-Life,
Retrospective Study of a Cohort That
Participated in a Digital Nutrition
Program





OPS/images/fnut-09-829933-g001.gif





OPS/images/fnut-09-829933-g002.gif
£ & & & * e 3 & &









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Nutrition





