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Abstract

:

Postprandial hyperglycemia is an important risk factor in the development and progression of type-2 diabetes and cardiometabolic diseases. Therefore, maintaining a low postprandial glucose response is key in preventing these diseases. Carbohydrate-rich meals are the main drivers of excessive glycemic excursions during the day. The consumption of whey protein premeals or mulberry leaf extract was reported to reduce postprandial glycemia through different mechanisms of action. The efficacy of these interventions was shown to be affected by the timing of the consumption or product characteristics. Two randomised crossover studies were performed, aiming to identify the optimal conditions to improve the efficacy of these nutritional supplements in reducing a glycemic response. The acute postprandial glycemic response was monitored with a continuous glucose monitoring device. The first study revealed that a preparation featuring 10 g of whey protein microgel reduced the postprandial glucose response by up to 30% (p = 0.001) and was more efficient than the whey protein isolates, independently of whether the preparation was ingested 30 or 10 min before a complete 320 kcal breakfast. The second study revealed that a preparation featuring 250 mg mulberry leaf extract was more efficient if it was taken together with a complete 510 kcal meal (−34%, p < 0.001) rather than ingested 5 min before (−26%, p = 0.002). These findings demonstrate that the efficacy of whey proteins premeal and mulberry leaf extracts can be optimised to provide potential nutritional solutions to lower the risk of type-2 diabetes or its complications.
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1. Introduction


Controlling postprandial glucose response (PPGR) is important in both the management and prevention of type-2 diabetes (T2D) [1,2]. PPGR was shown to be the main contributor to the total glucose fluctuations in T2D or patients with prediabetes, in whom haemoglobin A1c levels need to be maintained below 8% for optimal glucose control [3]. Controlling PPGR in the overweight and obese population, also at risk for T2D, appears to be the key to preventing this disease. However, as prediabetes is rapidly increasing worldwide and is not only associated with body mass index (BMI) but also with age, prevention should also start with healthy and lean people [4].



The macronutrient composition of a meal, and especially its quantity and quality of carbohydrates (CHO), are the main drivers of PPGR rise. Yet, nutritional supplements have been reported to lower the PPGR of CHO-rich meals independently of a change in their macronutrient content. These supplements can be taken either before or during a meal, depending on their compositions and mechanisms of action.



One of the most documented ingredients for mediating such an effect is whey protein, which can reduce the glucose response of a meal in healthy or T2D subjects when taken within a maximum of 30 min before a meal [5,6,7]. The studies that were conducted on lean and healthy subjects have shown that in contrast to a high dose of whey protein (50 g), 10 g of whey protein taken 30 min before a meal can lower glucose excursions by delaying gastric emptying without stimulating insulin secretion [5,8]. Such a mechanism of action of whey protein on glycemic PPGR seems to be specific to a premeal administration. The co-ingestion of whey protein with a meal was reported to lower PPGR, essentially by increasing insulin secretion through higher doses of protein [9]. Only a few studies have compared the potential impact of the timing of whey protein consumption or of the different forms of whey protein on its effectiveness in lowering PPGR. No difference in PPGR was observed when subjects with metabolic syndrome took 17.6 g of intact whey protein, either 30 or 15 min before a fat-rich meal. However, gastric emptying was more pronounced when the protein was taken 15 min before [10]. In contrast to the intact whey protein, 10 g of hydrolysed whey protein premeal, having a faster rate of amino acid absorption, did not reduce PPGR. These results suggest that a slower amino acid absorption may favour whey protein premeal efficacy on PPGR [8,11]. The whey protein microgels (WPM) containing protein aggregates were reported to delay amino acid absorption as compared to the intact whey protein [12]. It was, therefore, interesting to determine if a premeal with whey protein aggregates would affect the glucose response of a meal differently than the intact whey protein isolates (WPI), and if such effects could also be observed in overweight subjects with a higher risk of impaired glucose tolerance.



Another approach for lowering PPGR is by inhibiting glucose absorption. Amongst the different ingredients and plant extracts described for this effect, mulberry leaf extract (MLE) has been consistently reported in studies for lowering an acute blood glucose response upon CHO ingestion, which was confirmed in a meta-analysis [13]. The main active ingredient in MLE is 1-deoxynojirimycin (DNJ), which acts through potent reversible, competitive α-glucosidase inhibition, and glycogen phosphorylase inhibition, as evidenced by in vitro studies [14,15]. Studies showed that MLE, at dosages ranging from 6 to 36 mg DNJ, was efficient in lowering PPGR in healthy subjects [16,17,18,19], as well as in people with an impaired glucose metabolism [20], or T2D [21,22,23]. In most studies, the MLE efficacy was demonstrated when the extract was ingested as a capsule prior to a pure CHO (starch, maltodextrin, sucrose) ingestion [16,17,18,19,20] or consumption of a simple meal (pure rice, porridge, or cornflakes) [14,20]. To our knowledge, the efficacy of such a competitive glucosidase inhibitor has not been compared when taken before or mixed within a complex, balanced meal, rich in CHO and with non-negligible amounts of lipids and proteins.



The objective of this research was to determine if the effectiveness of these two nutritional approaches reported lowering PPGR and if it could be improved by the timing of consumption or, for the whey protein, by a different protein structure affecting amino acid absorption. To address this, we designed two independent dietary interventions with diverse meal compositions and timing regimens: the first one used a whey protein premeal, and the second study was with the MLE at the lowest effective doses already reported in the literature to avoid any potential impact on tolerance [8,18]. The two studies were performed on healthy subjects. In the first study, the effects of 10 g of WPI were compared with the WPM in overweight volunteers. The two protein forms were tested either 10 or 30 min before a standard breakfast. In the second study, the effect of 250 mg of MLE was tested in lean subjects when taken just before or during a complete meal.




2. Materials and Methods


2.1. Samples and Interventions


Nine interventions were tested in two studies. These interventions systematically varied the active compound of the supplement and the timing of administration (Table 1). Three supplements were tested vs. the control, pure water. The first supplement (WPI) was a drink composed of a whey protein preparation (Whey Basics, Pure Encapsulation, Sudbury, MA, USA) reconstituted in 100 mL of water. The second supplement (WPM) was a drink composed of 100 mL of a WPM solution, produced from a native whey protein isolate (Pronativ95 from Lactalis Ingredients, Bourgbarré, France), as previously described [24]. For this study, the concentration step was done by conventional evaporation. The WPI and WPM test products contained 78.9% and 86.8% of whey protein and 8.4% and 10.7% of caseins, respectively. The third supplement (MLE) was 250 mg of mulberry (Morus alba) leaf extract (5% Reducose®, Phynova, Witney, UK), containing 12.5 mg of DNJ that was consumed either before or during the meal. When consumed before, it was reconstituted in 200 mL of water; if consumed during the meal, it was mixed in the standardised rice meal in order to be consumed over the entire meal, at the same time as CHO. The control intervention for the MLE study consisted of 200 mL of water taken before the meal.



In the protein premeal study, the standardised meal was a breakfast composed of 56 g of white bread (2 slices), 25 g of jam and a glass of 330 mL of orange juice. In the MLE study, the standardised meal was composed of 150 g of boiled white jasmine rice, 25 g of white bread, 80 g of curry sauce and 80 g of chicken breast slices. The macronutrient composition of these two meals, as well as the estimated glycemic load [25], which was 48 g of a glucose equivalent in both studies, are described in Table 2.




2.2. Design of the Studies


For the protein premeal study, 15 healthy subjects (9 women, 6 men) were recruited with a mean ± SD age = 49 ± 8 years (inclusion criteria: 40–65 y, a BMI = 31.2 ± 2.8 kg/m2 (inclusion criteria: BMI > 27 kg/m2, with a sedentary lifestyle, not exceeding 30 min of walking per day) and fasting glucose = 5.4 ± 0.6 mmol/L. The sample size was deduced from a previous study that included 10 healthy young men and showed a significant effect of a 10 g whey protein premeal on the PPGR of a standard meal [7]. Assuming a similar effect size, but with an increased variability due to an increased BMI of the subjects, the sample size was set to n = 15.



For the MLE study, 30 subjects (11 women, 19 men) were recruited with a mean ± SD age = 31 ± 7 years (inclusion criteria: 18–45 y), a BMI = 22.9 ± 2.2 kg/m2 (inclusion criteria: BMI between 20 and 29.9 kg/m2) and fasting glucose = 5.0 ± 0.5 mmol/L. The sample size was deduced from two previous studies that both reported a 25% reduction in PPGR of either a rice-based standard meal or a load of 50 g of maltodextrin [16,18]. Assuming similar effect sizes and variabilities, the calculated effect size was n = 30 to reach a power of 80%.



The key exclusion criteria were the same in the two studies, namely any metabolic disease, including diabetes or chronic drug intake, a known allergy and intolerance to components of the test products, smoking, and contraindications to the sensor’s placement (e.g., skin hypersensitivity).



The day before each testing visit—with one test condition per visit—the subjects were required to refrain from consuming alcohol and performing strenuous exercise. They were asked to come to the Nestlé Research Center at 8 h 00, after a 12 h fasting, without taking any medication, such as aspirin or supplements containing vitamin C that may affect continuous glucose monitoring (CGM).



The glucose response was measured with a CGM device (FreeStyle Libre®, Abbott, Chicago, IL, USA), measuring the interstitial glucose concentration every 15 min [26,27,28,29]. The sensor was placed on the non-dominant arm of each subject at least 24 h before the first visit, and a reader, as well as the instructions for its use, were provided. If a sensor was lost during the study, it was replaced, and the subject could resume the study with the next testing visit at least 24 h after the sensor’s insertion. The sensor was removed at the end of the study by a clinical staff member.



Both studies were monocentric, with a crossover, randomised and open design. The subjects were randomly assigned to a sequence of a Williams Latin square that balanced the position and carry-over effect to minimise potential bias [30]. Since the subjects could test all experimental conditions once using the same CGM sensor, randomisation could be performed without any restrictions, such as blocking (see flowchart in Figure 1).



The subjects signed an informed consent form as per local regulations, and the study protocols were reviewed and approved by the Ethics Committee of Canton de Vaud (Lausanne, Switzerland, CER-VD 2019-01814, CER-VD 2018-00934) and registered at clinicaltrials.gov (NCT05112133, NCT05112146).




2.3. Data Analyses


The primary endpoint in these studies was the 2 hPPGR (2h-PPGR) incremental area under the curve (iAUC) that was calculated using the trapezoid method for each individual PPGR after the standardised meal. The additional endpoints of interest were the maximal incremental glucose value (iCmax) and the time to reach this value (Tmax). At the beginning of each visit, the subjects scanned the sensor with the reader right before the standardised meal intake (T0). The descriptive statistics (Mean, SEM) were tabulated and visualised. The means were compared using paired t-tests with a two-sided significance level set at 5%, following the established standards [31]. A sensitivity analysis was performed by using a mixed model to impute the possible missing data and to consider the potential systematic position or carry-over effects [32]. Since none of these effects were close to reaching statistical significance, this analysis is not further presented.





3. Results


3.1. Average 2h-PPGR Curves


The average 2h-PPGR curves show that for the standardised meals with comparable estimated glucose loads, eGL = 48, the protein premeal study led to higher PPGR peaks than the MLE study. The protein premeal study that included older (49 vs. 31 y) and more overweight subjects (BMI = 31.2 vs. 22.9 kg/m2) also showed a higher average glucose baseline (5.4 vs. 5.0 mmol/L). In both studies, the average curve was not back to baseline after 2 h.



The mean PPGR curves of the different interventions are visualised together with the standard error (Figure 2). These mean curves were established for the n = 14 completers of the protein premeal study and all 30 subjects enrolled in the MLE study. All subsequent analyses were performed on these analysis sets. One subject could not complete the protein premeal study because he always lost the sensor during the first 24 h after placement.




3.2. Average 2h-iAUC, iCmax and Tmax


The average 2h-iAUC, iCmax and Tmax (mean ± SE) are tabulated for the nine tested conditions (Table 3).



For the pairwise comparisons of the highest interest, the relative differences in each iAUC, as well as the absolute differences in iCmax and Tmax, are tabulated together with the corresponding p-values (Table 4).



It is shown that compared to Control 30, WPM30 significantly decreased 2h-iAUC (−30%, p = 0.001), while WPI30 only reached a trend (−14%, p = 0.104). The 2h-iAUC of WPM30 was furthermore significantly lower than WPI30 (−19%, p = 0.042). In terms of the iCmax, the effect was significant for both WPM30 (−1.09 mmol/L, p = 0.001) and WPI30 (−0.70 mmol/L, p = 0.019) vs. Control 30. The Tmax was further delayed by 9 min, from 50 to 59 min for both premeals, but this effect was not statistically significant.



In the frame of the same protein premeal study, it is shown that compared to Control 10, WPM10 significantly decreased 2h-iAUC (−25%, p = 0.019), while WPI10 only reached a trend (−18%, p = 0.077). The 2h-iAUC of WPM10 was not significantly lower than WPI10 (−9%, p = 0.375). In terms of the iCmax, the effect was significant for both WPM10 (−1.13 mmol/L, p = 0.004) and WPI10 (−0.94 mmol/L, p = 0.009) vs. Control 10, while the Tmax was not significantly impacted.



Although the observed effects were larger when the administration was 30 min before rather than 10 min before the standardised breakfast, the direct comparison of the two administration modes was not significantly different with neither the WPM nor WPI for 2h-iAUC nor the iCmax. However, the interstitial glucose responses after the WPM or WPI, taken 30 min before a meal, reached their Tmax significantly later than when they were taken 10 min before (WPI: +14 ± 6 min, p = 0.042; WPM: +13 ± 5 min, p = 0.033).



In the frame of the MLE study, it is shown that when compared to the control, 2h-iAUC was significantly reduced by the MLE Before (−26%, p = 0.002) and MLE During (−34%, p < 0.001) the standardised meal. The 2h-iAUC of the MLE During was furthermore significantly lower than the MLE Before (−10%, p = 0.050). In terms of iCmax, the effect was significant for both the MLE Before (−0.68 mmol/L, p = 0.001) and MLE During (−0.84 mmol/L, p < 0.001). The Tmax was further delayed by 22–25 min, from 60 to 82–85 min for both premeals; however, this effect appeared as significant only for the MLE Before (p = 0.023).





4. Discussion


The presented studies tested if the efficacy of whey protein premeal and MLE, two nutritional supplements previously reported to lower PPGR, could be optimised by changing the timing of their consumption or protein structure.



The protein premeal study showed that the consumption time (10 or 30 min before the meal) did not have any significant impact on the effects of the WPI or WPM premeals on the glucose response of the subsequent meal (iAUC, iCmax, Tmax). These results are consistent with previous results showing that consuming 17.6 g WPI 15 or 30 min before a fat-rich meal did not differentially alter PPGR in subjects with metabolic syndrome [10]. The reduction in the postprandial interstitial glucose observed in our study was similar to the effect observed in the blood glucose response after consuming 10 g of WPI taken 30 min before eating a pizza (about −30% in iCmax; [8]). This suggests that the measurement of interstitial glucose by a CGM device can be used as a good and less invasive alternative to blood sampling. In addition, our study confirms that the effect of 10 g of WPI previously observed in lean subjects [5,8] was also observed in overweight volunteers. Interestingly, the WPM induced a greater reduction in the iAUC and Cmax than the WPI-preload at both consumption times and, more importantly, when taken 30 min before. The mechanism of action explaining this stronger PPGR reduction induced by the WPM premeal is unclear. Although the WPM solution had a slightly higher whey protein content than the WPI preparation (+0.79 g in the 10 g of total protein WPM solution), it is unlikely that it could explain the improved PPGR reduction in the WPM treatment. The low dose of whey protein premeal (10 g) was reported to reduce PPGR through a decrease in the gastric emptying rate [13]. In addition, when hydrolysed, 10 g of whey protein premeal lost its capacity to reduce PPGR, suggesting that a faster amino acid absorption could impair the effectiveness of the whey protein premeal on the glucose response of the following meal. Because WPM was shown to have delayed protein digestion as compared to WPI [12], it can be speculated that a lower amino acid absorption might favour a PPGR reduction. The precise mechanism of action of WPM vs. WPI needs to be further explored.



In the second study evaluating the PPGR effects of MLE, we confirmed that MLE could decrease the PPGR of a complete meal. In a previous study, the same dose of 12.5 mg DNJ, in a capsule, in co-ingestion with maltodextrin, resulted in a 14% reduction of 2h-iAUC [18]. Another study reported a 24% reduction of 2h-iAUC when a smaller dose of 8 mg DNJ was taken before porridge [33]. The effect observed in the present study, when MLE was absorbed 5 min before the meal, was of a similar magnitude (−26%). Interestingly, we demonstrated that the timing of administration is an important aspect in obtaining the optimal effects of MLE on PPGR. Indeed, MLE induced a stronger reduction in the glucose response when mixed with the meal. It is reasonable to expect that a maximal effect will be observed when the DNJ reaches the small intestine at the same time as CHO in the food to compete for binding to the α-glucosidase enzymes.



Such interventions with the MLE or WPM premeal appear as potential convenient solutions for subjects with impaired glucose tolerance or diabetes for their daily blood glucose control. However, even if the MLE and WPI premeal were reported to significantly improve glucose management when taken for several consecutive days [20,34], it remains to be demonstrated that these optimal interventions would mediate superior efficacy when taken chronically. The two performed studies have some limitations. As a first limitation, the impact of the interventions on other metabolic markers, such as blood lipids and insulin secretion, was not assessed in the two studies. Previous studies testing 10 g of WPI premeal or the MLE extracts have all shown that a reduction in PPGR was associated with a decrease in insulin secretion. Therefore, it is tempting to speculate that the PPGR reduction observed in these studies might also be associated with lower postprandial insulin responses. The second limitation is that the two studies were performed on healthy subjects, and the relevance of these findings in patients with diabetes needs to be further confirmed. However, both the WPI premeal and MLE were shown to reduce PPGR in both healthy subjects and patients with diabetes [11,22]. Therefore, it is highly likely that our observations with the WPM premeal and MLE will be relevant for subjects with diabetes, as well.




5. Conclusions


The management of postprandial glycaemia is a key concern for people with prediabetes or diabetes. In this research, we demonstrated that the efficacy of nutritional solutions, such as protein premeal or MLE, to reduce glucose excursion of a complete meal could be improved by either the timing of consumption or by a whey protein structure.



Although the two presented studies were performed independently of each other, with different interventions, different standardised meals, and different inclusion criteria for the subjects, it is remarkable to notice that the reduction of 2h-iAUC is very large and of similar magnitudes, reaching maximally 30–34% for meals with estimated glycemic loads close to 50 g.



These findings not only further advance the technical applications of these nutritional supplements in different food formats, but also the relevance of obtaining optimal health benefits to lower the risk of T2D or its complications.







Author Contributions


Conceptualisation, C.D., L.E., L.B., N.P. and N.G.; methodology, C.F. and N.G.; investigation, F.D. and N.P.; data curation, C.F. and A.R.; formal analysis and visualisation, A.R.; writing—original draft preparation, C.F., L.B. and N.G.; writing—review and editing, C.D. and A.R.; supervision, C.D. and N.P.; project administration, N.P., L.E. and C.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, approved by the Ethics Committee of Canton de Vaud (Lausanne, Switzerland, CER-VD 2019-01814, CER-VD 2018-00934) and registered at clinicaltrials.gov (NCT05112133, NCT05112146).




Informed Consent Statement


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




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to intellectual property rights.




Acknowledgments


The authors would like to thank Odd Erik Johansen for critical reading of the manuscript, Carmine d’Urzo, Sandrine Wagnière, Karine Groulx, Sylviane Oguey-Araymon for their assistance in the clinical trials, Anne-Marie Vuilliomenet for protein quantification by total nitrogen analysis, Yanick Leuba for WPM characterisation by major milk protein analysis using RP-UPLC, and the volunteers for taking part in the studies.




Conflicts of Interest


All the authors were employees of Nestlé Research (Lausanne, Switzerland) at the time of the study’s conduct.




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. 2012, 13, 923–984. [Google Scholar] [CrossRef]

	



Riddle, M.; Umpierrez, G.; DiGenio, A.; Zhou, R.; Rosenstock, J. Contributions of basal and postprandial hyperglycemia over a wide range of A1C levels before and after treatment intensification in type 2 diabetes. Diabetes Care 2011, 34, 2508–2514. [Google Scholar] [CrossRef]

	



Monnier, L.; Colette, C. Postprandial and basal hyperglycaemia in type 2 diabetes: Contributions to overall glucose exposure and diabetic complications. Diabetes Metab. 2015, 41 (Suppl. S1), 6S9–6S15. [Google Scholar] [CrossRef]

	



Mainous, A.G.I.; Tanner, R.J.; Baker, R.; E Zayas, C.; Harle, A.C. Prevalence of prediabetes in England from 2003 to 2011: Population-based, cross-sectional study. BMJ Open 2014, 4, e005002. [Google Scholar] [CrossRef] [PubMed]

	



Akhavan, T.; Luhovyy, B.L.; Panahi, S.; Kubant, R.; Brown, P.H.; Anderson, G.H. Mechanism of action of pre-meal consumption of whey protein on glycemic control in young adults. J. Nutr. Biochem. 2014, 25, 36–43. [Google Scholar] [CrossRef] [PubMed]

	



Jakubowicz, D.; Froy, O.; Ahrén, B.; Boaz, M.; Landau, Z.; Bar-Dayan, Y.; Ganz, T.; Barnea, M.; Wainstein, J. Incretin, insulinotropic and glucose-lowering effects of whey protein pre-load in type 2 diabetes: A randomised clinical trial. Diabetologia 2014, 57, 1807–1811. [Google Scholar] [CrossRef]

	



Ma, J.; Jesudason, D.R.; Stevens, J.E.; Keogh, J.B.; Jones, K.L.; Clifton, P.M.; Horowitz, M.; Rayner, C.K. Sustained effects of a protein ‘preload’ on glycaemia and gastric emptying over 4 weeks in patients with type 2 diabetes: A randomized clinical trial. Diabetes Res. Clin. Pract. 2015, 108, e31–e34. [Google Scholar] [CrossRef] [PubMed]

	



Akhavan, T.; Luhovyy, B.L.; Brown, P.H.; Cho, C.E.; Anderson, G.H. Effect of premeal consumption of whey protein and its hydrolysate on food intake and postmeal glycemia and insulin responses in young adults. Am. J. Clin. Nutr. 2010, 91, 966–975. [Google Scholar] [CrossRef] [PubMed]

	



Frid, A.H.; Nilsson, M.; Holst, J.J.; Björck, I.M. Effect of whey on blood glucose and insulin responses to composite breakfast and lunch meals in type 2 diabetic subjects. Am. J. Clin. Nutr. 2005, 82, 69–75. [Google Scholar] [CrossRef] [PubMed]

	



Bjørnshave, A.; Johansen, T.N.; Amer, B.; Dalsgaard, T.K.; Holst, J.J.; Hermansen, K. Pre-meal and postprandial lipaemia in subjects with the metabolic syndrome: Effects of timing and protein quality (randomised crossover trial). Br. J. Nutr. 2019, 121, 312–321. [Google Scholar] [CrossRef]

	



King, D.G.; Walker, M.; Campbell, M.; Breen, L.; Stevenson, E.J.; West, D.J. A small dose of whey protein co-ingested with mixed-macronutrient breakfast and lunch meals improves postprandial glycemia and suppresses appetite in men with type 2 diabetes: A randomized controlled trial. Am. J. Clin. Nutr. 2018, 107, 550–557. [Google Scholar] [CrossRef]

	



Breuille, D.; Moore, D.R.; Stellingwerf, T.; Pouteau, E.; Bovetto, L. Whey Protein Micelles against Muscle Atrophy and Sarcopenia. U.S. Patent 20140249078A1, 4 September 2014. [Google Scholar]

	



Phimarn, W.; Wichaiyo, K.; Silpsavikul, K.; Sungthong, B.; Saramunee, K. A meta-analysis of efficacy of Morus alba Linn. to improve blood glucose and lipid profile. Eur. J. Nutr. 2017, 56, 1509–1521. [Google Scholar] [CrossRef] [PubMed]

	



Asano, N. Sugar-mimicking glycosidase inhibitors: Bioactivity and application. Cell. Mol. Life Sci. 2009, 66, 1479–1492. [Google Scholar] [CrossRef] [PubMed]

	



Asano, N.; Yamashita, T.; Yasuda, K.; Ikeda, K.; Kizu, H.; Kameda, Y.; Kato, A.; Nash, R.J.; Lee, H.S.; Ryu, K.S. Polyhydroxylated alkaloids isolated from mulberry trees (Morusalba L.) and silkworms (Bombyx mori L.). J. Agric. Food Chem. 2001, 49, 4208–4213. [Google Scholar] [CrossRef] [PubMed]

	



Józefczuk, J.; Malikowska, K.; Glapa, A.; Stawińska-Witoszyńska, B.; Nowak, J.K.; Bajerska, J.; Lisowska, A.; Walkowiak, J. Mulberry leaf extract decreases digestion and absorption of starch in healthy subjects-A randomized, placebo-controlled, crossover study. Adv. Med. Sci. 2017, 62, 302–306. [Google Scholar] [CrossRef]

	



Kimura, T.; Nakagawa, K.; Kubota, H.; Kojima, Y.; Goto, Y.; Yamagishi, K.; Oita, S.; Oikawa, A.S.; Miyazawa, T. Food-grade mulberry powder enriched with 1-deoxynojirimycin suppresses the elevation of postprandial blood glucose in humans. J. Agric. Food Chem. 2007, 55, 5869–5874. [Google Scholar] [CrossRef] [PubMed]

	



Lown, M.; Fuller, R.; Lightowler, H.; Fraser, A.; Gallagher, A.; Stuart, B.; Byrne, C.; Lewith, G. Mulberry-extract improves glucose tolerance and decreases insulin concentrations in normoglycaemic adults: Results of a randomised double-blind placebo-controlled study. PLoS ONE 2017, 12, e0172239. [Google Scholar] [CrossRef]

	



Nakamura, M.; Nakamura, S.; Oku, T. Suppressive response of confections containing the extractive from leaves of Morus Alba on postprandial blood glucose and insulin in healthy human subjects. Nutr. Metab. 2009, 6, 29. [Google Scholar] [CrossRef]

	



Asai, A.; Nakagawa, K.; Higuchi, O.; Kimura, T.; Kojima, Y.; Kariya, J.; Miyazawa, T.; Oikawa, S. Effect of mulberry leaf extract with enriched 1-deoxynojirimycin content on postprandial glycemic control in subjects with impaired glucose metabolism. J. Diabetes Investig. 2011, 2, 318–323. [Google Scholar] [CrossRef]

	



Andallu, B.; Suryakantham, V.; Srikanthi, B.L.; Reddy, G.K. Effect of mulberry (Morus indica L.) therapy on plasma and erythrocyte membrane lipids in patients with type 2 diabetes. Clin. Chim. Acta 2001, 314, 47–53. [Google Scholar] [CrossRef]

	



Banu, S.; Jabir, N.R.; Manjunath, N.C.; Khan, M.S.; Ashraf, G.M.; Kamal, M.A.; Tabrez, S. Reduction of post-prandial hyperglycemia by mulberry tea in type-2 diabetes patients. Saudi J. Biol. Sci. 2015, 22, 32–36. [Google Scholar] [CrossRef] [PubMed]

	



Murata, K.; Yatsunami, K.; Fukuda, E.; Onodera, S.; Mizukami, O.; Hoshino, G.; Kamei, T. Antihyperglycemic effects of propolis mixed with mulberry leaf extract on patients with type 2 diabetes. Altern. Ther. Health Med. 2004, 10, 78–79. [Google Scholar] [PubMed]

	



Schmitt, C.; Moitzi, C.; Bovay, C.; Rouvet, M.; Bovetto, L.; Donato, L.; Leser, M.E.; Schurtenberger, P.; Stradner, A. Internal structure and colloidal behaviour of covalent whey protein microgels obtained by heat treatment. Soft Matter 2010, 6, 4676–4684. [Google Scholar] [CrossRef]

	



Rytz, A.; Adeline, D.; Lê, K.-A.; Tan, D.; Lamothe, L.; Roger, O.; Macé, K. Predicting Glycemic Index and Glycemic Load from Macronutrients to Accelerate Development of Foods and Beverages with Lower Glucose Responses. Nutrients 2019, 11, 1172. [Google Scholar] [CrossRef] [PubMed]

	



Bailey, T.; Bode, B.W.; Christiansen, M.P.; Klaff, L.J.; Alva, S. The Performance and Usability of a Factory-Calibrated Flash Glucose Monitoring System. Diabetes Technol. Ther. 2015, 17, 787–794. [Google Scholar] [CrossRef]

	



Bonora, B.; Maran, A.; Ciciliot, S.; Avogaro, A.; Fadini, G.P. Head-to-head comparison between flash and continuous glucose monitoring systems in outpatients with type 1 diabetes. J. Endocrinol. Investig. 2016, 39, 1391–1399. [Google Scholar] [CrossRef]

	



Distiller, L.A.; Cranston, I.; Mazze, R. First Clinical Experience with Retrospective Flash Glucose Monitoring (FGM) Analysis in South Africa: Characterizing Glycemic Control with Ambulatory Glucose Profile. J. Diabetes Sci. Technol. 2016, 10, 1294–1302. [Google Scholar] [CrossRef]

	



Schierenbeck, F.; Franco-Cereceda, A.; Liska, J. Accuracy of 2 Different Continuous Glucose Monitoring Systems in Patients Undergoing Cardiac Surgery. J. Diabetes Sci. Technol. 2017, 11, 108–116. [Google Scholar] [CrossRef]

	



Williams, E. Experimental designs balanced for the estimation of residual effects of treatments. Aust. J. Chem. 1949, 2, 149–168. [Google Scholar] [CrossRef]

	



International Standard Organization. Food Products—Determination of the Glycaemic Index (GI) and Recommendations for Food Classification; International Standard Organization: Geneva, Switzerland, 2010. [Google Scholar]

	



Senn, S. Cross-Over Trials in Clinical Research, 2nd ed.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2002. [Google Scholar]

	



Mela, D.J.; Cao, X.-Z.; Dobriyal, R.; Fowler, M.I.; Lin, L.; Joshi, M.; Mulder, T.J.P.; Murray, P.G.; Peters, H.P.F.; Vermeer, M.A.; et al. The effect of 8 plant extracts and combinations on post-prandial blood glucose and insulin responses in healthy adults: A randomized controlled trial. Nutr. Metab. 2020, 17, 51. [Google Scholar] [CrossRef]

	



Smith, K.; Taylor, G.S.; Brunsgaard, L.H.; Walker, M.; Davies, K.A.B.; Stevenson, E.J.; West, D.J. Thrice daily consumption of a novel, premeal shot containing a low dose of whey protein increases time in euglycemia during 7 days of free-living in individuals with type 2 diabetes. BMJ Open Diabetes Res. Care 2022, 10, e002820. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 14 02674 g001 550] 





Figure 1. Flowchart of the two studies, including enrollment, allocation, and analysis. 
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Figure 2. Average 2h-PPGR of the protein premeal study featuring n = 14 completers, with premeal taken either 30 min before (a) or 10 min before (b) the complete breakfast with an estimated GL of 48 g, and average 2h-PPGR of the MLE study featuring n = 30 subjects (c). The figure shows cross-sectional values with mean ± SE. 
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Table 1. Nine interventions tested in two studies, featuring three active ingredients (WPI: Whey Protein Isolates, WPM: Whey Protein Microgel, and MLE: Mulberry Leaf Extract).
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	Study
	Intervention
	Supplement

[g Active + mL Water]
	Timing

[min before Meal]





	Protein Premeal
	Control 30
	0 g + 100 mL
	30



	
	WPI 30
	10 g WPI + 100 mL
	30



	
	WPM 30
	10 g WPM + 100 mL
	30



	
	Control 10
	0 g + 100 mL
	10



	
	WPI 10
	10 g WPI + 100 mL
	10



	
	WPM 10
	10 g WPM + 100 mL
	10



	MLE
	Control
	0 mg + 200 mL
	5



	
	MLE Before
	250 mg MLE + 200 mL
	5



	
	MLE During
	250 mg MLE + 200 mL
	0
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Table 2. Macronutrient composition and estimated glycemic load (eGL) of the standardised meals served in the two studies (CHO: Carbohydrates).
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	Protein Premeal Study
	MLE Study





	Energy [kcal]
	320
	510



	CHO [g (%kcal)]
	71.0 (89%)
	72.5 (57%)



	Sugars [g (%kcal)]
	43.5 (54%)
	4.5 (4%)



	Protein [g (%kcal)]
	5.0 (6%)
	24.9 (19%)



	Fat [g (%kcal)]
	1.8 (5%)
	13.4 (24%)



	eGL [g]
	48
	48
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Table 3. Descriptive statistics (mean ± SE) for the nine tested conditions with n = 14 for the protein premeal study and n = 30 for the MLE study.
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	2h-iAUC

[mmol/L × min]
	iCmax

[mmol/L]
	Tmax

[min]





	Control 30
	245 ± 30
	3.50 ± 0.33
	50 ± 5



	WPI 30
	212 ± 30
	2.80 ± 0.33
	59 ± 5



	WPM 30
	172 ± 26
	2.41 ± 0.33
	59 ± 5



	Control 10
	247 ± 29
	3.77 ± 0.39
	51 ± 6



	WPI 10
	203 ± 32
	2.83 ± 0.36
	45 ± 4



	WPM 10
	185 ± 28
	2.65 ± 0.32
	46 ± 5



	Control
	167 ± 12
	2.45 ± 0.14
	60 ± 7



	MLE before
	123 ± 12
	1.77 ± 0.13
	85 ± 9



	MLE during
	111 ± 10
	1.61 ± 0.12
	82 ± 9
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Table 4. Pairwise comparison with effect size (mean ± SE) and p-value (paired t-test) for the nine comparisons of the highest interest, with n = 14 for the protein premeal study and n = 30 for the MLE study.
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	2h-iAUC

[%]
	iCmax

[mmol/L]
	Tmax

[min]





	WPI 30—Control 30
	−14 ± 8 (p = 0.104)
	−0.70 ± 0.26 (p = 0.019)
	9 ± 5 (p = 0.104)



	WPM 30—Control 30
	−30 ± 7 (p = 0.001)
	−1.09 ± 0.24 (p = 0.001)
	9 ± 7 (p = 0.218)



	WPM30—WPI30
	−19 ± 8 (p = 0.042)
	−0.40 ± 0.22 (p = 0.100)
	0 ± 8 (p = 1.000)



	WPI 10—Control 10
	−18 ± 9 (p = 0.077)
	−0.94 ± 0.31 (p = 0.009)
	−6 ± 6 (p = 0.290)



	WPM 10—Control 10
	−25 ± 9 (p = 0.019)
	−1.13 ± 0.33 (p = 0.004)
	−5 ± 7 (p = 0.444)



	WPM10—WPI10
	−9 ± 10 (p = 0.375)
	−0.19 ± 0.29 (p = 0.534)
	1 ± 7 (p = 0.876)



	MLE before—Control
	−26 ± 7 (p = 0.002)
	−0.68 ± 0.17 (p = 0.001)
	25 ± 9 (p = 0.023)



	MLE during—Control
	−34 ± 7 (p < 0.001)
	−0.84 ± 0.15 (p < 0.001)
	22 ± 11 (p = 0.206)



	MLE during—MLE before
	−10 ± 7 (p = 0.050)
	−0.16 ± 0.12 (p = 0.046)
	−3 ± 10 (p = 0.420)
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