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Abstract 

Aims/hypothesis: Diets which differ in protein and glycemic index (GI) may 

distinctively contribute to body weight control and metabolic consequences, especially 

those related to insulin sensitivity.  

Methods: In DIOGenes, overweight/obese adults in 8 European countries who lost ≥ 8% 

of initial body-weight following a low calorie diet (LCD) were subsequently randomly 

assigned into five ad libitum interventional groups during 6 months: Low Protein 

[LP]/Low GI [LGI]; LP/High GI [HGI]; High Protein [HP]/LGI; HP/HGI and a healthy 

conventional control diet. Body weight, fasting insulin as well as an oral glucose 

tolerance test (OGTT), HOMA-IR, adiponectin and fructosamine levels were determined 

at the three time points. 

Results: The LCD period was initiated by 932 adults, 773 were randomised to the 5 diets 

and 548 completed the intervention. The HP and LGI diets were related to weight-loss 

management and to a lower drop-out rate. The LP/HGI diet induced a greater increase in 

HOMA-IR during the 6 month period. The HP and LGI diets decreased HOMA-IR 

(p<0.001) in those patients with the highest weight-loss (≥10% of initial body-weight). 

The LGI diets also lead to a decrease in fructosamine levels (p<0.05), and plasma insulin 

response was lower in the HP/LGI after 60 and 90 min of the OGTT at the end of the 6-

months intervention (p<0.05) as compared to others. 

Conclusion/Interpretation: An increase in dietary protein and a reduction in GI content 

over a 6-month ad libitum dietary intervention produced better compliance and favorable 

effects on glycaemic control and insulin sensitivity in overweight/obese subjects after an 

initial body-weight loss.  

The study was registered with ClinicalTrials.gov, number NCT00390637. 
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Introduction 

The worldwide pandemic of overweight/obesity is a major public health concern and is 

strongly linked to the rising prevalence of diabetes and cardiovascular disease [1, 2]. 

While an excess in caloric intake and positive energy balances are clearly associated with 

the development of these diseases and their consequences [3], dietary composition may 

also be important [4]. 

A diet-based weight loss program is an essential treatment for obesity and related 

diseases [4, 5]. However, it is well known that most individuals do not succeed in long-

term weight-loss maintenance [6] and weight cycling and relapses are common features 

after weight lowering. Moreover, current strategies to avoid weight regain have been 

unconvincing [7]. Thus, today’s challenge is to find an approach to maintain body 

weight-loss and to prevent subsequent relapse of characteristic metabolic alterations, such 

as insulin resistance. 

Different dietary approaches concerning macronutrient composition of the diet has been 

suggested to promote long term weight loss. For weight-loss maintenance, there is 

currently a vigorous debate regarding the optimal dietary macronutrient composition to 

achieve such a goal [8-11]. A number of low-carbohydrate and high-protein content diets 

have been described to be effective in controlling blood glucose and insulin levels [12-

14]. However, there are still conflicting results concerning this issue [8], while the effects 

on weight cycling have been poorly investigated [15]. Other clinical interventional 

programs have been focused on analysing different nutritional strategies to improve 

weight management and metabolic related disturbances, not only varying in 

macronutrient composition [9, 16], but also with different approaches, such as 
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manipulating the dietary glycemic index (GI) values [10, 17], or increasing the intake of 

calcium, or antioxidant or fruit [17-20]. Studies with low GI diets have shown a number 

of favourable effects such as rapid weight loss, better management of blood glucose and 

insulin levels, triglycerides and blood pressure reduction, among others [21, 22]. 

However, other investigations have reported no differences depending on the GI values 

[23]. 

On the other hand, ad libitum nutritional programs with different macronutrient 

composition, have been described to improve the adherence to the diet and weight loss 

[10, 24]. Ad libitum low-fat, low-carbohydrate and high-protein diets have all been 

proposed as a means to facilitate weight lowering and stability thereafter [25-27]. Also, 

several studies have shown that an increase in dietary protein content in the context of an 

ad libitum diet results in more pronounced weight loss in overweight individuals [12, 13] 

and contributes to better weight-loss maintenance [28, 29]. A meta-regression analysis 

suggested that a reduction in dietary GI under ad libitum or limited restriction conditions 

is associated with a modest body weight reduction [30]. So far, there is little evidence for 

the conjoint role of dietary protein content and GI in the context of ad libitum in body 

weight control and related metabolic disorders management.  

Thus, the main aim of the study was to evaluate the role of five dietary groups varying in 

protein and GI when provided ad libitum in the prevention of 6-month weight regain and 

in diabetes related risk factors after an energy-restricted body weight loss period of at 

least 8% in overweight and obese adults. 
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The study is part of the European integrated project on Diet, obesity and genes 

(DIOGenes; www.diogenes-eu.org), which focuses on dietary means for weight (re)gain 

prevention [31, 32], and was performed in 8 European centres.  

 

Methods 

Subjects 

Volunteer families were enrolled in eight European centres (The Netherlands, Denmark, 

United Kingdom, Greece, Spain, Germany, Bulgaria and the Czech Republic) between 

November 2005 and April 2007, using a number of recruitment strategies [31]. Initial 

screening evaluations included a medical history, physical examination, fasting blood 

profile and urine sample collection, to exclude subjects with evidence of diabetes, 

hypertension, liver, renal or haematological disease, or other clinical disorders that could 

interfere with the weight-loss process [31].  

Families (two-parent or single-parent) were eligible for participation if they were 

generally healthy and (1) at least one parent was overweight (BMI > 27 kg/m2) and aged 

< 65 y; (2) at least one child was between 8 and 15 y of age [32]. Exclusion criteria for 

adults were: BMI > 45 kg/m2; diagnosed psychiatric diseases, eating disorders, infectious 

or inflammatory diseases, untreated hypo- or hyperthyroidism, gastro-intestinal, liver or 

kidney diseases, cardiac diseases, type 1 or type 2 diabetes mellitus, cancer within the last 

10 years; food allergies; blood pressure ≥ 160/100 mm Hg; triglycerides > 3 mM; total 

cholesterol > 7 mM; fasting blood glucose ≥ 6.1 mM; urinary protein, glucose, pH, 

ketones and hemoglobin outside accepted reference ranges; use of prescription 

medication that might influence the outcome of the study; alcohol consumption > 21 
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alcohol units/week (males), > 14 units/week (females); planned major changes in 

physical activity during the study period; blood donation within the past 2 months; 

weight change >3 kg within the 3 months before the start of the study, participation in 

another scientific study up to 3 months before, drug treatment, pregnancy or lactation, 

surgically or drug-treated obesity, drug abuse; inability/unwillingness to engage in 8-

week low calorie diet or 6-month randomised diet; special diet; inability to give informed 

consent [31]. If one parent of a family was eligible and the other not, the family was 

included as a single-parent family.  

After a detailed explanation of the study, a written informed acceptance was obtained 

from all participants before the beginning of the trial, in agreement with the Helsinki 

Declaration. The study protocol and informed consent document were approved by the 

Medical Ethical Committees of each enrolled European centres.  

 

Study design 

A schematic overview of the study protocol and trial is shown in Figure 1. The full study 

protocol has been described in detail [31, 32] in the papers by Larsen et al (2009) and 

Moore, (2009). At baseline point (preLCD test day), all adults completed a 3-day 

weighed dietary record (2 weekdays and 1 weekend day). Subjects were asked to eat 

normally and to refrain from excessive alcohol consumption or exercise on the day 

preceding the test day, avoiding extreme exercise. On the test day subjects came in the 

morning after an overnight fast of at least 10 hours. Anthropometrical and body 

composition variables and blood pressure were measured. A cannula was inserted and 
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fasting blood samples were collected. Subsequently, a 2-h 75-g oral glucose tolerance test 

(OGTT) was performed.  

After baseline measurements subjects started a 8-week low-calorie diet (LCD) providing 

800-880 kcal/d through a commercially available diet: Modifast® (Nutrition et Santé, 

France). Subjects used 4 sachets per day and could choose from drinks, creams and soups 

with different tastes. Additional intake of tomatoes (200 g/d), cucumber (125 g/d) and 

lettuce (50 g/d) was allowed. During the first 3 weeks of the LCD, weight loss and 

adverse events were assessed weekly and 2-weekly during the remaining time of the diet 

period. If at least one of the parents of a two-parent family or the parent in a single-parent 

family had attained a weight loss of ≥ 8% of initial body weight, the family was 

randomised into one of five dietary groups, varying in protein content and glycemic 

index, for the 6-month dietary intervention period. Before the start of the randomised 

phase (post LCD), subjects came for the second test day, which was similar to the pre 

LCD test day, but with no weighed food records. A dietician gave instructions on the ad 

libitum randomised diet during the test day [31]. 

Two centres were enrolled in a shop system [26, 33] and six centres followed the dietary 

instruction procedure [31, 32]. During the first 6 weeks of the randomised phase, subjects 

came to the research centre on a 2-weekly basis and thereafter on a monthly basis to meet 

with a dietician. At all visits body weight, adherence to the diet and adverse events were 

monitored and dietary counselling was provided [31]. After 6 months subjects returned 

for the third test day (post intervention), and were evaluated as for preLCD test day [32]. 

The study was registered with ClinicalTrials.gov, number NCT00390637. 
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Diet groups and dietary instruction 

Subjects were randomised into 5 dietary groups: (1) low protein/low glycemic index 

(LP/LGI); (2) low protein, high glycemic index (LP/HGI); (3) high protein, low glycemic 

index (HP/LGI); (4) high protein, high glycemic index (HP/HGI); and (5) standard 

recommended healthy conventional control diet: rich in fruits and vegetables every day; 

eat fish several times per week; eat potatoes, rice or pasta and whole-grain bread every 

day; limit sugar intake, especially from liquids, candy and cakes; eat less fat, especially 

from dairy and meat; eat a varied diet and keep weight stable. All diets were low in fat 

(25-30% of energy from fat) and were offered ad libitum, i.e. no energy restriction was 

imposed. The aim was to obtain a protein consumption of 10-15% of total energy intake 

in the low protein groups and of 23-28% in the high protein groups. With respect to GI, a 

distinction was made between high and low GI foods within each food group. The 

assignment of GI values to foods was performed as described by Aston et al. [34]. 

Subjects in the low GI groups were advised to consume the low GI foods within a food 

group, those in the high GI groups the high GI foods. The aim was to attain a 15-point 

difference in glycemic index between the high and low GI groups [31]. 

All enrolled subjects were advised on nutritional content of foods, recipes, cooking and 

aspects of behaviour modification. More detailed information on the diets and dietary 

counselling is provided in the paper by Moore et al. [31]. 

 

 

 

 

 9



Measurements 

Anthropometric measurements  

Body weight was measured on a calibrated digital balance and height using a wall-

mounted stadiometer. BMI was calculated as the body-weight/height2 (kg/m2). Waist and 

hip circumferences and sagital diameter were measured twice following standardized 

procedures (www.diogenes-eu.org). Body composition was determined by dual-energy 

X-ray absorption (DEXA) (Lunar Radiation, Madison, WI, USA) or by bioelectric 

impedance analysis (BIA) (QuadScan 4000; Bodystat, Douglas, Isle of Man, British 

Isles). 

 

Blood analysis 

Venous blood samples were drawn after an overnight fast of 12 h and plasma and serum 

were stored at -80 ºC until analysis. Fasting and OGTT serum glucose and insulin 

concentrations were measured by a colorimetric assay (Ortho-Clinical Diagnostics, 

Johnson & Johnson, Birkerød, Denmark). Fasting serum levels of fructosamine were 

assessed by a colorimetric assay (Roche Diagnostics). Plasma adiponectin was analysed 

by a human adiponectin ELISA kit (BioVendor GmbH, Heidelberg, Germany).  

 

Oral glucose tolerance test (OGTT) 

Subjects drank a solution containing 75 g of glucose, and blood samples were colleted 

every 30 min (before and 30, 60, 90 and 120 min) for the measurements of plasma 

glucose and insulin concentrations. Insulin sensitivity and β-cell function indexes were 

calculated at fasting using the HOMA-IR and HOMA-B (Homeostasis Model 
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Assessment: insulin resistance and ß-cell function) and QUICKI (quantitative insulin 

sensitivity check index) [35] and during the OGTT by using the ISIcomp, MCRest, OGIS 

and IGI mathematical models as previously described [35-38]. Incremental areas under 

the curve (ΔUCs) of plasma glucose and insulin concentrations during the OGTT were 

calculated according to the trapezoid rule. The insulinogenic index or incremental ΔUC 

of insulin (ΔI [AUC]) dividing by the incremental AUC of glucose (ΔG [AUC]) was 

calculated during the 0- to 30-min (early) and to 0- and 120-min (total) time period of the 

OGTT [39].  

 

Statistical analysis 

The Kolmovorov-Smirnov and the Shapiro-Wilk tests were used to determine variable 

distribution. Normally distributed variables are presented as mean ± standard deviation 

(SD) and non-normally distributed variables are expressed as median together with the 

interquartilic range (IQR). Changes in clinical variables are expressed as means together 

with the 95% confidence interval (CI). Changes in the weight loss and interventional 

periods were evaluated and compared between groups with ANOVA and paired student’s 

t-test, when variable distribution was parametric. The Kruskal–Wallis and the Wilcoxon 

for matched pairs were applied to analyse non-parametric data. Differences in the dietary 

groups and potential interaction between GI and protein content were analysed by 

factorial ANCOVA. A multiple linear regression analysis was used to evaluate the effect 

of the dietary components on HOMA-IR changes considering the 10% of body weight-

loss during the initial LCD phase as cut off. Weight-changes during the intervention, 

baseline values, centre and drop-put rate were included as covariates in the analyses. The 
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weight loss cut-off criterion was considered based on previously published works [40, 

41]. A two way ANOVA was applied to evaluate possible interactions between dietary 

patterns and variables changes considering the weight-loss response.  

Statistical analyses were carried out using the SPSS 16.0 program for Windows XP 

(Microsoft, USA). A two-tailed p-value less than 0.05 was chosen as the level of 

statistical significance.  

 

Results 

The schematic overview of the study protocol (Figure 1) shows that a total of 1209 adults 

(mean age 41 years, mean BMI 34kg/m2) were screened. Out of 932 adults (male: n=312; 

female: n=620) initiated the LCD period, and 773 adults from 634 families were 

randomised to the 5 diets, 263 of them (2 centers) were provided with all foods for free 

using a shop system, and 510 (6 centers) were provided dietary instruction only. The 

number of adults that remained at the end of the intervention period was 548 (71%). The 

drop out rate was highest (37%) in the LP/HGI diet group (p=0.039), and assignment to 

both HP (27%; p=0.046) and LGI (25%; p=0.021) diets was associated with lower drop-

out rates (Figure 1). 

 

Changes in anthropometrical and clinical variables  

Data on anthopometrical and clinical variables measured on the test days (Table 1) 

showed that the mean body weight loss was -11.0 ± 3.5 kg (p<0.001). Except for 

fructosamine (p=0.223) and adiponectin (p=0.860), all parameters decreased and the 2h 

glucose concentrations increased significantly (all p < 0.001) in the whole studied cohort 
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after the LCD. A repeated measures ANOVA showed statistically significant changes for 

all clinical features among the three test days (Table 1).  

The postLCD changes in weight, body composition and other clinical factors were 

analysed by an ANOVA test on the studied 5 randomised diets (Table 2. Only a marginal 

difference in body weight changes between groups (p=0.081) were found. The HP and 

LGI diets when conjointly considered were related to better body-weight control during 

the intervention as compared to the LP/HGI diet (p<0.05). No overall statistically 

significant differences between groups were found for changes in the remaining 

antropometrical and clinical measurements (Table 2).  

At the end of the 6-month weight maintenance period body weight and other 

anthropometrical and clinical variables remained significantly lower (all P < 0.001) than 

at baseline preLCD (Table 1).  

 

Changes in diabetes risk factors during the intervention 

Before randomisation to the ad libitum diets, plasma concentrations of glucose and 

insulin at fasting and after 2h OGTT, the incremental glucose and insulin AUC and the 

rest of insulin sensitivity and β-cell function indexes did not differ significantly between 

dietary groups (p>0.05). Neither were any differences observed in the plasma 

concentrations of adiponectin and fructosamine concentration between groups (data not 

shown).  

The change in body weight during the randomised phase contributed significantly 

(p<0.05) to the improvements in fasting and 2h glucose, HOMA-IR and adiponectin 

concentrations. 
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Changes in HOMA-IR during the 6 months intervention period showed no differences 

between the diets (Figure 2). However, in the LP/HGI diet the return of HOMA-IR 

towards baseline was higher (p<0.05) during the 6 months randomised dietary period as 

compared to the control healthy recommended diet (Figure 2) and to the HP diets 

(p=0.046). Moreover, when a factorial ANCOVA was used to test the effect of the 

protein and GI content of the diet on HOMA-IR changes, a significant main effect of the 

LP/HGI was observed during the intervention period (p=0.038). This finding was 

attributed to the increased insulin concentrations during the diet intervention in this 

dietary group (Table 2) and factorial ANCOVA showed a significant effect of the 

LP/HGI diet on insulin changes during the intervention (p=0.022). After adjusting for the 

6 months weight change and other main covariables (centre and drop-out) a marginal 

significance were observed for HOMA-IR changes (p=0.072) tough insulin 

concentrations remained significantly different (p=0.040). Also, a trend was observed 

when analysing the effect of this diet on glucose concentrations changes among the 

intervention period (p=0.053). To further analyse the effect of dietary components on the 

change in clinical variables during the intervention period, we considered 10% of the 

initial body weight-loss as the cut off (Table 3). Thus, the individual effect of HP dietary 

intervention on insulin and HOMA-IR changes as compared to the LP/HGI was more 

evident when considering those patients with the higher weight-loss (weight loss ≥ 10% 

of the initial body weight). The same trend was observed for the LGI diets, but did not 

reach statistical significance (Table 3). When HOMA-IR changes were compared by 

means of a multiple lineal regression after adjustment for weight change, baseline value, 

centre and drop-out (Figure 3), the HP (r2=0.14; p<0.001) and LGI (r2=0.17; p<0.001) 
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dietary patterns were related to lower HOMA-IR changes as compared to LP/HGI diet in 

those patients with higher (55.9%) body weight loss (Figure 3). This observation was also 

observed (r2=0.11; p=0.020) in those patients presenting a weight-loss lower than the 

10% who were following a HP diet (Figure 3).  

With respect to the fructosamine changes, significant differences were observed in the 

HP dietary groups depending on the GI content (Table 2). The factorial ANCOVA with 

fructosamine changes as the dependent variable and adjusting for relevant covariables 

(weight change, drop-out and centre) revealed a significant main effect of the dietary GI 

content (p=0.012) on fructosamine changes. Changes in adiponectin concentration did not 

significantly differ between dietary groups (Table 2).  

At the end of the 6 month period fasting glucose and insulin concentrations, along with 

2h glucose levels were lower (p <0.001) than at baseline (preLCD) point (Table 1).  

Plasma levels of fructosamine and adiponectin remained higher (P < 0.001) after the 

interventional period when compared to the baseline point (Table 1). All these variables 

showed no differences between dietary groups at the end of the randomised period (data 

not shown).   

Several approaches were used to assess the impact of the dietary intervention in insulin 

sensitivity and β-cell function at fasting and after the OGTT (see methods). Fasting 

plasma glucose, insulin, HOMA-IR and other fasting indexes did not differ between the 

studied groups 6-months after the intervention (p>0.05). The application of the ANOVA 

test for repeated measures showed no differences between the dietary groups among the 

OGTT or the 2h plasma glucose and the incremental glucose AUC during the OGTT 

were not different between groups (Figure 4). However, the LP/LGI diet was 
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accompanied by a higher glucose concentration after 30 minutes and a tendency to be 

different 60 minutes from the beginning when comparing to the recommended diet 

(Figure 4). Although the incremental insulin AUC was not different between groups, the 

time course of insulin response was different among the diets (Figure 4). In fact, the 

plasma insulin response was lower in the HP/LGI diet as compared to the LP/LGI after 

60 min and to the three other dietary composition groups after 90min of the beginning of 

the OGTT (Figure 4). The insulin secretion during the 120-min OGTT, measured by ∆I 

(AUC)/ ∆G (AUC) and the early insulin response (∆I 0-30/ ∆G 0-30) did not significantly 

differ between groups (p>0.05). Insulin sensitivity, as expressed by ISIcomp, MCRest, 

IGI and OGIS indexes, did neither differ between diets at the end of the intervention (data 

not shown).  

 

Discussion 

The persistence of an epidemic of obesity and type 2 diabetes suggests that new 

nutritional strategies are needed to overcome them [42]. Many short-term dietary and 

behavioural weight loss programmes have proved to be successful, but long-term weight 

maintenance is still a major problem [7, 43, 44]. 

The group of patients within the high-protein and low-GI diet continued to lose weight 

during the 6 months intervention period, despite the fact that the diets were offered ad 

libitum. These findings are in accordance to previous investigations that described a 

better weight-loss maintenance with an ad libitum dietary pattern containing a higher 

protein content [28, 29, 45, 46] or lower in GI [17, 47, 48]. The reason for these effects 

could be due to the satiating and thermogenic effects of protein and to the improvement 
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in appetite regulation and subsequent decrease in energy intake that could be produced by 

a low GI diet [17, 49, 50].  

The LP/HGI diet was accompanied with the highest drop-out rate during the 6 months 

interventional period as compared to the HP and LGI dietary patterns [32]. This effect 

could be due to the satiating effect produced by the HP and LGI diets, which could 

induce higher adherence to the nutritional intervention. So, as previously published [9, 

50, 51], diets high in protein content and low in GI were more acceptable to be followed 

for overweight and obese patients.  

A number of nutritional approaches and dietary patterns with different proportions of 

macronutrients, micronutrients and specific dietary components are being investigated to 

overcome obesity and diabetes [11, 18, 51, 52]. However, the conjoint long-term effect of 

protein and GI content on insulin resistance and glucose metabolism has been poorly 

investigated. Our study demonstrated that the LP/HGI diet is accompanied with an 

increasing risk of insulin resistance during the 6-month weight-loss maintenance period, 

as expressed by the increasing values in insulin concentration and HOMA-IR changes 

during this period. When adjustment for weight changes, similar figures were observed 

for insulin concentration changes, although HOMA-IR was no longer statistically 

significant, suggesting the mayor benefits though the maintenance of weigh-loss. When 

most successful weight-loss subjects were considered (weight-loss ≥ 10% of the initial 

body weight), based on previously published reports [41, 42], the HP and LGI diets were 

accompanied by a enhanced insulin sensitivity action during the 6 months intervention as 

expressed by decreasing values of insulin and HOMA-IR changes. Moreover, the role of 

these dietary traits was more evident in more successful subjects, showing lower HOMA-
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IR changes values independently of the body weight changes and other main variables. 

This outcome reinforces previously published observations describing the favourable role 

of both LGI and HP diets on the weight control methods [22, 50, 53-56]. Moreover, these 

observations clearly support a specific role for both HP and LGI diets in terms of long 

term interventional controlled and randomised trial, in the insulin sensitivity action on 

weight management strategies of obesity. It is not definitely established how HP and LGI 

diets exert there effects on insulin sensitivity, but it could be hypothesized apart from the 

previously mentioned mechanisms on appetite regulation and thermogenic regulation [50, 

51], that it is through the lowering effect on glucose uptake, which produces a lower 

insulin secretion which could derivate in an insulin sensitivity action [50, 53, 54].  

In addition, the LGI diets were accompanied with reduced levels of fructosamine changes 

during the 6-month dietary intervention. Fructosamine is a measure of non-enzymatically 

glycated proteins in the blood and a marker of glycaemia in the previous three weeks 

[57]. Other authors have previously used the fructosamine levels as a marker of 

glycaemic control in humans [58], but our study demonstrated for the first time that lower 

changes in fructosamine concentrations following LGI diets could indicate a more 

appropriate glycaemia control in obese subjects, and therefore reinforces the beneficial 

effects of LGI diets concerning insulin sensitivity management, suggesting a possible 

mechanism resulting from this action.  

The use of the OGTT is extended for the evaluation of glucose metabolism and insulin 

sensitivity [36-38]. In the present study, we observed that plasma insulin concentrations 

during the OGTT were lower after the 6 months dietary intervention in the HP/LGI at 60 

and 90 minutes after the beginning of the test, which suggest a better insulin sensitivity 
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during the intervention period. This diagnosis criteria has been briefly studied for insulin 

sensitivity and ß-cell function [59-61], and their relationships with the different dietary 

components on insulin sensitivity [62, 63]. However, we failed to find differences 

between dietary groups in the insulin sensitivity and ß-cell function indexes, at fasting or 

after the OGTT 6 months after the interventional diet.  

The strength points of this research are the number of patients following every dietary 

pattern, the study of the weight-management state after following a low-calorie diet, the 

involvement of patients coming from 8 European countries and the fact that diets where 

offered ad libitum. The ad libitum dietary approach could induce an improvement in the 

adherence to the nutritional therapy and achieve a better weight-loss management. In fact, 

several authors have demonstrated more satisfactory results in weight-loss and 

maintenance of the weight with ad libitum programs varying in macronutrient content 

[10, 24-27] with respect to energy-restricted diets. We further support a role of this 

nutritional design on insulin sensitivity action related to the different protein content and 

glycemic index patterns, despite that controversy in this area is still warranted [64].  

In conclusion, an increase in dietary protein content and a reduction in glycemic index 

values over a 6-month dietary intervention within an ad libitum approach are related to a 

lower drop-out rate, better glycaemia control and insulin sensitivity action in overweight 

or obese subjects after an initial body weight loss as well as to improved weight-loss 

maintenance in this large randomised study including 8 different European centres.  
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Figure 1. Schematic overview of study protocol and trial profile.  
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Table 1. Anthropometrical and clinical characteristics at baseline (preLCD), after the 8-

week low-caloric diet (postLCD) and after the 6 months randomised diet period (post 

intervention). 

 

 

 preLCD postLCD 6 month post 
intervention p value * p value # 

Weight (kg) 100.0 ± 17.5 
n=773 

89.0 ± 15.7 
n=773 

88.7 ± 16.0 
n=548 

<0.001 0.018 

BMI (kg/m2) 34.4 ± 4.9 
n=773 

30.7 ± 4.5 
n=773 

30.6 ± 4.6 
n=548 

<0.001 0.029 

WC (cm) 107.7 ± 13.0 
n=763 

97.9 ± 12.4 
n=760 

97.4 ± 12.1 
n=547 

<0.001 0.093 

HC (cm) § 112.6 (13.6) 
n=763 

106.4 (14.1) 
n=760 

105.3 (14.6) 
n=547 

<0.001 0.240 

Sagital diameter (cm) 25.2 ± 3.8 
n=747 

22.1 ± 3.5 
n=752 

22.1 ± 5.1 
n=538 

<0.001 0.557 

FFM (kg)   59.6 ± 12.8 
n=679 

56.4 ± 10.4 
n=665 

57.2 ± 12.0 
n=530 

<0.001 0.047 

FM (kg)   40.1 ± 11.2 
n=679 

32.4 ± 10.5 
n=665 

31.1 ± 10.2 
n=530 

<0.001 0.011 

Glucose (mM)  5.11 ± 0.69 
n=747 

4.83 ± 0.62 
n=755 

4.94 ± 0.51 
n=542 

<0.001 <0.001 

2h glucose (mM) 6.66 ± 2.14 
n=736 

6.80 ± 2.04 
n=735 

5.80 ± 1.67 
n=524 

<0.001 <0.001 

Insulin (mU/L) 11.7 ± 10.7 
n=732 

8.13 ± 7.8 
n=672 

9.46 ± 9.53 
n=495 

<0.001 <0.001 

AUC glucose 
(mM/180min) 

20.1 ± 3.6 
n=719 

19.4 ± 3.1 
n=718 

18.6 ± 3.2 
n=517 

<0.001 <0.001 

Fructosamine (µM) 208.4 ± 24.4 
n=762 

209.3 ± 22.9 
n=758 

218.1 ± 19.2 
n=545 

<0.001 <0.001 

Adiponetin (mg/L) § 6.59 (4.17) 
n=759 

7.19 (4.76) 
n=763 

8.69 (6.03) 
n=540 

<0.001 <0.001 

 
 
Abbreviations: AUC, area under the curve; BMI, body mass index; FFM, fat free mass; FM, fat 

mass; HC, hip circumference; WC, waist circumference. 

Normally distributed variables are presented as mean ± standard deviation (SD), non-normally 

distributed variables (§) are expressed as median (interquartile range - IQR). 

* Repeated measures analysis of variance (ANOVA) taking into account the whole studied period 

(preLCD, post LCD and 6 months post intervention test days). 

# Comparisons between postLCD and the 6 month post intervention test days by using paired 

student t test or Wilcoxon for matched pairs.  



 Table 2. Changes (Δ) in anthropometrical and clinical variables over the 6 months randomised diet period (between Post intervention and Post 

LCD test day) represented as means together with the 95% confidence interval. 

 All dietary groups 
(n=548) 

LP/LGI 
(n=106) 

LP/HGI  
(n=97) 

HP/LGI 
 (n=124) 

HP/HGI  
(n=107) 

Control diet 
(n=114) p va

Weight (Δ, kg) 0.56 (0.04, 1.08) 0.33 (-0.74, 1.40) 1.67 (0.48, 2.87) † -0.38 (-1.70, 0.93) † 0.57 (-0.65, 1.78) 0.84 (-0.17, 1.86) 0.0
FFM (Δ, kg) 0.95 (0.47, 1.43) 0.68 (-0.19, 1.55) 0.86 (-0.56, 2.28) 0.02 (-0.89, 0.93)  1.83 (0.46, 3.20) 1.51 (0.65, 2.37) 0.9
FM (Δ, kg) -0.56 (-1.16, 0.03) -0.69 (-1.98, 0.59) -0.16 (-1.39, 1.08) -0.92 (-2.22, 0.38) -0.18 (-1.96, 1.60) -0.73 (-1.79, 0.33) 0.8
WC (Δ, cm) 0.52 (-0.17, 1.25) 0.64 (-0.99, 2.27) 0.86 (-0.94, 2.65) -0.08 (-1.53, 1.38) 0.41 (-1.20, 2.02) 0.85 ±(-0.52, 2.23)  0.8
HC (Δ, cm) -0.31 (-0.90, 0.28) -0.53 (-1.94, 0.88) 0.15 (-1.32, 1.63)  -0.52 (-1.80, 0.76)  -0.07 (-1.49, 1.34) -0.49 (-1.66, 0.68) 0.8
SD (Δ, cm) 0.05 (-0.16, 0.27) 0.09 (-0.28, 0.46) 0.20 (-0.29, 0.69) -0.17 (-0.59, 0.26) -0.08 (-0.65, 0.49) 0.26 (-0.24, 0.77) 0.5
Adiponectin (Δ, mg/L) 1.50 (1.14, 1.86) 1.71 (0.84, 2.20) 1.76 (1.15, 2.89) 1.59 (0.59, 2.78) 1.29 (0.49, 1.89) 1.26 (0.40, 1.91) 0.8
Fructosamine (Δ, µM) 9.9 (7.7, 12.0) 11.3 (7.1, 15.1) 6.7 (2.5, 15.2) 11.3 (7.9, 16.5)  5.4 (2.2, 11.8)  9.6 (4.8, 14.8) 0.
Glucose (Δ, mM) 0.12 (0.06, 0.17) 0.14 (0.02, 0.23) 0.21 (0.07, 0.29) 0.08 (-0.39, 0.22) 0.06 (-0.09, 0.22) 0.10 (0.02, 0.24) 0.4
2h glucose (Δ, mM) -1.0 (-1.2; -0.8) -1.2 (-1.6; -0.9) -1.0 (-1.3; -0.6) -1.0 (-1.3; -0.6) -1.0 (-1.3; -0.6) -0.8 (-1.1; -0.5) 0.5
AUC glucose  
(Δ, mM/180min) -0.8 (-1.1; -0.6) -1.0 (-1.6; -0.4) -0.6 (-1.2; 0.1) -0.8 (-1.2; -0.3) -0.8 (-1.4; -0.3) -0.9 (-1.4; -0.4) 0.8

Insulin (Δ, mU/L) 1.52 (0.92, 2.11) 0.98 (-0.95, 2.56) 2.97 (0.96, 5.32) 1.51 (0.68, 2.24) 1.24 (0.15, 2.34) 1.15 (0.45, 2.02) 0.2

 
AUCglucose (Δ, mM) -0.8 (-0.9; -0.4) -0.8 (-1.4; -0.1) -0.6 (-1.3; 0.1) -0.6 (-1.1; -0.1) -0.6 (-1.2; -0.1) -0.7 (-1.2; -0.1) 0.9

 

Abbreviations: AUC, area under the curve; C, cholesterol; CRP, C reactive protein; FM, fat free mass; FM, fat mass; HC, hip circumference; HDL, high 

density lipoproteins; HP/LGI, high protein/low glycemic index; HP/HGI, high protein/high glycemic index; LDL, low density lipoproteins; LP/LGI, low 

protein/low glycemic index; LP/HGI, low protein/high glycemic index; SBP, systolic blood pressure; DBP, diastolic blood pressure; SD, sagital diameter; TG, 

triacylglycerides; WC, waist circumference. 

* p value for comparison among the dietary groups using ANOVA.  

 † Tukey post hoc test showed statistical differences between dietary groups (p<0.05).  
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Table 3. Changes (Δ) in clinical markers related to diabetes risk over the 6 months randomised diet period (between Post intervention and Post 

LCD test day) considering the 10% of weight-loss criteria as cut off and comparing the LPHGI diet vs. HP and LGI patterns.   

 

Abbreviations: AUC, area under the curve; HOMA, homeostasis model of assessment for insulin resistance; LGI, Low Glycemic index diets; LP/HGI, 

Low Protein-High Glycemic index; WL, weight-loss. 

Data is represented as means together with the 95% confidence interval. 

A two way ANOVA showed no interaction between the dietary patterns and weight-loss response among the 6 month intervention changes (p>0.05). 

p value for comparison among the dietary groups using student t test.  

  LPHGI (n=7441) HP (n=18187) LGI (n=17880) p value 
HP vs. LPHGI 

p value 
LGI vs. LPHGI 

Glucose (Δ, mM) WL < 10% 0.18 (0.01; 0.31) 0.07 (-0.07; 0.21) 0.01 (-0.21; 0.21) 0.249 0.343 
        ≥ 10% 0.29 (0.03; 0.37) 0.13 (0.04; 0.27) 0.13 (0.04; 0.22) 0.107 0.228 
2h glucose (Δ, mM) WL < 10% -1.2 (-1.8; -0.5) -0.7 (-1.2; -0.3) -0.8 (-1.3; -0.4) 0.175 0.450 
        ≥ 10% -0.8 (-1.3; -0.4) -1.1 (-1.4; -0.9) -1.1 (-1.4; -0.9) 0.218 0.477 
AUC glucose (Δ, mM/180min) WL < 10% -0.6 (-1.7; 0.4) -1.0 (-1.7; -0.4) -1.1 (-1.7; -0.6) 0.540 0.362 
        ≥ 10% -0.5 (-1.3; 0.2) -1.1 (-1.1; -0.3) -0.8 (-1.2; -0.3) 0.617 0.613 
Insulin  (Δ, mU/L) WL < 10% 1.62 (0.14; 3.44) 1.36 (0.50; 2.23) 1.12 (0.06; 2.14) 0.574 0.576 
        ≥ 10% 4.19 (0.44; 8.19) 1.04 (-0.57; 2.51) 1.52 (0.64; 2.40) 0.046 0.090 
HOMA (Δ) WL < 10% 0.47 (0.05; 0.89) 0.34 (0.09; 0.59) 0.26 (-0.04; 0.57) 0.429 0.752 
        ≥ 10% 1.01 (0.23; 1.80) 0.28 (-0.20; 0.73) 0.40 (0.15; 0.64) 0.155 0.096 
Adiponectin (Δ, mg/L) WL < 10% 1.27 (0.05; 2.49) 1.56 (0.46; 2.27) 1.32 (0.01; 2.27) 0.636 0.439 
        ≥ 10% 2.67 (1.43; 3.92) 1.71 (0.85; 2.41) 1.64 (0.86; 2.42) 0.046 0.236 

0.360 
0.161 

Fructosamine (Δ, mU/L) WL < 10% 6.5 (-0.6; 13.9) 9.6 (5.7; 13.5) 7.5 (2.7; 11.5) 0.820 
0.562 11.3 (6.8; 15.9) 2.2 (9.1; 17.8) 10.8 (0.3; 21.2)        ≥ 10%  



 
Figure 2. Change (Δ) in HOMA-IR over the 6 months randomised diet period (between 

Post intervention and Pot LCD test day), represented as mean together with the 95% 

confidence interval. (ANOVA p=0.357). Statistically relevant differences are indicated 

in the figure, the remaining comparisons did not reach the p<0.10 statistical value.  
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(n = 87) 

LP/HGI 
(n = 74) 

HP/LGI 
(n = 91) 

HP/HGI 
(n = 90) 

Control 
(n = 95) 

 

 

Abbreviations: LP/LGI, low protein/low glycemic index; LP/HGI, low protein/high glycemic 

index; HP/LGI, high protein/low glycemic index; HP/HGI, high protein/high glycemic index. 
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Figure 3. Changes (Δ) in HOMA-IR over the 6 months randomised diet period (between 

post intervention and post LCD test days) concerning the 10% of weight-loss criteria 

and after adjusted for weight-change, baseline value, centre and drop-out. 
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Abbreviations: LGI, Low Glycemic index diets; LP/HGI, Low Protein-High Glycemic 

index; HOMA-IR, homeostasis model of assessment for insulin resistance; HP, High 

Protein diets. 

p values for comparisons between LP/HGI and HP or LGI dietary patterns are obtained 

thought a multiple lineal regression analysis.  

Data is represented as means together with the 95% confidence interval after adjusted 

for potential covariables and obtained though an ANCOVA test.  
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Figure 4. Plasma glucose and insulin concentrations during an oral glucose tolerance 

test (OGTT) 6 months after the randomised diet.   

 OGTT  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Abbreviations: LP/LGI, Low Protein-Low Glycemic index diet; LP/HGI, Low Protein-

High Glycemic index; HP/LGI, High Protein-Low Glycemic index diet; HP/HGI, High 

Protein-High Glycemic index diet. 

* Higher glucose concentrations in LP/LGI diet as compared to recommend diet at 

minute 30 (p=0.019) and a tendency at minute 60 (p=0.055). 

#  Lower insulin concentrations in HP/LGI as compared to LP/LGI diet (p=0.022). 

§ Lower insulin concentrations in HP/LGI diet as compared to LP/LGI, LP/HGI and 

HP/HGI (p<0.05).  
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