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Abstract

:

High glycemic response (GR) is part of cardiometabolic risk factors. Dietary polyphenols, starch digestibility, and dietary fibers could play a role in modulating GR. We formulated cereal products with high dietary fibers, polyphenols, and slowly digestible starch (SDS) contents to test their impact on the glycemic index (GI) and insulin index (II). Twelve healthy subjects were randomized in a crossover-controlled study to measure the GI and II of four biscuits according to ISO-26642(2010). Two types of biscuits were enriched with dietary fibers and polyphenols and high in SDS, and two similar control biscuits with low levels of these compounds were compared. The subjects consumed 50 g of available carbohydrates from the biscuits or from a glucose solution (reference). Glycemic and insulinemic responses were monitored for 2 h after the start of the consumption. The two enriched biscuits led to low GI and II (GI: 46 ± 5 SEM and 43 ± 4 SEM and II: 54 ± 5 SEM and 45 ± 3 SEM) when controls had moderate GI and II (GI: 57 ± 5 SEM and 58 ± 5 SEM and II: 61 ± 4 SEM and 61 ± 4 SEM). A significant difference of 11 and 15 units between the GI of enriched and control products was obtained. These differences may be explained by the polyphenol contents and high SDS levels in enriched products as well as potentially the dietary fiber content. This study provides new proposals of food formulations to induce beneficial health effects which need to be confirmed in a longer-term study in the context of the SINFONI consortium.
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1. Introduction


Postprandial glycemic excursions, associated with high levels of insulin and lipemia, have been implicated in the etiology of non-communicable diseases such as type 2 diabetes (T2D) [1,2]. Indeed, diets that elicit lower postprandial glycemic responses (GR) and insulinemic responses (IR) are associated with several health interests, including improved insulin secretion and sensitivity, and thus enhanced glucose homeostasis [1,3,4]. Specifically, diets with a high glycemic index (GI) and/or glycemic load are associated with an increased risk of T2D and cardiovascular events in adulthood [5,6,7].



For several decades, processed foods have represented a significant and growing part of our daily diets [8]. Food processing methods are attracting increasing attention, because the processing of food products can modify the physiological fate of their components. Indeed, starch digestibility profile can be dramatically modified by controlling food processing and can improve the metabolic fate of these foods [9]. In this context, improving the nutritional properties of processed foods, as well as improving the knowledge on the precise physiological impact of food processing/ingredients on biological parameters are among the main challenges in the near future to improve diets.



For decades, dietary fibers have been recognized as one of the important dietary compounds with a health interest. Consuming dietary fiber may help prevent cardiovascular disease, T2D, and obesity [2,10,11,12,13,14]. Indeed, consuming certain types of dietary fibers has been shown to improve insulin sensitivity, as well as lipid profile [10]. Many mechanisms can interfere with these beneficial health effects [14]. Specifically, some fibers can be involved in the decrease of GI by specific mechanisms [15]. Some specific fibers, mainly viscous soluble fibers, play a significant role in managing GI and insulin secretion via the formation of viscous gels. Thereby, this leads to the slowdown of gastric emptying and the decrease in the rate of subsequent glucose absorption. Soluble fibers may also alter intestinal motility, decrease the rate of starch digestion, and reduce accessibility to α-amylase [16,17].



Dietary polyphenols display a wide range of chemical structures and are found in abundant quantities in food products including fruits, vegetables, spices, chocolate, tea, coffee, wine, and cereals [18]. Studies investigating the health interest of polyphenols showed discrepant results [19]. Several early studies reported a significant inverse correlation between the phenolic content of food products and their GR or GI [20,21]. Through in vitro approaches, potential mechanisms of action of polyphenols on the GR have been investigated. Flavonoids and phenolic acids are potent inhibitors of the activity of both α-amylase and α-glucosidase [22,23,24]. The potency of these compounds depends on their chemical structure and their bioavailability [19,24,25].



Starch is a major daily source of carbohydrates and accounts for approximately 45–60% of human energy intake. Carbohydrate quality (primarily based on a low GI approach), beyond quantity, has been shown to be critical in managing the cardiometabolic risks associated with diabetes [7,26]. Starch products may play a role in preventing hyperglycemic events, particularly if these products contain a high content of slowly digestible starch (SDS). Various studies have demonstrated that high SDS content is a key factor in diminishing postprandial glycemic and insulinemic responses in healthy adults [27,28,29] and in insulin-resistant subjects [30] in acute studies. Longer-term studies investigating the effect of increasing SDS content as a promising means of modulating a low GI diet have demonstrated a reduction in postprandial blood glucose and insulinemia and an improvement in health factors. cardiovascular risk in healthy overweight adults [31] and improve glycemic variability markers in T2D [32].



In this context, and within the framework of the SINFONI Consortium (SINFONI: synergistic innovative functional food concepts to neutralize inflammation for cardiometabolic risk prevention), the interest in improving nutritional properties of cereal-based processed foods has been addressed. The main criteria for nutritional improvement were the enrichment of these food products with dietary fibers and polyphenols, and the control of the processes to maintain a high SDS content. Fat quality has also been controlled with the increase in omega-3 in the formula. The aim of this study was to design cereal products enriched with fibers, polyphenols, and high-SDS content and improved fat quality. These cereal-based products with optimized nutritional composition were tested for glycemic and insulin index and responses compared to control cereal-based products.




2. Materials and Methods


2.1. Test Products: Nutritional Composition and Starch Digestibility


Four wheat flour-based products were prepared using rotary molded biscuit technology and extrusion technology. Two sizes of biscuits were produced for both enriched and control products with large-size cookies (enriched larger cookies (ELC) or control larger cookies (CLC)) and mini biscuits (enriched mini biscuits (EMB) and control mini biscuits (CMB)). The development of two different types of biscuits, large-size cookies and mini biscuits, was designed to test the impact of different processes on starch digestibility profiles associated or not polyphenols and fiber enrichment (Table 1). The selection of these food products was done after technology feasibility and palatability evaluations. The endpoint was to provide at least two different food products with an improved nutritional profile. The control products were developed to correspond to the enriched products based on texture and taste criteria.



The two enriched biscuits were nutritionally improved with enrichments in fibers and polyphenols and with maintaining high-SDS content and improving fat quality using rapeseed oil, compared to control biscuits in which palm oil was incorporated.



The fiber and polyphenol were extracted from cranberries, and they were provided by Diana Food Company (Champlain, Quebec, Canada). The cranberry polyphenol extract contained 44.5 g equivalent gallic acid/100 g total polyphenols in which there was a majority of proanthocyanidins A2 equivalent/100 g (PACs) with 15.9 g PACs and 48.8 g of total dietary fibers/100 g. The cranberry fiber extract contained 1.8 g equivalent gallic acid/100 g total polyphenols and 61.2 g of total dietary fibers/100 g. Total polyphenols (expressed in gallic ac equivalents) were quantified by the Folin–Ciocalteu method (ISO 14502-1) employed without previous extraction [33]. Ingredients and formulated cereals products were dispersed in the Folin reaction media and clarified before spectrophotometry to assess extractible and non-extractible phenolic groups. Cranberry polyphenol extract and fiber ingredients were characterized by High Performance Liquid Chromatography (HPLC) following typical cranberry fruit polyphenols (Cf Phenol explorer database) containing 3% of hydroxybenzoic acids, 8% of hydroxycinnamic acids, 8% of anthocyanins, 63% of flavanols (catechins and PACs), and 19% of flavonols.



The study products were made by Mondelēz in the pilot plant of the Paris–Saclay Tech Center.




2.2. Nutritional Composition and Starch Digestibility Analyses


The nutritional composition of the cereal-based products was analyzed with the following methodologies: total dietary fibers: AOAC 2009.01; available starch: enzymatic method (as described in the French standard V18-121, 1997); sugars from DP1 to DP7: method by high-pressure ion chromatography (HPIC); fat: Randall methodology; proteins: Kjeldahl method (×6.25) moisture. In vitro, starch digestibility was assessed using the SDS method developed by Englyst et al. [34]. This method involves several steps that simulate enzymatic digestion of carbohydrates in the stomach and the small intestine and measures the release of glucose at several time points. This method made it possible to measure the amounts of different starch and sugar fractions according to their digestibility [35].




2.3. Human Participants and the In Vivo Study


Twelve healthy, non-smoking volunteers between 18 and 45 years old and with a body mass index (BMI) between 18.5 to 25 kg/m2 participated in a randomized, open trial with a cross-over design conducted at the University of Sydney, Australia. The Human Research Ethics Committee at the University of Sydney approved the study protocol (2019/475). The experimental phase was performed from June to September 2020. Participants consumed test portions of the biscuits containing 50 g of glycemic carbohydrates with 250 mL of Evian water over a 10–12-min period. The 50 g of glycemic carbohydrates were transformed in equivalent of glucose molecules by the following calculation: (Available Starch × 1.1) + (Available Disaccharides × 1.05) + Available Monosaccharides, as recommended by the International Standards [36]. Capillary blood samples were collected in a fasted state (T0) and at regular intervals following consumption (15, 30, 45, 60, 90, and 120 min) to construct glycemic and insulinemic response curves for each test product. As recommended by the International Standards the participants recruited for the GI test were healthy adults of both sexes who satisfied two additional inclusion criteria: fasting blood glucose level < 6.0 mM and 2 h blood glucose level following the ingestion of a 50-g glucose solution < 8.9 mM, respectively [36]. The mean age and BMI of the study participants were 29.3 (SD 4.4) years and 22.8 (SD 1.6) kg/m2, respectively. Each volunteer consumed one portion of each test product, as well as three servings of a glucose solution (reference food), on different test days separated by a minimum of 1 day of wash out. The portion sizes for each product are shown in Table 2.



The GI of a given food reflects how much its digestible carbohydrate content raises blood glucose levels. It is defined as the incremental area under the blood glucose response curve (iAUCg) after consumption of a portion of test food providing 50 g of available carbohydrates and is expressed as a percentage of the average iAUCg for the same amount of carbohydrates from a reference food (glucose) ingested by the same subject on a separate occasion (iAUCg test food/average iAUCg reference food_100). The iAUCg is the incremental area under the blood glucose response curve (calculated over a 2 h period following ingestion of the test product: 0–120 min), ignoring the area beneath the fasting concentration (as recommended in the International Standard (ISO 26642:2010). The kinetics of glycemia over 2 h were also investigated. Moreover, the insulin index (II) was calculated with the same method as GI, by measuring the extent to which a food product raised the plasma insulin concentration [37]. The kinetics of insulinemia over 2 h were also described.




2.4. Statistical Analysis


Descriptive statistics (mean, SD, SEM) of all measured and calculated (GI and II) variables related to each food were determined using JMP® Statistics software (version 14). A repeated-measure analysis of covariance (ANCOVA), testing the product effect, was used to determine whether there were any significant differences between the mean GI and II values and between iAUC glycemia and insulinemia of the test foods. If a statistically significant product effect was found, a post hoc multiple comparisons test was performed to identify the specific significant differences. For normally distributed data, the Tukey test was used as the post hoc test for multiple comparisons. For non-normally distributed data, a rank transformation was performed, and an analysis of ranks was done.



A repeated-measure analysis of variance (ANOVA) was used to evaluate the kinetics of glycemia and the insulinemia testing product, time as fixed effects, product × time interaction, and the subject as a random effect. If a significant product × time interaction was shown, an analysis time per time was performed on each time point of the kinetic. For kinetic data, the distribution was not normal, so a rank transformation was performed and the ranks were analyzed with a Tukey test.





3. Results


3.1. Nutrition Composition and Starch Digestibility


The nutrition composition of the four cereal products (enriched and control) is provided in Table 2. Enriched products contained 7 g of proteins/portion and 18 g of fat/portion while control products contained 4 g of proteins and 13 to 16 g of fat/portion. The available starch was similar in the four products (between 24 and 28 g/portion) but both enriched products contained significantly more slowly digestible starch (11 and 13 g/portion) than either control product (4 and 5 g/portion). Therefore, SDS accounted for 33 and 40% of available starch in ELC and EMB, respectively, whereas it corresponded to 15 and 18% of available starch in CLC and CMB, respectively. The total dietary fiber content was also much higher in enriched products (18 g/portion) compared to control products (2 and 4 g/portion). Finally, the enrichment in total polyphenols allowed us to reach a final content of nearly 2.5 g equivalent gallic acid/portion in enriched products, while there was around 0.5 g of gallic acid/portion in control products. Comparing these differences, we can estimate that the addition of polyphenols and cranberry fibers resulted in an enrichment of diets with 2.2 and 2.6 g of polyphenols, respectively, for mini biscuits and large cookies versus controls.




3.2. Glycemic and Insulinemic Responses


The kinetics of glycemia and insulinemia for the four products are presented as mean ± SEM in Figure 1. Baseline values of glycemia and insulinemia were not different between the products. Overall, the analysis of the glycemia kinetics over 2 h showed significant product (p < 0.01), time (p < 0.001), and product × time effects (p < 0.0001). When evaluating individual time points, significant differences were observed at 15, 30, 45, and 120 min with ELC inducing lower glycemia at 15 min (versus CLC and CMB), 30 min (versus CMB only), and 45 min (versus CLC only). EMB led to lower glycemia at 15 min (versus CLC and CMB) and 30 min (versus CMB only). At 120 min, ELC induced higher glycemia compared to CMB only. The analyses performed on iAUC of glycemia 0–120 min indicate a significant product effect (p < 0.05) (Table 3). The products enriched with fibers and polyphenols led to lower glucose iAUC compared to the control products.



There was a significant product (p < 0.01), time (p < 0.0001), and product × time effect (p < 0.0001) for the postprandial insulin kinetics over 2 h (Figure 1). When considering the individual time points, significant differences were observed at 15, 30, 45, 90, and 120 min. EMB-induced insulinemia was lower than for CMB at 15 and 30 min and it was higher than insulinemia following CMB at 90 min. ELC-induced insulinemia was lower compared to CMB at 15 min and by CLC and CMB at 45 min. At 120 min, ELC insulinemia was higher compared to CLC and CMB. However, despite these significant differences, the iAUC of insulinemia of the four products was not significantly different (p = 0.077) (Table 3).



GI and II showed differences between the products. Indeed, GI values of enriched products (ELC and EMB) were lower compared to the control products (CLC and CMB; p < 0.05). The GI differed by 11 to 15 points. The II values of products also differed with enriched products showing lower II values than the control products (p < 0.01). The differences ranged from 7 to 16 points between the products.





4. Discussion


In this study we investigated the impact of complementary nutritional improvements (SDS, fibers, and polyphenols) of cereal-based food products on GI and II, to demonstrate how food composition and processes can improve post-prandial metabolic responses. Presently, enriched food products containing more than 33% of SDS/available starch, 18 g of fibers, and nearly 2.5 g total polyphenol (expressed in gallic acid equivalent) induced a significant decrease in acute postprandial glycemic and insulinemic responses compared to control cereal-based foods by 30% and 23%, respectively, when considering the mean iAUC of both treatments. The GI values of enriched products were significantly reduced by more than 10 points and the II values by 7 and 16 points compared to control products, with none of the four products exacerbating insulin secretion in parallel to the GR. The reduced glucose excursions associated with a non-exacerbated insulin response have been shown to contribute to the long-term beneficial health effects in non-diseased subjects [38,39]. Several features from the selected nutritional improvement of the tested cereal products may have contributed to this beneficial metabolic impact. In addition, the enriched food products contained 3 g more proteins per portion and improved the lipid profile with nearly no saturated fat and 2 g of n-3 polyunsaturated fat compared to control products. These additional improvements may be impactful in a longer-term effect but have not been shown to interfere with acute metabolic response [16]. According to previous studies on cereal-based products, the control products induced a medium GI due to their content of SDS and fat [40].



The content of SDS was obtained by the strict control of the food process. Indeed, it has been clearly shown for several years that food processes modify the starch structure configuration inside the food matrix depending on its level of gelatinization [16,39,41]. Several food processes used to make biscuits have been recently compared and showed that rotary molding technology which needs low water addition and smoother technological conditions is favorable to starch preservation in its native state by limiting starch gelatinization and maintaining a higher SDS content [40]. The originality of the present work is, that by using the same favorable technology (rotary molding), and by controlling some specific parts of the process, we were able to obtain a wide range of SDS, from 15 to 40% of available starch. The main differences in food processes between the enriched biscuits and CMC were, the cooking duration and the treatment of the wheat flour used in the different formulas. For the CLC, the extrusion process was used which has been recognized as a unfavorable process to preserve native starch from gelatinization [40]. In the control biscuits, extruded wheat flour was used to increase starch gelatinization and therefore reduce the SDS content. Successfully, the enriched biscuits contained the highest amount of SDS with 11 and 13 g per portion while control products contained only 4 and 5 g per portion. This range of SDS quantities has been studied in the past and showed a significant negative relationship between SDS content and postprandial GR in cereal-based foods, i.e., the highest the SDS content, the lowest the postprandial GR [28,42,43].



The total amount of polyphenols in the enriched products reached nearly 2.5 g gallic acid equivalent per portion with a high amount of proanthocyanidins and flavonoids. This diet enrichment corresponds to the daily intake of total polyphenols in France (2.1 +/− 1 g/d) assayed by the same method [18]. Polyphenols are able to slow down starch digestion by reducing the activities of α-amylase and α-glucosidase, both major digestive enzymes involved in carbohydrate digestion [44]. Polyphenol tannins containing polymer diphenol groups as proanthocyanidins can create starch–polyphenols complexes in the food matrix which may modify starch digestibility [45]. However, polyphenols with different physico-chemical structures showed great differences in inhibition of enzyme activities and in complexing capacity [46]. Some studies evaluating the groups of flavonoids and proanthocyanidins showed that specific interactions with both digestive enzymes (α-amylase and α-glucosidase) have been shown to reduce their activity through specific bonds on their binding sites or nearby them to exclude the binding of the substrate [45,47]. The response to the Folin–Ciocalteu test showed that the reactive phenolic groups were no longer extractable, but were still present in the enriched cooked products. However, traditional methods for measuring proanthocyanidins were no more effective. The characterization of the proanthocyanidin polymer units involved in these interactions is the subject of specific verifications with an adapted analytical characterization after hydrolysis in a complementary study. The main effects were observed at the small intestine level. Even if the potential mechanistic effect of polyphenols on starch digestion has been well documented in vitro, it is difficult to draw conclusions on the dose–response effect of polyphenol enrichment through inclusion in cereal-based products [45,47]. Furthermore, in vitro and mouse models, polyphenols studies have been demonstrated to potentially modulate glucose transport and absorption, particularly at the intestinal level [48]. Recently, a study showed no significant effect of a high-carbohydrate cereal food enriched with cranberry inclusions on postprandial glycemic response [49]. In this last study, the tested enrichment was 0.6 g gallic acid equivalent per portion when the level obtained in the present work is 2.5 g gallic acid equivalent for the enriched products and 0.5 gallic acid equivalent for the control foods. In Smith’s study, enriched cereals bars contained higher proportions of simple sugars, and starch–polyphenols interactions were less favored than in a cooked dough, and this also could explain the differential impact.



In the studied products, only 16% of dietary fibers were measured as soluble fibers in the enriched products, with 3 g per portion. These fibers might contribute to limiting the accessibility of starch by the digestive enzymes and increasing the viscosity of the bolus in the stomach, if parts of these soluble fibers develop viscosity in the digestive tract [50]. The addition of dietary fibers extracted from cranberries increased mainly insoluble parts of the enriched products. It is worth noting that the fiber content does not alter the glycemic load of the portion as the size of the portion was adjusted based on its available carbohydrate content. In this context, the portion of the enriched products which contained more fibers was increased to provide 50 g of available carbohydrate, as is required in GI study design.



The long-term effects of these enriched products, characterized by lower GI and II, need to be tested to evaluate the full potential of these processed products with improved nutritional profiles in the prevention of cardiometabolic risk. The lower postprandial glycemic and insulin responses may be associated with additional metabolic effects provided by selected active compounds, mainly fibers and polyphenols, which are been shown to interfere with oxidative stress and inflammation processes and could influence gut microbiota composition and activity [19,51,52,53]. Dietary fibers interfere with the digestive tract on digestion processes and can also play through influencing gut microbiota composition and activity [51,54].




5. Conclusions


Globally, the nutritional improvements of the enriched products led to an improvement in postprandial glycemic and insulin responses in healthy subjects. This beneficial short-term effect may be based on complementary mechanistic effects on glucose metabolism by playing on carbohydrate digestibility:



SDS, due to the limitation of its gelatinization during the cooking process, is digested slowly in the small intestine, leading to the slow release of glucose in the bloodstream.



The cranberry polyphenols included in the cereal matrix can interact with α-amylase and α-glucosidase to slow down starch digestion. As an important fraction of the available starch in the products, the rapidly digestible starch fraction is gelatinized, and the polyphenols may interfere favorably with this starch fraction to slow down its digestion.



Part of the fibers are soluble and they might interfere with the gastric bolus and potentially slightly slow down the starch digestion (excepted minimal effect).



The significant short-term effects observed have been established in healthy subjects and could also prove valuable for individuals at cardiometabolic risk or with metabolic disturbances, including individuals with diabetes. Further research is needed to fully evaluate the potential implications of these findings in a clinical context and after several weeks of ingestion and to elucidate the underlying mechanisms and potential food synergy interactions on health.







Author Contributions


S.V. and A.M. designed the study; A.D. made the food products; F.S.A. conducted the clinical trial; A.M. and F.S.A. did the statistical analysis; A.M., F.S.A., A.D., H.H.-R., P.S., J.-A.N. and S.V. analyzed the data; S.V., A.D., H.H.-R. drafted the first version of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Mondelez France R&D S.A.S and supported by the Agence Nationale de la Recherche, ANR PRCE (SINFONI project “Synergistic Innovative Functional Food Concepts to Neutralize Inflammation for Cardiometabolic Risk Prevention”, coordinated by M. Laville and J.-A.N. H.H.-R. was supported by a PhD grant from the French Ministry of Higher Education and Research, CIFRE n°2017/0390.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Human Research Ethics Committee of the University of Sydney (protocol code 2019/475 and date of approval: 8 August 2019).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data presented in this study are available upon request to the corresponding author. The data are not publicly available.




Acknowledgments


We are grateful to Klaus Englyst and his team (Englyst Carbohydrates Ltd., UK) for their collaboration in determining the carbohydrate digestibility profile of the starchy products.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Blaak, E.E.; Antoine, J.-M.; Benton, D.; Björck, I.; Bozzetto, L.; Brouns, F.; Diamant, M.; Dye, L.; Hulshof, T.; Holst, J.J.; et al. Impact of Postprandial Glycaemia on Health and Prevention of Disease. Obes. Rev. Off. J. Int. Assoc. Study Obes. 2012, 13, 923–984. [Google Scholar] [CrossRef] [PubMed]

	



Schwingshackl, L.; Chaimani, A.; Hoffmann, G.; Schwedhelm, C.; Boeing, H. A Network Meta-Analysis on the Comparative Efficacy of Different Dietary Approaches on Glycaemic Control in Patients with Type 2 Diabetes Mellitus. Eur. J. Epidemiol. 2018, 33, 157–170. [Google Scholar] [CrossRef] [PubMed]

	



Aston, L.M. Glycaemic Index and Metabolic Disease Risk. Proc. Nutr. Soc. 2006, 65, 125–134. [Google Scholar] [CrossRef]

	



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–268S. [Google Scholar] [CrossRef] [PubMed]

	



Mirrahimi, A.; de Souza, R.J.; Chiavaroli, L.; Sievenpiper, J.L.; Beyene, J.; Hanley, A.J.; Augustin, L.S.A.; Kendall, C.W.C.; Jenkins, D.J.A. Associations of Glycemic Index and Load with Coronary Heart Disease Events: A Systematic Review and Meta-Analysis of Prospective Cohorts. J. Am. Heart Assoc. Cardiovasc. Cerebrovasc. Dis. 2012, 1, e000752. [Google Scholar] [CrossRef]

	



Jenkins, D.J.A.; Dehghan, M.; Mente, A.; Bangdiwala, S.I.; Rangarajan, S.; Srichaikul, K.; Mohan, V.; Avezum, A.; Díaz, R.; Rosengren, A.; et al. Glycemic Index, Glycemic Load, and Cardiovascular Disease and Mortality. N. Engl. J. Med. 2021, 384, 1312–1322. [Google Scholar] [CrossRef]

	



Livesey, G.; Livesey, H. Coronary Heart Disease and Dietary Carbohydrate, Glycemic Index, and Glycemic Load: Dose-Response Meta-Analyses of Prospective Cohort Studies. Mayo Clin. Proc. Innov. Qual. Outcomes 2019, 3, 52–69. [Google Scholar] [CrossRef]

	



Gibney, M.J. Ultra-Processed Foods: Definitions and Policy Issues. Curr. Dev. Nutr. 2019, 3, nzy077. [Google Scholar] [CrossRef]

	



Singh, N.; Singh, J.; Kaur, L.; Singh Sodhi, N.; Singh Gill, B. Morphological, thermal and rheological properties of starches from different botanical sources. Food Chem. 2003, 81, 219–231. [Google Scholar] [CrossRef]

	



Barber, T.M.; Kabisch, S.; Pfeiffer, A.F.H.; Weickert, M.O. The Health Benefits of Dietary Fibre. Nutrients 2020, 12, 3209. [Google Scholar] [CrossRef]

	



Reynolds, A.; Mann, J.; Cummings, J.; Winter, N.; Mete, E.; Te Morenga, L. Carbohydrate Quality and Human Health: A Series of Systematic Reviews and Meta-Analyses. Lancet 2019, 393, 434–445. [Google Scholar] [CrossRef]

	



Zhao, L.; Zhang, F.; Ding, X.; Wu, G.; Lam, Y.Y.; Wang, X.; Fu, H.; Xue, X.; Lu, C.; Ma, J.; et al. Gut Bacteria Selectively Promoted by Dietary Fibers Alleviate Type 2 Diabetes. Science 2018, 359, 1151–1156. [Google Scholar] [CrossRef]

	



Hauner, H.; Bechthold, A.; Boeing, H.; Brönstrup, A.; Buyken, A.; Leschik-Bonnet, E.; Linseisen, J.; Schulze, M.; Strohm, D.; Wolfram, G.; et al. Evidence-Based Guideline of the German Nutrition Society: Carbohydrate Intake and Prevention of Nutrition-Related Diseases. Ann. Nutr. Metab. 2012, 60 (Suppl. 1), 1–58. [Google Scholar] [CrossRef] [PubMed]

	



Weickert, M.O.; Pfeiffer, A.F.H. Impact of Dietary Fiber Consumption on Insulin Resistance and the Prevention of Type 2 Diabetes. J. Nutr. 2018, 148, 7–12. [Google Scholar] [CrossRef] [PubMed]

	



Slavin, J.L. Dietary Fiber and Body Weight. Nutrition 2005, 21, 411–418. [Google Scholar] [CrossRef] [PubMed]

	



Vinoy, S.; Lesdéma, A.; Cesbron-Lavau, G.; Goux, A.; Meynier, A. Creating Food Products with a lower Glycemic Index. In The Glycemic Index—Applications in Practice; Philippou, E., Ed.; CRC Press in Taylor & Francis Group: Boca Raton, FL, USA, 2016; pp. 285–318. [Google Scholar]

	



Ranaivo, H.; Thirion, F.; Béra-Maillet, C.; Guilly, S.; Simon, C.; Sothier, M.; Van Den Berghe, L.; Feugier-Favier, N.; Lambert-Porcheron, S.; Dussous, I.; et al. Increasing the Diversity of Dietary Fibers in a Daily-Consumed Bread Modifies Gut Microbiota and Metabolic Profile in Subjects at Cardiometabolic Risk. Gut Microbes 2022, 14, 2044722. [Google Scholar] [CrossRef] [PubMed]

	



Adriouch, S.; Lampuré, A.; Nechba, A.; Baudry, J.; Assmann, K.; Kesse-Guyot, E.; Hercberg, S.; Scalbert, A.; Touvier, M.; Fezeu, L.K. Prospective Association between Total and Specific Dietary Polyphenol Intakes and Cardiovascular Disease Risk in the Nutrinet-Santé French Cohort. Nutrients 2018, 10, 1587. [Google Scholar] [CrossRef]

	



Di Lorenzo, C.; Colombo, F.; Biella, S.; Stockley, C.; Restani, P. Polyphenols and Human Health: The Role of Bioavailability. Nutrients 2021, 13, 273. [Google Scholar] [CrossRef]

	



Coe, S.A.; Clegg, M.; Armengol, M.; Ryan, L. The Polyphenol-Rich Baobab Fruit (Adansonia digitata L.) Reduces Starch Digestion and Glycemic Response in Humans. Nutr. Res. 2013, 33, 888–896. [Google Scholar] [CrossRef]

	



Ramdath, D.D.; Padhi, E.; Hawke, A.; Sivaramalingam, T.; Tsao, R. The Glycemic Index of Pigmented Potatoes is Related to their Polyphenol Content. Food Funct. 2014, 5, 909–915. [Google Scholar] [CrossRef]

	



Hanhineva, K.; Törrönen, R.; Bondia-Pons, I.; Pekkinen, J.; Kolehmainen, M.; Mykkänen, H.; Poutanen, K. Impact of Dietary Polyphenols on Carbohydrate Metabolism. Int. J. Mol. Sci. 2010, 11, 1365–1402. [Google Scholar] [CrossRef]

	



McDougall, G.J.; Shpiro, F.; Dobson, P.; Smith, P.; Blake, A.; Stewart, D. Different Polyphenolic Components of Soft Fruits Inhibit Alpha-Amylase and Alpha-Glucosidase. J. Agric. Food Chem. 2005, 53, 2760–2766. [Google Scholar] [CrossRef] [PubMed]

	



Mkandawire, N.L.; Kaufman, R.C.; Bean, S.R.; Weller, C.L.; Jackson, D.S.; Rose, D.J. Effects of Sorghum (Sorghum bicolor (L.) Moench) Tannins on A-Amylase Activity and in Vitro Digestibility of Starch in Raw and Processed Flours. J. Agric. Food Chem. 2013, 61, 4448–4454. [Google Scholar] [CrossRef]

	



Barrett, A.; Ndou, T.; Hughey, C.A.; Straut, C.; Howell, A.; Dai, Z.; Kaletunc, G. Inhibition of A-Amylase and Glucoamylase by Tannins Extracted from Cocoa, Pomegranates, Cranberries, and Grapes. J. Agric. Food Chem. 2013, 61, 1477–1486. [Google Scholar] [CrossRef]

	



Martinez-Gonzalez, M.A.; Fernandez-Lazaro, C.I.; Toledo, E.; Diaz-Lopez, A.; Corella, D.; Goday, A.; Romaguera, D.; Vioque, J.; Alonso-Gomez, A.M.; Warnberg, J.; et al. Carbohydrate Quality Changes and Concurrent Changes in Cardiovascular Risk Factors: A Longitudinal Analysis in the PREDIMED-Plus Randomized Trial. Am. J. Clin. Nutr. 2020, 111, 291–306. [Google Scholar] [CrossRef]

	



Lambert-Porcheron, S.; Normand, S.; Blond, E.; Sothier, M.; Roth, H.; Meynier, A.; Vinoy, S.; Laville, M.; Nazare, J.A. Modulation of Starch Digestibility in Breakfast Cereals Consumed by Subjects with Metabolic Risk: Impact on Markers of Oxidative Stress and Inflammation during Fasting and the Postprandial Period. Mol. Nutr. Food Res. 2017, 61, 1700212. [Google Scholar] [CrossRef] [PubMed]

	



Vinoy, S.; Meynier, A.; Goux, A.; Jourdan-Salloum, N.; Normand, S.; Rabasa-Lhoret, R.; Brack, O.; Nazare, J.A.; Peronnet, F.; Laville, M. The Effect of a Breakfast Rich in Slowly Digestible Starch on Glucose Metabolism: A Statistical Meta-Analysis of Randomized Controlled Trials. Nutrients 2017, 9, 318. [Google Scholar] [CrossRef] [PubMed]

	



Boers, H.M.; Alssema, M.; Mela, D.J.; Peters, H.P.F.; Vonk, R.J.; Priebe, M.G. The Rate of Glucose Appearance Is Related to Postprandial Glucose and Insulin Responses in Adults: A Systematic Review and Meta-analysis of Stable Isotope Studies. J. Nutr. 2019, 149, 1896–1903. [Google Scholar] [CrossRef]

	



Harbis, A.; Perdreau, S.; Vincent-Baudry, S.; Charbonnier, M.; Bernard, M.; Raccah, D.; Senft, M.; Lorec, A.; Defoort, C.; Portugal, H.; et al. Glycemic and Insulinemic Meal Responses Modulate Postprandial Hepatic and Intestinal Lipoprotein Accumulation in Obese, Insulin-Resistant Subjects. Am. J. Clin. Nutr. 2004, 80, 896–902. [Google Scholar] [CrossRef]

	



de Rougemont, A.; Normand, S.; Nazare, J.A.; Skilton, M.R.; Sothier, M.; Vinoy, S.; Laville, M. Beneficial Effects of a 5-Week Low-Glycaemic Index Regimen on Weight Control and Cardiovascular Risk Factors in Overweight Non-Diabetic Subjects. Br. J. Nutr. 2007, 98, 1288–1298. [Google Scholar] [CrossRef]

	



Breyton, A.E.; Goux, A.; Lambert-Porcheron, S.; Meynier, A.; Sothier, M.; VanDenBerghe, L.; Brack, O.; Disse, E.; Laville, M.; Vinoy, S.; et al. Effect of Starch Digestibility Modulation on Glycemic Variability and Postprandial Glycemic Excursions in Subjects with Type 2 Diabetes: A Randomized Controlled Cross-Over Trial. Nutr. Metab. Cardiovasc. 2021, 31, 237–246. [Google Scholar] [CrossRef] [PubMed]

	



ISO 14502-1:2005; Determination of Substances Characteristic of Green and Black Tea—Part 1: Content of Total Polyphenols in Tea—Colorimetric Method Using Folin-Ciocalteu Reagent. ISO: Geneva, Switzerland, 2005.

	



Englyst, H.N.; Veenstra, J.; Hudson, G.J. Measurement of Rapidly Available Glucose (RAG) in Plant Foods: A Potential in Vitro Predictor of the Glycaemic Response. Br. J. Nutr. 1996, 75, 327–337. [Google Scholar] [CrossRef] [PubMed]

	



Englyst, K.; Goux, A.; Meynier, A.; Quigley, M.; Englyst, H.; Brack, O.; Vinoy, S. Inter-Laboratory Validation of the Starch Digestibility Method for Determination of Rapidly Digestible and Slowly Digestible Starch. Food Chem. 2018, 245, 1183–1189. [Google Scholar] [CrossRef]

	



International Standards Organisation. ISO 26642:2010: Food Products–Determination of the Glycaemic Index (GI) and Recommendation for Food Classification, 1st ed.; ISO: Geneva, Switzerland, 2010. [Google Scholar]

	



Wolever, T.M.S.; Meynier, A.; Jenkins, A.L.; Brand-Miller, J.C.; Atkinson, F.S.; Gendre, D.; Leuillet, S.; Cazaubiel, M.; Housez, B.; Vinoy, S. Glycemic Index and Insulinemic Index of Foods: An Interlaboratory Study using the ISO 2010 Method. Nutrients 2019, 11, 2218. [Google Scholar] [CrossRef] [PubMed]

	



Ruijgrok, C.; Blaak, E.E.; Egli, L.; Dussort, P.; Vinoy, S.; Rauh, S.P.; Beulens, J.W.; Robertson, M.D.; Alssema, M. Reducing Postprandial Glucose in Dietary Intervention Studies and the Magnitude of the Effect on Diabetes-Related Risk Factors: A Systematic Review and Meta-Analysis. Eur. J. Nutr. 2021, 60, 259–273. [Google Scholar] [CrossRef]

	



Mishra, S.; Monro, J.; Neilson, P. Starch Digestibility and Dry Matter Roles in the Glycemic Impact of Potatoes. Am. J. Potato Res. 2012, 89, 465–470. [Google Scholar] [CrossRef]

	



Cesbron-Lavau, G.; Goux, A.; Atkinson, F.; Meynier, A.; Vinoy, S. Deep Dive into the Effects of Food Processing on Limiting Starch Digestibility and Lowering the Glycemic Response. Nutrients 2021, 13, 381. [Google Scholar] [CrossRef]

	



Lovegrove, A.; Edwards, C.H.; De Noni, I.; Patel, H.; El, S.N.; Grassby, T.; Zielke, C.; Ulmius, M.; Nilsson, L.; Butterworth, P.J.; et al. Role of Polysaccharides in Food, Digestion, and Health. Crit. Rev. Food Sci. Nutr. 2017, 57, 237–253. [Google Scholar] [CrossRef]

	



Bjorck, I.; Elmstahl, H.L. The Glycaemic Index: Importance of Dietary Fibre and Other Food Properties. Proc. Nutr. Soc. 2003, 62, 201–206. [Google Scholar] [CrossRef] [PubMed]

	



Sivakamasundari, S.K.; Priyanga, S.; Moses, J.A.; Anandharamakrishnan, C. Impact of Processing Techniques on the Glycemic Index of Rice. Crit. Rev. Food Sci. Nutr. 2022, 62, 3323–3344. [Google Scholar] [CrossRef]

	



Barrett, A.H.; Farhadi, N.F.; Smith, T.J. Slowing Starch Digestion and Inhibiting Digestive Enzyme Activity using Plant Flavanols/Tannins—A Review of Efficacy and Mechanisms. LWT 2018, 87, 394–399. [Google Scholar] [CrossRef]

	



Sun, L.; Miao, M. Dietary Polyphenols Modulate Starch Digestion and Glycaemic Level: A Review. Crit. Rev. Food Sci. Nutr. 2020, 60, 541–555. [Google Scholar] [CrossRef]

	



Ayua, E.O.; Nkhata, S.G.; Namaumbo, S.J.; Kamau, E.H.; Ngoma, T.N.; Aduol, K.O. Polyphenolic Inhibition of Enterocytic Starch Digestion Enzymes and Glucose Transporters for Managing Type 2 Diabetes may be Reduced in Food Systems. Heliyon 2021, 7, e06245. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.; Chen, C.; Zhang, B.; Huang, Q. The Inhibitory Effects of Flavonoids on A-Amylase and A-Glucosidase. Crit. Rev. Food Sci. Nutr. 2020, 60, 695–708. [Google Scholar] [CrossRef] [PubMed]

	



Williamson, G. Possible Effects of Dietary Polyphenols on Sugar Absorption and Digestion. Mol. Nutr. Food Res. 2013, 57, 48–57. [Google Scholar] [CrossRef]

	



Smith, T.J.; Karl, J.P.; Wilson, M.A.; Whitney, C.C.; Barrett, A.; Farhadi, N.F.; Chen, C.O.; Montain, S.J. Glycaemic Regulation, Appetite and Ex Vivo Oxidative Stress in Young Adults Following Consumption of High-Carbohydrate Cereal Bars Fortified with Polyphenol-Rich Berries. Br. J. Nutr. 2019, 121, 1026–1038. [Google Scholar] [CrossRef]

	



Dayib, M.; Larson, J.; Slavin, J. Dietary Fibers Reduce Obesity-Related Disorders: Mechanisms of Action. Curr. Opin. Clin. Nutr. Metab. Care 2020, 23, 445–450. [Google Scholar] [CrossRef] [PubMed]

	



Lavefve, L.; Howard, L.R.; Carbonero, F. Berry Polyphenols Metabolism and Impact on Human Gut Microbiota and Health. Food Funct. 2020, 11, 45–65. [Google Scholar] [CrossRef] [PubMed]

	



Stote, K.S.; Burns, G.; Mears, K.; Sweeney, M.; Blanton, C. The Effect of Berry Consumption on Oxidative Stress Biomarkers: A Systematic Review of Randomized Controlled Trials in Humans. Antioxidants 2023, 12, 1443. [Google Scholar] [CrossRef]

	



Lan, H.; Wang, H.; Chen, C.; Hu, W.; Ai, C.; Chen, L.; Teng, H. Flavonoids and Gastrointestinal Health: Single Molecule for Multiple Roles. Crit. Rev. Food Sci. Nutr. 2023, 6, 1–19. [Google Scholar] [CrossRef]

	



Carlson, J.L.; Erickson, J.M.; Lloyd, B.B.; Slavin, J.L. Health Effects and Sources of Prebiotic Dietary Fiber. Curr. Dev. Nutr. 2018, 2, nzy005. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 15 04401 g001] 





Figure 1. Kinetics of the postprandial glycemic response and insulinemic response after the ingestion of the enriched larger cookies (ELC), control larger cookies (CLC), and enriched mini biscuits (EMB) and control mini biscuits (CMB). n = 12 subjects, results are shown mean ± SEM. Different letter showed significant statistical difference. 
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Table 1. Details of the ingredients and food processing of the four cereal products.
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	Ingredients
	Processing
	Cooking





	Enriched Large Cookie (ELC)
	Wheat flour, sugar, cranberry crisps, rapeseed oil, cranberry fibers, dried cranberries, buckwheat, polyphenol extract from cranberries, ammonium bicarbonate, pyrophosphate, sodium bicarbonate, salt, inactive dry yeast, DATEM (diacetyl tartaric acid ester of mono-diglycerides), soy lecithin
	Rotary molded (Vuurslag rotary)
	Tunnel oven APV baker; baking time: 5.5 min; temperatures: fluctuating between 140 and 190 °C



	Enriched Mini Biscuit (EMB)
	Wheat flour, cranberry fibers, sugar, rapeseed oil, buckwheat, polyphenol extract from cranberries, ammonium bicarbonate, soy lecithin, pyrophosphate, sodium bicarbonate, DATEM (diacetyl tartaric acid ester of mono-diglycerides), inactive dry yeast
	Rotary molded

(Vuurslag rotary)
	Tunnel oven APV baker; baking time: 6 min; temperatures: fluctuating between 140 and 190 °C



	Control Large Cookie (CLC)
	Extruded wheat flour, sugar, palm oil, wheat flour, dried cranberries, DATEM (diacetyl tartaric acid ester of mono-diglycerides), salt, brown coloring
	Extrusion: co-extruder Rhéon KN135
	Tunnel oven Imaforni; baking time: 9 min; temperatures: 200 °C



	Control Mini Biscuit (CMB)
	Extruded wheat flour, sugar, wheat flour, palm oil, DATEM (diacetyl tartaric acid ester of mono-diglycerides), salt, brown coloring
	Rotary molded

(Vuurslag rotary)
	Tunnel oven APV baker; baking time: 6 min; temperatures: fluctuating between 140 and 190 °C










 





Table 2. Nutrition composition and starch digestibility.
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	Control Large Cookies (CLC)
	Control Mini Biscuits (CMB)
	Enriched Large Cookies (ELC)
	Enriched Mini Biscuits (EMB)





	Portion size (g)
	77
	67
	103
	99



	Energy (kcal/portion)
	376
	328
	428
	426



	Moisture (g/portion)
	3
	2
	5
	3



	Proteins (g/portion)
	4
	4
	7
	7



	Fat (g/portion)
	16
	12
	18
	18



	-Saturated
	8
	6
	1
	1



	-Polyunsaturated n-3
	0
	0
	2
	2



	Available carbohydrates (g/portion eq. Glucose *)
	50
	50
	50
	50



	Available starch (g/portion)
	24
	26
	25
	28



	Sugars (g/portion)
	22
	18
	19
	17



	Total dietary fibers (g/portion)
	2
	2
	19
	18



	Insoluble dietary fibers (g/portion)
	1
	1
	16
	15



	Soluble dietary fibers (g/portion)
	1
	1
	3
	3



	SDS (g/portion eq glucose)
	4
	5
	11
	13



	SDS/A