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Polyphenol Supplementation Did Not Affect Insulin Sensitivity and Fat Deposition During One-Month Overfeeding in Randomized Placebo-Controlled Trials in Men and in Women
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Two randomized placebo-controlled double-blind paralleled trials (42 men in Lyon, 19 women in Lausanne) were designed to test 2 g/day of a grape polyphenol extract during 31 days of high calorie-high fructose overfeeding. Hyperinsulinemic-euglycemic clamps and test meals with [1,1,1-13C3]-triolein were performed before and at the end of the intervention. Changes in body composition were assessed by dual-energy X-ray absorptiometry (DEXA). Fat volumes of the abdominal region and liver fat content were determined in men only, using 3D-magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) at 3T. Adipocyte’s size was measured in subcutaneous fat biopsies. Bodyweight and fat mass increased during overfeeding, in men and in women. While whole body insulin sensitivity did not change, homeostasis model assessment of insulin resistance (HOMA-IR) and the hepatic insulin resistance index (HIR) increased during overfeeding. Liver fat increased in men. However, grape polyphenol supplementation did not modify the metabolic and anthropometric parameters or counteract the changes during overfeeding, neither in men nor in women. Polyphenol intake was associated with a reduction in adipocyte size in women femoral fat. Grape polyphenol supplementation did not counteract the moderated metabolic alterations induced by one month of high calorie-high fructose overfeeding in men and women. The clinical trials are registered under the numbers NCT02145780 and NCT02225457 at ClinicalTrials.gov and available at https://clinicaltrials.gov/ct2/show/NCT02145780 and https://clinicaltrials.gov/ct2/show/NCT02225457.
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INTRODUCTION

Unbalanced eating habits with increased consumption of high calorie and fructose rich foods are major contributors to the current obesity epidemics and its metabolic consequences, including type 2 diabetes and metabolic syndrome. Changing lifestyle (reducing energy intake and increasing physical activity) is difficult to maintain in the long term (1) and alternative solutions must be therefore explored to limit the incidence of weight-related metabolic diseases. Polyphenols, naturally present in many foods (fruits, vegetables, cocoa, etc.) and beverages (tea, coffee, red wine, etc.), have been consistently reported as beneficial compounds, able to preserve metabolic homeostasis, mainly in animal models but also in several clinical studies (2–4). The low incidence of cardiovascular diseases in Mediterranean populations despite high consumption of lipids, commonly described as the “French paradox,” could be in part attributable to the consumption of polyphenol-rich diets, with olive oil, fruits, vegetables, and even red wine (5). In epidemiological studies, high intake of polyphenols was associated with lower risk of developing type 2 diabetes (6), and clinical trials in type 2 diabetic patients showed that purified anthocyanin could limit insulin resistance and increase anti-oxidative capacity (7). It was also reported that 14 days of coffee consumption preceding a 6 days fructose challenge was able to attenuate the HIR (8), and similarly, we have demonstrated that a dietary supplementation with grape polyphenol extracts for one month could prevent fructose induced oxidative stress and insulin resistance in high metabolic risk subjects (9). In heathy subjects, 15 days supplementation with dark chocolate increased insulin sensitivity (10), and 4-week supplementation with purified catechins decreased fasting insulin concentrations and HOMA-IR (11). A meta-analysis of randomized controlled trials (RCTs) performed in healthy or overweight subjects also highlighted a decrease in fasting insulin and HOMA-IR with cocoa supplementation, rich in polyphenols (12). However, several other studies did not show beneficial effect of polyphenols on metabolic parameters (13), indicating that additional studies investigating the effects of polyphenols in people submitted to a deleterious nutritional environment are still needed.

Experimental overfeeding simulates the early metabolic alterations induced by a caloric imbalance (14) and represents a useful model to precisely control food intake and to monitor weight changes, fat accumulation and metabolic parameters (15). For example, short term fat overfeeding was proven to induce insulin resistance and increased circulating CRP and MCP-1 in healthy volunteers (16). 56 days of high-fat overfeeding induced a remodeling of genes linked with fatty acid metabolism and mitochondria in skeletal muscle (17). Finally, another study showed that smaller fat cells at baseline was associated to worsened metabolic outcomes after overfeeding (17). Overfeeding can also be a good model to compare the effects of different diets. For example, overfeeding saturated or unsaturated fat has distinct effects on the liver and lipolysis (18). We therefore designed a one month randomized, double-blind, placebo-controlled trial to assess the ability of a daily nutritional amount of a grape polyphenol supplementation to counteract the consequences of a high calorie-high fructose overfeeding diet with 50% energy excess. The same study was conducted in parallel with men (in Lyon, France) and women (in Lausanne, Switzerland), with a specific focus on insulin sensitivity using a two-stage hyperinsulinemic-euglycemic clamp procedure and on post-prandial lipid metabolism using stable isotope labeled lipids in test meal.



RESEARCH DESIGN AND METHODS


Study Design

The full details of the clinical trial are described in the Supplementary Materials. The intervention study was an investigator-initiated randomized, double blind, placebo-controlled, parallel-group trial, with each participant serving as her or his own control. A timeline summarizing the study design is shown in Supplementary Figure 1. Participants were submitted to 31 days of overfeeding during which they were required to add to their usual daily diet, between their meals, a supplement of snack foods equating to a 50% excess of their total energy expenditure. The supplement was provided to the subjects in daily packages and was composed of a determined amount of soda, chocolate breads, chips and chocolate bars. In parallel, a supplementation of 2 g of grape polyphenols or placebo had to be taken each day by the subjects. Composition of the polyphenol extract is provided in the Supplementary Table 1. The study was conducted according to the CONSORT guidelines in Lyon, France (NCT02145780) for the male cohort and in Lausanne, Switzerland (NCT02225457) for the female cohort. The participant flow chart is shown in Figure 1. The protocol was approved in Lyon by the ethics committee of Lyon Sud-Est according to the French “Huriet-Serusclat” law, and in Lausanne by the regional committee for human experimentation (Vaud, Switzerland). All participants were given oral and written information before the protocol, and a written informed consent was obtained from all of them.
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FIGURE 1. Flow chart of the study. (A) Men. (B) Women.




Metabolic Explorations

Metabolic explorations were carried out in the morning, after an overnight fast on day 0 and on day 31, as described in Supplementary Figure 1. In women, clamps and test meals were performed during the follicular phase of the menstrual cycle.

Insulin sensitivity was assessed using a two-step hyperinsulinemic-euglycemic clamp (0.2 mUI.kg–1.min–1 and 1 mUI.kg–1.min–1) as previously described (19).

Metabolic fate of dietary lipids was investigated using a breakfast test meal enriched with 250mg [1,1,1-13C3]-triolein (99 atom% 13C, Eurisotop, Saint-Aubin, France). The isotopic enrichment of the lipid fractions was assessed as previously reported (20).



Metabolites, Hormones and Polyphenols

Biochemicals were measured by routine methods as previously described (14).

Plasma polyphenol concentrations were analyzed at the metabolomic platform of IARC (International Agency for Research on Cancers, Lyon), using Ultra High Pressure Liquid Chromatography ElectrosprayIonization Tandem Mass Spectrometry (UHPLC-ESI–MS/MS) as described previously (21).



Body Composition

Body composition was determined by whole-body dual-energy x-ray absorptiometry (in Lyon: Lunar Prodigy; in Lausanne: Lunar iDXA) before and after overfeeding.



Adipose Tissue Distribution and Liver Fat Evaluation by MRI in Men

The visceral and subcutaneous fat volumes were quantified using three-dimensional MRI at 3T (Ingenia Philips, Andover, MA, United States) and the proton density fat fraction (PDFF) in the liver was quantified using MRS, as previously described (22) and used to assess the liver fat percentage.



Physical Activity

Physical activity was monitored using Actigraph GT3X accelerometer (Actigraph, Pensacola, United States) before and during the overfeeding (D21-D28) and physical activity level (PAL) were determined.



Adipocyte Size Measurement

Adipose tissue biopsies were processed as recommended for histological analysis (16). Pictures taken under a fluorescent microscope were analyzed with the ImageJ software to assess adipocyte diameter and area.



Power Calculation

In men the sample size calculation was performed using PASS 2011 software (NCSS, LLC. Kaysville, Utah). The glucose infusion rate (GIR) obtained during similar euglycemic hyperinsulinemic clamp in a previous study (19) was used as reference for the calculation. Expecting a difference of at least 1 mg.kg–1.min–1 between the two groups, Placebo (PCB) and Polyphenol (PP), and with a 5% alpha error and a 80% power, 21 subjects per group were required. In women, the sample size calculation was based on a previous study (23) with a sample size of 9 subject per group.



Statistical Analyses

Clinical, imaging and metabolic variables were reported as mean (± SEM), median (range) or number (%) as appropriate. The area under curves were calculated using the trapezoidal method. Between treatment group effect of overfeeding was analyzed with a repeated ANOVA analysis for Gaussian data or Mann Whitney tests for non-Gaussian data. The effect of the time and group in the male and female cohort were analyzed separately (Time, Time*group) with the same statistical method. If necessary, a logarithm transformation was considered depending on the distribution of variables. For non-parametric variables, diet effect was analyzed using Wilcoxon test. Homogeneity of variance was analyzed before performing parametric tests, with a Levene test. Correlations were assessed using Spearman rank correlation coefficients. Post hoc analysis was performed when appropriate. Statistical significance was considered for P values < 0.05 and all statistical analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, United States) and IBM SPSS Statistics for Windows (Version 20.0. Armonk, NY: IBM Corp) or R (version 1.4.17.17).



Data and Resource Availability

All data generated or analyzed during this study are included in the published article (and its online Supplementary Materials). No applicable resources were generated or analyzed during the current study.




RESULTS


Responses to Overfeeding and Effects of Polyphenols on Anthropometric and Metabolic Parameters


Male Study

Forty two volunteers, aged 31 ± 2 y, BMI: 24.9 ± 0.2 kg/m2 completed the study (Figure 1). The subjects in the placebo group and polyphenol group did not differ by age, BMI, body composition and biochemical characteristics (Table 1). During the overfeeding period, energy intake increased from 2252 ± 91 to 3348 ± 76 kcal/day (Supplementary Table 2). The spontaneous intake of dietary polyphenols was the same between the two groups before overfeeding, and did not change with overfeeding. Subjects maintained the same level of PAL (Before and after overfeeding 1.54% ± 0.12% and 1.55% ± 0.13% for the placebo group and 1.55% ± 0.18%, 1.54% ± 0.14% for the polyphenol group).


TABLE 1. Body composition, resting energy expenditure (REE), leptin, adiponectin, C-reactive protein (CRP), fasting glycemia, insulinemia, homeostasis model assessment of insulin resistance (HOMA-IR) and euglycemic hyperinsulinic clamp parameters of the male cohort and female cohort before and after overfeeding.

[image: Table 1]
Polyphenols were analyzed in plasma showing a significant increase in several species and metabolites at D28 in the polyphenol group only, including resveratrol, catechin, homovanillic and gallic ethyl ester (Supplementary Table 1).

The nutritional intervention led to an increase in body weight (2.6 ± 0.3 kg and 2.5 ± 0.3 kg, pTime < 0.001) and fat mass (1.6 ± 0.3 kg and 1.7 ± 0.3 kg, pTime < 0.001) in placebo and polyphenol groups, with no difference between groups (Table 1). Fat mass gain represented 62 ± 1% of the total weight gain. Serum leptin and adiponectin increased similarly in the two groups in response to overfeeding, and C-reactive protein (CRP) was not affected in either group (Table 1). Additional metabolic parameters are presented in Supplementary Table 3. Overfeeding induced an increase in total cholesterol, HDL-cholesterol and LDL cholesterol (all with pTime < 0.05) in the two groups, without significant difference between placebo and polyphenol.



Female Study

Nineteen female subjects, aged 26 ± 1 y, BMI: 21.4 ± 0.4 kg/m2 completed the study. The subjects in the placebo and the polyphenol group were comparable regarding age, BMI, body composition and biochemical characteristics (Table 1). During the overfeeding period, energy intake increased on average from 1989 ± 63 to 3181 ± 97 kcal/day (Supplementary Table 2). There was no difference between the two groups in the spontaneous polyphenol intake. Subjects maintained the same level of PAL (Before and after overfeeding 1.59% ± 0.19% and 1.49% ± 0.09% for the placebo group and 1.69% ± 0.15% and 1.58% ± 0.14% for the polyphenol group).

The nutritional intervention led to an increase in body weight (3.1 ± 0.5 kg and 2.8 ± 0.4 kg, pTime < 0.001) and fat mass (1.8 ± 0.4 kg and 1.2 ± 0.2 kg, pTime < 0.001) in placebo and polyphenol groups, with no difference between groups (Table 1). Like for the men, serum leptin and adiponectin increased similarly in the two groups in response to overfeeding, and CRP was not affected (Table 1). Overfeeding induced an increase in total cholesterol and HDL-cholesterol (all with pTime < 0.05) in the two groups, without significant difference between placebo and polyphenol (Supplementary Table 3). There was a significant increase in alanine transaminase (ALAT) (pTime < 0.05) with no effect of polyphenols.




Responses to Overfeeding and Effects of Polyphenols on Glucose Metabolism and Insulin Sensitivity


Male Study

Fasting glycemia did not change during the intervention, either upon overfeeding or during polyphenol consumption, while insulinemia increased (pTime < 0.001) in both the placebo and polyphenol groups (Table 1). Consequently, there was an increase in HOMA-IR (0.59 ± 0.18 for the placebo group and 0.39 ± 0.17 for the polyphenol group, pTime < 0.001) in the two groups, without significant difference between placebo and polyphenol. Overfeeding did not affect basal endogenous glucose production rate nor its inhibition at the first step of the clamp. However, overfeeding led to an increase in the HIR, both in placebo and polyphenol groups (4.09 ± 1.99 and 4.12 ± 1.70, respectively, pTime < 0.05), but without difference between groups. At the end of the second step of the clamp, GIR was unaffected by the overfeeding in both the placebo and the polyphenol groups.



Female Study

Overfeeding intervention did not affect fasting glycemia in the placebo group, but a significant, although moderate, increase (from 4.9 ± 0.1 to 5.1 ± 0.1 mmol/L, pTime*Group < 0.05) was observed in the polyphenol group (Table 1). Like for the men, the nutritional intervention led to an increase in fasting insulinemia in both groups (pTime < 0.001) and consequently, the HOMA-IR (+ 0.63 ± 0.13 for the placebo group and + 0.65 ± 0.22 for the polyphenol group, pTime < 0.01) increased, but without an effect of polyphenols. During the clamp, overfeeding did not affect endogenous glucose production rate, although there was an increase in HIR in both groups (6.47 ± 1.8 and 7.16 ± 2.1 for the placebo and polyphenol groups, respectively, pTime < 0.01), which was not ameliorated by polyphenol consumption (Table 1). Finally, as observed in men, GIR was not affected by overfeeding nor by polyphenol supplementation when measured at the second step of the hyperinsulinemic clamp.




Responses to Overfeeding and Effects of Polyphenols on Postprandial Metabolism


Male Study

Postprandial metabolism was evaluated using a standardized test meal with labeled lipids (20). Regarding the evolution of glycemia and insulinemia during the postprandial phase, overfeeding led to an increase in the 5h incremental area under the curve (iAUC) of insulinemia with no effect on glycemia iAUC (Figure 2 and Supplementary Table 4), resulting accordingly in a significant decrease in Matsuda Insulin Sensitivity Index (MISI) in the two groups (pTime < 0.001), which was not corrected by polyphenol intake. Regarding the postprandial metabolism of lipids, overfeeding significantly increased the 5h iAUC of triglycerides (pTime < 0.001). Post-prandial 13C oleic acid enrichment (5h iAUC) remained unchanged with overfeeding in both groups. There was no impact on whole-body meal-derived fatty acids oxidation rate estimated from the isotopic enrichment of expired 13CO2 [iAUC Oxidized tracer (g): pTime = 0.6] (Supplementary Table 4).
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FIGURE 2. Evolution of glycemia, insulinemia, triglycerides and 13C-C18:1 triglycerides in plasma during the test meal, in men and women in the placebo and the polyphenol groups. MISI: Matsuda insulin sensitivity index, iAUC in each group are represented before and after overfeeding. White squares: Placebo group at baseline; White circles: Placebo group after overfeeding; Black squares: Polyphenol group at baseline; Black circles: Polyphenol group after overfeeding; White bars: Baseline; Hatched bars: Overfeeding. Data are expressed as mean ± SEM.




Female Study

Overfeeding led to a decrease in the 5h iAUC of postprandial glycemia (pTime = 0.01) while the 5h iAUC of insulinemia remained stable, with no effect of polyphenols (Figure 2 and Supplementary Table 4). Overfeeding was associated with a significant decrease in the MISI without difference between groups (p Time = 0.03, p Time*Group = 0.6). Like in men, overfeeding led to an increase of the 5h iAUC of triglycerides (pTime < 0.001), with no impact of polyphenols (Figure 2). There was no change of post prandial plasma enrichment of 13C oleic acid and of whole-body meal-derived fatty acid oxidation (Supplementary Table 4), neither after overfeeding nor in the presence of polyphenols.




Responses to Overfeeding and Effects of Polyphenols on Adipose Tissue Distribution and Adipocyte Size

Android and gynoid fat mass were assessed by DEXA in the two cohorts (Supplementary Table 5). Both adipose tissue depots significantly increased during overfeeding in both genders (pTime < 0.001). In men, polyphenol consumption did not impact the effect of overfeeding, whereas, in women, the supplementation reduced the overfeeding-induced gynoid fat mass (Figure 3A), which was less increased in the polyphenol group (226 ± 61 g) compared to the placebo (437 ± 70 g) (p < 0.05). No effects of polyphenol was observed on the android fat mass.
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FIGURE 3. (A) Evolution of android and gynoid fat mass in both populations analyzed by DEXA. T-test or Wilcoxon, * p < 0.05. White bars: Placebo group; Black bars: Polyphenol group. Data are expressed as mean ± SEM. (B) Periumbilical adipocyte area in men (A) and women (B) and gluteal adipocyte area in women (D) before (D-7) and after overfeeding (D28) (μm2) in each group. Periombilical adipose tissue pictures of a subject in the placebo and polyphenol group at baseline and after overfeeding (C). ANOVA with repeated measures or non- parametric test when appropriate were performed to study the effect of time and the effect of the polyphenol supplementation. No effect of Time*Group using ANOVA repeated measures, or non-parametric test, except for the Gluteofemoral adipocyte size in women. White bars: Baseline; Hatched bars: Overfeeding. Data are expressed as mean ± SEM.


These DEXA data suggest that the polyphenol supplementation could eventually affect the accumulation of fat in some depots in women, therefore we checked adipose tissue cellularity by measuring the area of adipocytes in subcutaneous adipose tissue biopsies from abdominal and femoral regions. Figure 3B shows that while the adipocyte size in women increased during overfeeding in the periumbilical region in both groups (467 ± 115 μm2 and 349 ± 92 μm2 for the placebo and polyphenol group, respectively) and in the gluteofemoral depot for the placebo group (641 ± 367 μm2), it decreased in the gluteofemoral depot in the polyphenol group (−348 ± 198 μm2) (pTime*Group < 0.05). In men, neither overfeeding nor polyphenol supplementation modified the adipocyte size in the peri-umbilical region.

Responses to overfeeding and effects of polyphenols on MRI-assessed adipose tissue distribution and liver fat content in men.

When measured by MRI, both subcutaneous (+ 90.8 ± 22 cm3 and + 111.6 ± 23 cm3 for the placebo and polyphenol group, respectively), and abdominal fat volume (+ 128.5 ± 31 cm3 and + 88.7 ± 30 cm3 for the placebo and polyphenol groups, respectively) were significantly increased during overfeeding (Supplementary Table 5), without difference between both groups. Using MR spectroscopy, we were able to assess liver fat, which was significantly increased in the placebo and the polyphenol groups, without effect of the polyphenol supplementation (+ 1.74% ± 0.5% and + 1.35% ± 0.3% for the placebo and polyphenol groups, respectively, pTime < 0.001). Of note, using Spearman correlations in the whole male cohort (n = 42), we found associations between the increase in liver fat content and the increase in ALAT (R = 0.42, p = 0.008) and a tendency with the increased HIR (R = 0.31, p = 0.06) (data not shown).




DISCUSSION

The present study is the first evaluation of the effect of a polyphenol extract supplementation on an experimental overfeeding in humans. Our objective was to test a potential protective role of a grape polyphenol mixture (2 g/day) on the metabolic and anthropometric adaptations to one month of overfeeding in healthy men and women participating in a similar randomized, placebo-controlled, parallel-group clinical trial.

Overfeeding experiments have been used previously to characterize the early changes occurring during weight gain, allowing the description of the kinetics of adipose tissue expansion (14), the modification of fat inflammation (16) or the adaptation of energy metabolism in skeletal muscle (24). Several studies investigated ultraprocessed food (25, 26), however, most of the overfeeding interventions have been performed with high fat diets, that do not really reflect actual food habits, and it was shown in several (16–18, 27) but not all (28, 29) studies that high-fat overfeeding can lead to reduced insulin sensitivity. For the present study, we designed a high calorie-high fructose overfeeding protocol, with a daily energy excess of + 50% of the total energy expenditure, provided by ultra-processed food such as soda, chocolate breads, chips and chocolate bars to mimic the western diet (30). Overfeeding for one month increased body weight and fat mass similarly in men and in women, and, measured by MRI in men only, increased visceral and subcutaneous fat depots and lipid deposition in the liver. The primary outcome of the trials was the effect of polyphenol supplementation on whole-body insulin sensitivity. In both genders, overfeeding promoted a slight deterioration of insulin sensitivity estimated by the HOMA-IR and the MISI, mainly related to an increase in fasting plasma insulin concentrations. The HIR was also increased after overfeeding and was slightly associated, at least in men, to liver fat accumulation estimated by MRI. However, polyphenol intake did not modify significantly any of these values. In addition, when assessed by euglycemic hyperinsulinemic clamp, overfeeding was not associated with alteration of insulin actions measured at both steps of the clamp (inhibition of hepatic glucose production and stimulation of whole-body glucose uptake). In this situation, polyphenol did not modify insulin responses estimated by the clamp, either in men, or in women.

Other studies have reported effects of polyphenol supplementation on insulin sensitivity markers, with a decreased HOMA-IR in obese adults fed with polyphenol enriched food (31) or supplemented with resveratrol (32). In heathy subjects, consumption of polyphenol rich food (chocolate) or purified compounds (catechins) has been also associated with improved insulin sensitivity (10–12). In a previous study, we found that first-degree relatives of type 2 diabetes patients were protected against fructose-induced insulin resistance when supplemented with the same grape polyphenol extract as the one used here (9). However, the protocol was different with polyphenol supplementation provided for two months before a 6 day challenge test with fructose. The design of the present trials, with consumption of polyphenol supplements during the overfeeding intervention, may have potentially concealed the effects that could have taken place when used as a preventive strategy, or when provided without drastically changing the diet (12, 31, 32). It should also be mentioned that the metabolic alterations in response to the present overfeeding experiment were not very large and thus could not be markedly improved by the polyphenol supplementation. However, in line with our observation, several other trials have also found that polyphenols did not modify insulin sensitivity and metabolic parameters (33), including studies with resveratrol (13), the prototypic polyphenol molecule for which a large bulk of pre-clinical data support positive actions on insulin sensitivity (34).

Overfeeding with a high calorie-high fructose diet was associated with an increase in liver fat content assessed by MRS analysis in men. Unfortunately, we did not have access to the liver fat content in women, but ALAT, a surrogate marker of liver fat (35), increased in women, suggesting that the evolution of liver fat was probably similar in both genders during overfeeding. Liver fat deposition could be the consequence of increased dietary fat intake and/or stimulation of hepatic de novo lipogenesis (36). A recent study agrees with this hypothesis as 7 weeks of overfeeding of sweetened beverages showed that fructose and sucrose but not glucose increased de novo lipogenesis (37). The high fructose content of the overfeeding diet, that led to an increase in circulating fructose, may have promoted de novo lipogenesis (5). In parallel, post-prandial triglycerides were elevated after overfeeding suggesting increased intestinal uptake of lipids. However, the analysis of the fate of dietary lipids during the test meals revealed a similar enrichment of labeled fatty acids in plasma before and after overfeeding. This indicates that the increase in post-prandial triglycerides levels was the result of an increase in both endogenous triglycerides from de novo lipogenesis and intestinal absorption of dietary lipids. This could be due to a concomitant increase of both processes or more likely to a decrease in triglycerides clearance. The composition of the supplementary diet, with a high content of saturated fats, could have contributed to increased intrahepatic triglyceride content (9, 10) and potentially also to hepatic insulin resistance (18). Several high saturated fat overfeeding studies agree with this statement. Feeding muffins high in saturated fatty acids for 7 weeks increased liver fat measured by MRI (38). Another overfeeding of saturated, unsaturated or simple sugars showed that 3 weeks of saturated fat is enough to increase intrahepatic triglycerides (18). Another study showed that overfeeding healthy men for 7 days with a high-fat high-fructose diet increased to a greater extent hepatic lipid content, compared to a high-fat or a high-fructose diet alone (39). Therefore, the increase in liver fat of our volunteers might be caused by a synergistic action of both fat and fructose.

In the female group, we observed a slight increase in fasting glycemia with the polyphenol supplementation compared to the placebo group. A meta-analysis of nine clinical trials showed that resveratrol consumption could be associated with increased fasting glucose in patients with type II diabetes mellitus (40). This effect on fasting glycemia in women further showed that the polyphenol supplementation had no beneficial effect in the trial, and could even be associated with a deleterious effect in the context of an hypercaloric diet, as already suggested (41).

Concerning body composition, overfeeding led to an increase in body weight and fat mass, and polyphenol supplementation did not protect against weight and fat mass gain in the condition of positive energy balance neither in men nor in women. However, although gynoid fat mass accumulation was observed in both genders, the gain was significantly lower in the polyphenol group compared to the placebo in the women. This difference in gynoid fat mass gain in women was associated with a decrease in adipocyte size in the subcutaneous gluteo-femoral adipose tissue. No effect was found in the abdominal subcutaneous depots in women or men. A recent study reported a reduction in adipocyte size in subcutaneous adipose tissue of obese individuals after 30 days of resveratrol supplementation (42), but the same group showed no effect using a combination of epigallocatechin-gallate and resveratrol for 3 months (32). In in vitro and in pre-clinical models, polyphenols demonstrated anti-lipogenic and pro-lipolytic action in adipocytes (43–46) leading to adipocyte size reduction (47). Our data suggest that polyphenol supplementation may modulate the accretion of gynoid fat in overfed women potentially through an impact on adipocyte size.

A strength of the study is the evaluation of the effects of overfeeding and of polyphenols both in men and in women. However, one limitation is the fact that despite being very similar, the two trials were performed in different countries with some differences in the protocols, that did not allow to combine the subjects to test directly for gender effects. Nevertheless, the results clearly showed that for most of the measured variables, both men and women responded very similarly to the intervention and the polyphenol supplementation.

In conclusion, the presented RCTs demonstrated that the supplementation with a grape polyphenol extract during one month of high calorie-high fructose overfeeding mimicking the western diet, had no major effect on insulin sensitivity, anthropometric or metabolic parameters. Overfeeding led to mild hepatic insulin resistance and increased postprandial triglycerides and liver fat, similarly in men and women. These parameters were not affected by polyphenol supplementation. Nonetheless, in women, polyphenol appeared to limit the accretion of fat mass and the size of adipocytes in the gynoid adipose tissue depot.



DATA AVAILABILITY STATEMENT

Data of this study are protected under the protection of health data regulation set by the French National Commission on Informatics and Liberty (Commission Nationale de l’Informatique et des Libertés, CNIL). According to French law on the publication of biomedical research/clinical trials, we are not allowed to make the clinical database publicly available on the web, nor to make visible the location of the study associated with the database, nor to send the clinical database to third parties. The anonymized data that support the findings of the present study can be available upon reasonable request to the corresponding author.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by The Comité de Protection des Personnes SUD-EST IV 13/058 and Commission cantonale d’éthique de la recherche sur l’être humain du canton de Vaud (CER-VD 391/13). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ML, NV, FP, and HV designed the study. AN, NV, PD, KS, ED, J-AN, SL-P, LM, VS, KB-P, HR, OB, N-HY, KB, AB, BS, and MG performed the study and analyzed the data. BS, PD, HV, EM, and ML analyzed and prepared the data for publication and wrote the manuscript. ML was the guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analysis. All authors read and approved the submitted version of the manuscript.



FUNDING

This research was supported by the National Research Agency (IHU OPERA) and the Hospital Clinical Research Program (PHRC) and the Swiss National Fund (SNF).



ACKNOWLEDGMENTS

We thank Adeline Cestre and Corinne Louche-Pelissier for their technical support for the isotope analyses, David Achaintre and Augustin Scalbert for the polyphenol plasma analysis, Monique Sothier and Laurie Vandenberghe for the dietary report analysis, Charlotte Cuerq and Emilie Blond for their contributions in the realization of the metabolic and biochemical analyses, Pr. Pierre-Jean Valette for MRI analysis. We also thank the medical staff and the nurses of Rhône Alpes Nutrition Research Center for their skillful assistance. We also thank Françoise Secretan and Christiane Pellet, the nurses from the CHUV-Clinical Research Center, and Weilin Wailing Kong, Magali Van Leckwick, and Ismael Turk for clinical assistance.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.854255/full#supplementary-material



REFERENCES

1. Griffin SJ, Simmons RK, Prevost AT, Williams KM, Hardeman W, Sutton S, et al. Multiple behaviour change intervention and outcomes in recently diagnosed type 2 diabetes: the ADDITION-plus randomised controlled trial. Diabetologia. (2014) 57:1308–19. doi: 10.1007/s00125-014-3236-6

2. Babu PVA, Liu D, Gilbert ER. Recent advances in understanding the anti-diabetic actions of dietary flavonoids. J Nutr Biochem. (2013) 24:1777–89. doi: 10.1016/j.jnutbio.2013.06.003

3. Zhao L, Zhu X, Xia M, Li J, Guo AY, Zhu Y, et al. Quercetin ameliorates gut microbiota dysbiosis that drives hypothalamic damage and hepatic lipogenesis in monosodium glutamate-induced abdominal obesity. Front Nutr. (2021) 8:671353. doi: 10.3389/fnut.2021.671353

4. Gabbia D, Carpi S, Sarcognato S, Cannella L, Colognesi M, Scaffidi M, et al. The extra virgin olive oil polyphenol oleocanthal exerts antifibrotic effects in the liver. Front Nutr. (2021) 8:715183. doi: 10.3389/fnut.2021.715183

5. Ndlovu T, van Jaarsveld F, Caleb OJ. French and mediterranean-style diets: contradictions, misconceptions and scientific facts-A review. Food Res Int. (2019) 116:840–58. doi: 10.1016/j.foodres.2018.09.020

6. Mursu J, Virtanen JK, Tuomainen TP, Nurmi T, Voutilainen S. Intake of fruit, berries, and vegetables and risk of type 2 diabetes in finnish men: the kuopio ischaemic heart disease risk factor study. Am J Clin Nutr. (2014) 99:328–33. doi: 10.3945/ajcn.113.069641

7. Li D, Zhang Y, Liu Y, Sun R, Xia M. Purified anthocyanin supplementation reduces dyslipidemia, enhances antioxidant capacity, and prevents insulin resistance in diabetic patients. J Nutr. (2015) 145:742–8. doi: 10.3945/jn.114.205674

8. Lecoultre V, Carrel G, Egli L, Binnert C, Boss A, MacMillan EL, et al. Coffee consumption attenuates short-term fructose-induced liver insulin resistance in healthy men. Am J Clin Nutr. (2014) 99:268–75. doi: 10.3945/ajcn.113.069526

9. Hokayem M, Blond E, Vidal H, Lambert K, Meugnier E, Feillet-Coudray C, et al. Grape polyphenols prevent fructose-induced oxidative stress and insulin resistance in first-degree relatives of type 2 diabetic patients. Diabetes Care. (2013) 36:1454–61. doi: 10.2337/dc12-1652

10. Grassi D, Lippi C, Necozione S, Desideri G, Ferri C. Short-term administration of dark chocolate is followed by a significant increase in insulin sensitivity and a decrease in blood pressure in healthy persons. Am J Clin Nutr. (2005) 81:611–4. doi: 10.1093/ajcn/81.3.611

11. Dower JI, Geleijnse JM, Gijsbers L, Zock PL, Kromhout D, Hollman PCH. Effects of the pure flavonoids epicatechin and quercetin on vascular function and cardiometabolic health: a randomized, double-blind, placebo-controlled, crossover trial. Am J Clin Nutr. (2015) 101:914–21. doi: 10.3945/ajcn.114.098590

12. Hooper L, Kay C, Abdelhamid A, Kroon PA, Cohn JS, Rimm EB, et al. Effects of chocolate, cocoa, and flavan-3-ols on cardiovascular health: a systematic review and meta-analysis of randomized trials. Am J Clin Nutr. (2012) 95:740–51. doi: 10.3945/ajcn.111.023457

13. de Ligt M, Bruls YMH, Hansen J, Habets MF, Havekes B, Nascimento EBM, et al. Resveratrol improves ex vivo mitochondrial function but does not affect insulin sensitivity or brown adipose tissue in first degree relatives of patients with type 2 diabetes. Mol Metab. (2018) 12:39–47. doi: 10.1016/j.molmet.2018.04.004

14. Alligier M, Meugnier E, Debard C, Lambert-Porcheron S, Chanseaume E, Sothier M, et al. Subcutaneous adipose tissue remodeling during the initial phase of weight gain induced by overfeeding in humans. J Clin Endocrinol Metab. (2012) 97:E183–92. doi: 10.1210/jc.2011-2314

15. Ngo Sock ET, Lê KA, Ith M, Kreis R, Boesch C, Tappy L. Effects of a short-term overfeeding with fructose or glucose in healthy young males. Br J Nutr. (2010) 103:939–43. doi: 10.1017/S0007114509992819

16. Tam CS, Viardot A, Clément K, Tordjman J, Tonks K, Greenfield JR, et al. Short-term overfeeding may induce peripheral insulin resistance without altering subcutaneous adipose tissue macrophages in humans. Diabetes. (2010) 59:2164–70. doi: 10.2337/db10-0162

17. Johannsen DL, Tchoukalova Y, Tam CS, Covington JD, Xie W, Schwarz JM, et al. Effect of 8 weeks of overfeeding on ectopic fat deposition and insulin sensitivity: testing the “adipose tissue expandability” hypothesis. Diabetes Care. (2014) 37:2789–97. doi: 10.2337/dc14-0761

18. Luukkonen PK, Sädevirta S, Zhou Y, Kayser B, Ali A, Ahonen L, et al. Saturated fat is more metabolically harmful for the human liver than unsaturated fat or simple sugars. Diabetes Care. (2018) 41:1732–9. doi: 10.2337/dc18-0071

19. Laville M, Auboeuf D, Khalfallah Y, Vega N, Riou JP, Vidal H. Acute regulation by insulin of phosphatidylinositol-3-kinase, rad, glut 4, and lipoprotein lipase mRNA levels in human muscle. J Clin Invest. (1996) 98:43–9. doi: 10.1172/JCI118775

20. Vors C, Pineau G, Gabert L, Drai J, Louche-Pélissier C, Defoort C, et al. Modulating absorption and postprandial handling of dietary fatty acids by structuring fat in the meal: a randomized crossover clinical trial. Am J Clin Nutr. (2013) 97:23–36. doi: 10.3945/ajcn.112.043976

21. Achaintre D, Gicquiau A, Li L, Rinaldi S, Scalbert A. Quantification of 38 dietary polyphenols in plasma by differential isotope labelling and liquid chromatography electrospray ionization tandem mass spectrometry. J Chromatogr A. (2018) 1558:50–8. doi: 10.1016/j.chroma.2018.05.017

22. Nemeth A, Segrestin B, Leporq B, Seyssel K, Faraz K, Sauvinet V, et al. 3D chemical shift-encoded MRI for volume and composition quantification of abdominal adipose tissue during an overfeeding protocol in healthy volunteers. J Magn Reson Imaging. (2019) 49:1587–99. doi: 10.1002/jmri.26532

23. van Leckwyck M, Kong W, Burton KJ, Amati F, Vionnet N, Pralong FP. Decreasing insulin sensitivity in women induces alterations in LH pulsatility. J Clin Endocrinol Metab. (2016) 101:3240–9. doi: 10.1210/jc.2016-1727

24. Seyssel K, Meugnier E, Lê KA, Durand C, Disse E, Blond E, et al. Fructose overfeeding in first-degree relatives of type 2 diabetic patients impacts energy metabolism and mitochondrial functions in skeletal muscle. Mol Nutr Food Res. (2016) 60:2691–9. doi: 10.1002/mnfr.201600407

25. Hall KD, Ayuketah A, Brychta R, Cai H, Cassimatis T, Chen KY, et al. Ultra-processed diets cause excess calorie intake and weight gain: an inpatient randomized controlled trial of ad libitum food intake. Cell Metab. (2019) 30:67.e–77.e. doi: 10.1016/j.cmet.2019.05.008

26. Dioneda B, Healy M, Paul M, Sheridan C, Mohr AE, Arciero PJA. Gluten-free meal produces a lower postprandial thermogenic response compared to an Iso-energetic/macronutrient whole food or processed food meal in young women: a single-blind randomized cross-over trial. Nutrients. (2020) 12:2035. doi: 10.3390/nu12072035

27. Willis SA, Sargeant JA, Yates T, Takamura T, Takayama H, Gupta V, et al. Acute hyperenergetic, high-fat feeding increases circulating FGF21, LECT2, and fetuin-A in healthy men. J Nutr. (2020) 150:1076–85. doi: 10.1093/jn/nxz333

28. Lecoultre V, Egli L, Carrel G, Theytaz F, Kreis R, Schneiter P, et al. Effects of fructose and glucose overfeeding on hepatic insulin sensitivity and intrahepatic lipids in healthy humans. Obesity. (2013) 21:782–5. doi: 10.1002/oby.20377

29. Bray GA, Redman LM, de Jonge L, Rood J, Smith SR. Effect of three levels of dietary protein on metabolic phenotype of healthy individuals with 8 weeks of overfeeding. J Clin Endocrinol Metab. (2016) 101:2836–43. doi: 10.1210/jc.2016-1313

30. Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg S, Watkins BA, et al. Origins and evolution of the western diet: health implications for the 21st century. Am J Clin Nutr. (2005) 81:341–54. doi: 10.1093/ajcn.81.2.341

31. McKay DL, Eliasziw M, Chen CYO, Blumberg JB. A Pecan-rich diet improves cardiometabolic risk factors in overweight and obese adults: a randomized controlled trial. Nutrients. (2018) 10:E339. doi: 10.3390/nu10030339

32. Timmers S, Konings E, Bilet L, Houtkooper RH, van de Weijer T, Goossens GH, et al. Calorie restriction-like effects of 30 days of resveratrol supplementation on energy metabolism and metabolic profile in obese humans. Cell Metab. (2011) 14:612–22. doi: 10.1016/j.cmet.2011.10.002

33. Basu A, Betts NM, Ortiz J, Simmons B, Wu M, Lyons TJ. Low-energy cranberry juice decreases lipid oxidation and increases plasma antioxidant capacity in women with metabolic syndrome. Nutr Res. (2011) 31:190–6. doi: 10.1016/j.nutres.2011.02.003

34. Szkudelski T, Szkudelska K. Resveratrol and diabetes: from animal to human studies. Biochim Biophys Acta. (2015) 1852:1145–54. doi: 10.1016/j.bbadis.2014.10.013

35. Nanji AA, French SW, Freeman JB. Serum alanine aminotransferase to aspartate aminotransferase ratio and degree of fatty liver in morbidly obese patients. Enzyme. (1986) 36:266–9. doi: 10.1159/000469304

36. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J Clin Invest. (2005) 115:1343–51. doi: 10.1172/JCI23621

37. Geidl-Flueck B, Hochuli M, Németh Á, Eberl A, Derron N, Köfeler HC, et al. Fructose- and sucrose- but not glucose-sweetened beverages promote hepatic de novo lipogenesis: a randomized controlled trial. J Hepatol. (2021) 75:46–54. doi: 10.1016/j.jhep.2021.02.027

38. Rosqvist F, Iggman D, Kullberg J, Cedernaes J, Johansson HE, Larsson A, et al. Overfeeding polyunsaturated and saturated fat causes distinct effects on liver and visceral fat accumulation in humans. Diabetes. (2014) 63:2356–68. doi: 10.2337/db13-1622

39. Sobrecases H, Lê KA, Bortolotti M, Schneiter P, Ith M, Kreis R, et al. Effects of short-term overfeeding with fructose, fat and fructose plus fat on plasma and hepatic lipids in healthy men. Diabetes Metab. (2010) 36:244–6. doi: 10.1016/j.diabet.2010.03.003

40. Zhu X, Wu C, Qiu S, Yuan X, Li L. Effects of resveratrol on glucose control and insulin sensitivity in subjects with type 2 diabetes: systematic review and meta-analysis. Nutr Metab (Lond). (2017) 14:60. doi: 10.1186/s12986-017-0217-z

41. Cory H, Passarelli S, Szeto J, Tamez M, Mattei J. The role of polyphenols in human health and food systems: a mini-review. Front Nutr. (2018) 5:87. doi: 10.3389/fnut.2018.00087

42. Konings E, Timmers S, Boekschoten MV, Goossens GH, Jocken JW, Afman LA, et al. The effects of 30 days resveratrol supplementation on adipose tissue morphology and gene expression patterns in obese men. Int J Obes (Lond). (2014) 38:470–3. doi: 10.1038/ijo.2013.155

43. Li S, Bouzar C, Cottet-Rousselle C, Zagotta I, Lamarche F, Wabitsch M, et al. Resveratrol inhibits lipogenesis of 3T3-L1 and SGBS cells by inhibition of insulin signaling and mitochondrial mass increase. Biochim Biophys Acta. (2016) 1857:643–52. doi: 10.1016/j.bbabio.2016.03.009

44. Chen S, Li Z, Li W, Shan Z, Zhu W. Resveratrol inhibits cell differentiation in 3T3-L1 adipocytes via activation of AMPK. Can J Physiol Pharmacol. (2011) 89:793–9. doi: 10.1139/y11-077

45. Pinent M, Bladé MC, Salvadó MJ, Arola L, Hackl H, Quackenbush J, et al. Grape-seed derived procyanidins interfere with adipogenesis of 3T3-L1 cells at the onset of differentiation. Int J Obes (Lond). (2005) 29:934–41. doi: 10.1038/sj.ijo.0802988

46. Lee Y, Yang H, Hur G, Yu J, Park S, Kim JH, et al. 5-(3’,4’-Dihydroxyphenyl)-γ-valerolactone, a metabolite of procyanidins in cacao, suppresses MDI-induced adipogenesis by regulating cell cycle progression through direct inhibition of CDK2/cyclin O. Food Funct. (2019) 10:2958–69. doi: 10.1039/c9fo00334g

47. Bak EJ, Kim J, Jang S, Woo GH, Yoon HG, Yoo YJ, et al. Gallic acid improves glucose tolerance and triglyceride concentration in diet-induced obesity mice. Scand J Clin Lab Invest. (2013) 73:607–14. doi: 10.3109/00365513.2013.831470


Conflict of Interest: The 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 Segrestin, Delage, Nemeth, Seyssel, Disse, Nazare, Lambert-Porcheron, Meiller, Sauvinet, Chanon, Simon, Ratiney, Beuf, Pralong, Yassin, Boizot, Gachet, Burton-Pimentel, Vidal, Meugnier, Vionnet and Laville. 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.


APPENDIX

Participating investigators in France:


- Martine Laville

- Emmanuel Disse

- Nathalie Feugier-Favier

- Stéphanie Lambert-Porcheron



Participating investigators in Switzerland:


- Nathalie Vionnet

- François Pralong

- Naba-al-Huda Yassin

- Weilin Kong

- Magali Van Lecwick

- Ismael Turk





OPS/images/fnut-09-854255-g001.jpg
MEN

Assessed for eligibility via email
and telephone (n=900)

|

|

Men included (n=47)
4 drops-out, randomised n=43

| |

cluded
Not meeting inclusion criteria

efore

Not meeting inclusion criteria

visit (=821)

ipate after mclusion (n=2

[ Allocated Placebo (n=22) J

[ Allocated Polyphenols (n=21) J

—> [Drop-out (n=1)

J

4

A

4

Placebo analysed for primary
outcome n= 21

[ |

Polyphenols analysed for
primary outcome n= 21

|

B WOMEN

Assessed for eligibility by telephone
(n=369)

|

|

Y

L Women included (n=21) ]

uded
Not meeting inclusion criteria
fore visit (n=300)
Not meeting inclusion criteria
visit (n=26)
Decline to

1cipate after inclusion (n=22

[ Allocated Placebo (n=10) J

[ Allocated Polyphenols (n=11) J

—> [Drop-out (n=1)

|

4

—>  [Post-hoc exclusion for PCOS (n=1)|

Y

4

Placebo analysed for primary
outcome n=9

[ |

Polyphenols analysed for
primary outcome n=10

]






OPS/images/fnut-09-854255-g002.jpg
6.0

% 5,5
5

4,5

mU/L

7
4

MEN

Placebo Polyphenol

Glycemia

PR,

2 9 Y%

Insulin

T T — T T T T T T 1 0
9 0% %2 Yo % 2,8 %7,
Triglycerides 300

13C-C18:1 Triglycerides enrichment

i3 0
%0 % 90 &0‘370 % ~p % % /90/630‘)70")00

minutes minutes

WOMEN
Placebo Polyphenol
Glycemia
6,5 1
6 -
= '
= i)
g
4,5 T L) Ll L] L] L)
29 Op e~ ) 4> 4, 9 %
‘)0 0% % "0 0 0% % %
MISI MISI
Insulin o
p time = 2.9%4 120 = p time = ns
4 6 -
80 -
. o 4 -
-
| g 40 - el
I ] ! i O L} L) L] L] el ——— T T T T T T 1 O ; I
Placebo Polyphenol \‘)0 v Op) /()0/ &0970‘900 \‘)0\90 S /‘30/ 630970")0 Placebo  Polyphenol
1AUC Triglycerides 1AUC Triglycerides
Triglycerides 300 -

p time = 3,583

r%

1p time = 3.0%

AN T

2,5 -
>
£1,5 -
0,5 Ar——r————— ————
N

T T T L | O
Placebo Po]yphenol “)0 0 % /90/ CPO‘)YO “)0\))0 /‘)0/ CPO 70\))00 Placebo POlypheIlOl
: y ' 1AUC At% C18:1
IAUC At{o_CIS'l 13C-C18:1 Triglycerides enrichment Triglycérides
Triglycérides g p time = ns
p time = ns Lgl2 = 5
i L1l & 4
=
ZE 110 = S
7 1,09 - ae
1 =
1,08 - o L1 K

Placebo Polyphenol \)0 90 ‘)0\’)0 ‘)0 70 00 Placebo Polyphenol

minutes minutes





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Polyphenol Supplementation Did Not Affect Insulin Sensitivity and Fat Deposition During One-Month Overfeeding in Randomized Placebo-Controlled Trials in Men and in Women



		INTRODUCTION



		RESEARCH DESIGN AND METHODS



		Study Design



		Metabolic Explorations



		Metabolites, Hormones and Polyphenols



		Body Composition



		Adipose Tissue Distribution and Liver Fat Evaluation by MRI in Men



		Physical Activity



		Adipocyte Size Measurement



		Power Calculation



		Statistical Analyses



		Data and Resource Availability







		RESULTS



		Responses to Overfeeding and Effects of Polyphenols on Anthropometric and Metabolic Parameters



		Male Study



		Female Study







		Responses to Overfeeding and Effects of Polyphenols on Glucose Metabolism and Insulin Sensitivity



		Male Study



		Female Study







		Responses to Overfeeding and Effects of Polyphenols on Postprandial Metabolism



		Male Study



		Female Study







		Responses to Overfeeding and Effects of Polyphenols on Adipose Tissue Distribution and Adipocyte Size







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES



		APPENDIX

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Polyphenol Supplementation Did
Not Affect Insulin Sensitivity
and Fat Deposition During
One-Month Overfeeding
in Randomized
Placebo-Controlled Trials in Men
and in Women






OPS/images/fnut-09-854255-t001.jpg
Placebo Polyphenol P Wilcoxon paired test
Baseline Overfeeding Baseline Overfeeding Time Time*Group Placebo Polyphenol
Men (n =) 21 21
Age 33+2 2942
Body Mass index (kg/m?) 25.1+0.3 259+0.3 248 £0.3 256 +0.3 t ns
Body weight (kg) 79.8+1.6 82.4+1.6 80.1 £1.6 8274 1.7 t ns
Fat mass (kg) 19.6+1.2 2124 1.1 21.2+1.2 230+1.4 2 ns
Fat free mass (kg) 58.3+1.1 589+ 1.1 57.3+1.3 57.8+1.3 * ns
REE (kcal/day) 17156 £ 45 1771 £ 42 1773 + 46 1820 + 52 ns ns
Leptine (ng/L) 4.50 £ 0.61 8.92 4 0D.82 5.11 £0.67 7.32 4082 2 ns
Adiponectine (pg/mL) 111 +£13 183+ 1.5 148 +£1.8 186+ 24 t ns
CRP (mg/L) 349 +1.15 1.43+0.36 2.60 +£1.62 1.62+£0.48 ns ns
Glycemia (mmol/L) 5.32 £ 0.06 5.30 £ 0.08 512 £0.07 5.14 £0.07 ns ns
Insulinemia (mUI/L) 7.54 £0.86 9.80£0.77 6.75 + 0.51 8.38 £ 0.85 t ns
HOMA-IR 1.79 £0.20 2.38+0.19 1.54 +£0.12 1.94 +£0.21 t ns
Fasting EGP (mg/kg/min) 2.27 £0.07 216+ 0.04 211 +£0.05 216 £0.04 ns ns
EGP inhibition by low insulin (%) 82.8+2.6 86.4 £ 3.1 83.6 £3.4 856.9 4 3:1 ns ns
Hepatic Insulin Resistance index 172 +£2.0 21.3+1.8 142 +1.1 18.4 £ 2.0 * ns
GIR (mg/kg/min) 8.26 £ 0.54 8.09 £ 0.61 8.84 £ 0.57 8.14 £ 0.49 ns ns
Women (n =) 9 10
Age 24 41 2741
Body Mass index (kg/m?) 209+05 220406 21.8+0.6 2284086 2 ns
Body weight (kg) 59.6 £2.2 62.7 £ 2.6 60.7 £2.9 63.5+3.0 £ ns
Fat mass (kg) 16.5+ 1.1 188+ 1.2 19.7 £2.0 208+2.0 £ ns
Fat free mass (kg) 41617 426 £1.7 394+15 404 +£1.4 * ns
REE (kcal/day) 1248 + 45 1275+ 34 1212 +£ 34 1289 + 30 ns ns
Leptine (g/L) 9.08 +£1.77 142+1.8 9.13 +£1.69 176 +£3.2 t ns
Adiponectine (pg/mL) 15697 +24 20.77 £2.3 16.31 £ 1.4 21.24+£2.0 t ns
CRP (mg/L) 0.50 £0.24 0.51 £0.11 0.72 £0.24 0.94 £0.26 ns ns
Glycemia (mmol/L) 5.09 £ 0.09 5.02£0.10 4.94 £0.08 5.09 £ 0.09 ns *
Insulinemia (mUI/L) 6.33 £0.77 9.17 £1.04 6.35 +£ 0.71 9.29 +£1.43 2 ns
HOMA-IR 1.44 £0.19 2.08 £0.25 1.40 +£0.16 2.05+0.30 t ns
Fasting EGP (mg/kg/min) 2.46 £ 0.09 2.38 £ 0.06 2.20 £0.10 2.32 £0.08 ns ns
EGP inhibition by low insulin (%) 66.3 +£ 3.9 639+8.4 71.8+886 680+ 5.0 ns ns
Hepatic insulin Resistance index 16.6 £2.0 221+28 13.6 £ 1.3 20.8+2.6 t ns
GIR (mg/kg/min) 891 +005 9.63 £ 1.01 921072 9.27 £ 0.69 ns ns

EGP: Endogenous glucose production, GIR: Glucose infusion rate. *p < 0.05. tp < 0.01. £+ p < 0.001. Data are expressed as mean + SEM.








OPS/images/logo.jpg
P frontiers | Frontiers in Nutrition





OPS/images/fnut-09-854255-g003.jpg
MEN WOMEN
e U0 9 300 =
L0 ns ill
2 400 A 400 -
o) S
£3004 - 300 -
<
“ 200 - 200 - =
2 100 - 100 -
0 0
Android Gynoid Android Gynoid
B MEN WOMEN
A B
p time = 3.7¢4
3500 A 3500 -
T P 3000 - i
2 2700 - 1
S 2500 -
< 2300 -
1500 ' ' 1500 : ,
Placebo Polyphenol Placebo Polyphenol
c D
Baseline Overfeeding N EST=0108
5000 = ptime=0.04
p time*group = 0.03
Placebo 4500 . B
N§. -
~ 4000 -
S _
<
- !! T
3000

Placebo Polyphenol





