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Teodora Handjieva‑Darlenska6, Marie Kunešová7, Ellen E. Blaak8, Arne Astrup9, J. Alfredo Martinez10,11,12 and 
Diet, Obesity, and Genes (Diogenes) Project 

Abstract 

Background and aim: The role of dietary protein and glycemic index on insulin resistance (based on TyG index) 
within a nutritional program for weight loss and weight maintenance was examined.

Methods: This study analyzed 744 adults with overweight/obesity within the DIOGenes project. Patients who lost at 
least 8% of their initial weight (0–8 weeks) after a low‑calorie diet (LCD) were randomly assigned to one of five ad libi‑
tum diets designed for weight maintenance (8–34 weeks): high/low protein (HP/LP) and high/low glycemic index 
(HGI/LGI), plus a control. The complete nutritional program (0–34 weeks) included both LCD plus the randomized 
diets intervention. The TyG index was tested as marker of body mass composition and insulin resistance.

Results: In comparison with the LP/HGI diet, the HP/LGI diet induced a greater BMI loss (p < 0.05). ∆TyG was positively 
associated with resistance to BMI loss (β = 0.343, p = 0.042) during the weight maintenance stage. In patients who fol‑
lowed the HP/LGI diet, TyG (after LCD) correlated with greater BMI loss in the 8–34 weeks period (r = −0.256; p < 0.05) 
and during the 0–34 weeks intervention (r = −0.222, p < 0.05) periods. ΔTyG1 value was associated with ΔBMI2 
(β = 0.932; p = 0.045) concerning the HP/LGI diet.

Conclusions: A HP/LGI diet is beneficial not only for weight maintenance after a LCD, but is also related to IR amelio‑
ration as assessed by TyG index changes. Registration Clinical Trials NCT00390637.

Keywords: Insulin resistance, TyG index, Protein diet, Glycemic index, Metabolic improvement, Precision nutrition
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Introduction
The World Health Organization defines obesity as a mor-
bid accumulation of body fat often endangering health, 
which affects more than one billion people worldwide [1]. 

Hypertrophied and dysfunctional adipose tissue predis-
poses to the onset and progression of dyslipidemia, type 
2 diabetes (T2D), and cardiovascular disease (CVD) [1]. 
Globally, CVD accounted for more than 50% of deaths 
in 2019, and is considered the leading cause of disability-
adjusted life years around the world [2]. The etiology of 
CVD is multicausal, involving several risk factors includ-
ing smoking, age, or unhealthy lifestyles, and morbid 
manifestations such as arterial hypertension, athero-
sclerosis, and overweight, among others [1, 3]. Indeed, 
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obesity-associated insulin resistance (IR) is closely 
related to incidence of T2D and adverse cardiovascular 
events [1, 4].

In this context, the Triglyceride-glucose (TyG) index 
was identified as a valuable surrogate of IR [5–10]. A 
number of studies have confirmed the clinical utility of 
this marker as a good proxy for arterial hypertension 
[11], T2D [12], and non-alcoholic fatty liver disease [13]. 
Moreover, the TyG index is a reliable predictor for the 
development of obesity and CVD in different populations 
[6, 14], as well as T2D based on the combination of BMI 
and TyG index [15].

Concerning the available therapeutic strategies for the 
management of obesity, T2D and CVD, energy restric-
tion induced weight loss and physical activity have been 
recommended as main practical approaches [1]. Indeed, 
weight loss is generally accompanied by multiple cardio-
metabolic benefits, including increased insulin sensitiv-
ity and improvements in circulating lipid profiles, blood 
pressure, and inflammation markers [16, 17]. Notewor-
thy, genetic, phenotypic, and environmental factors may 
contribute to the inter-individual differences in response 
to healthy lifestyle prescriptions [18], opening the door 
for personalized nutrition/medicine strategies for obesity 
or diabetes care and CVD prevention based on patient’s 
individualization through appropriate markers [19, 20].

Pharmacological and bariatric surgery treatments have 
been prescribed to patients with obesity alone or as co-
adjuvants to nutritional advice under specific condi-
tions [1, 3] Interestingly, personalized analytical markers 
related to adiposity are beginning to be implemented in 
order to provide personalized metabolic assistance to 
each patient [19]. Moreover, the macronutrient distribu-
tion of the diet may play a role in weight loss and main-
tenance [20, 21], within energy restricted or ad  libitum 
diets, as in the Look AHEAD trial [22]. Certainly, nutri-
tional interventions with different contents of fat, as in 
NUGENOB [23], protein, as in POUNDS LOST [24], 
have been investigated, in addition to the role of the gly-
cemic index, as in DIOGenes [25], protein quality [26], 
or the Omega-3/Omega-6 fatty acid ratio [27]. A recent 
meta-analysis of randomized clinical trials revealed that a 
high dietary protein intake may induce specific beneficial 
cardiometabolic effects as compared to low-protein diets 
with potential impact on diabetes risk [28].

Currently, it is considered important to not only treat 
excessive body weight, but also combat individual mor-
bid complications commonly associated with obesity 
(such as IR, hypertension or hypercholesterolemia), 
which require individualized approaches for diagnosis, 
long-term prognosis and treatments for precision medi-
cine applications [29]. The aim of this study was to ana-
lyze the role of protein and glycemic index on IR based 

on the TyG index (a surrogate marker for IR) in patients 
with obesity within an integrative nutritional program 
designed to induce rapid weight loss and long-term body 
weight maintenance. A recent research (N = 19,420) 
reveled that elevated TyG index levels reflected a more 
severe IR and was associated with mortality due to all-
cause and cardiovascular disease in a non-linear manner 
[30]. This research will facilitate the prediction of clini-
cal outcomes in relation to insulin improvement, after 
dietary interventions based on low-calorie diets and fol-
lowing an adequate macronutrient distribution intake for 
avoiding weight regain.

Material and methods
Experimental design and cohort
The participants recruited in the current ancillary study 
belonged to the Diet, Obesity and Genes (DIOGenes) 
trial, which is a pan-European, multicenter, randomized 
controlled dietary intervention study [25, 31]. The aim of 
the DIOGenes project was to analyze the effect of pro-
tein (high/low intakes) and glycemic index (high/low) 
on weight maintenance after a weight loss of at least 8%, 
induced by a low-calorie diet (LCD) in overweight adults, 
as well as to describe the benefits on cardiometabolic risk 
factors associated with weight control [25]. The reference 
centers involved in the DIOGenes project were located 
in Denmark, Germany, the Netherlands, the United 
Kingdom, Greece (Crete), Bulgaria, Spain and the Czech 
Republic.

The participants in this study (n = 744) were enrolled 
between January 2006 and August 2007, comprising 259 
males and 485 females, aged between 18–65  years and 
with BMI between 27–45  kg/m2. A diagram concern-
ing the flow of patients included in the present analysis 
is depicted, including some details of the design and the 
label of the analyzed periods (Flowchart in Fig. 1). Some 
differences in the number of participants studied in the 
present study were attributed to the per protocol analy-
sis or compared to the ITT analyses or the lack of some 
specific data concerning some variables. The exclusion 
criteria were as follows: Body weight changes higher 
than ± 3 kg within the last 2 months; pregnant or lactat-
ing women; subjects with heart, kidney, liver, psychiatric, 
endocrine and systemic infectious diseases; a history of 
gut malabsorption; hypertensive and/or hypercholester-
olemic individuals with medication changes within the 
last 3 months; systolic blood pressure (SBP) > 160 and/or 
diastolic blood pressure (DBP) > 100 mmHg; and subjects 
consuming special diets. The complete methodological 
design and standard operating procedures have been pre-
viously described in detail [25, 31]. This study was regis-
tered at ClinicalTrials.gov as NCT00390637.
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The procedures applied in the DIOGenes trial were 
in agreement with the Declaration of Helsinki and were 
approved by the local ethic committees corresponding to 
each participating country. An informed written consent 
was obtained from each participant included in this study 
[25].

Measurements
Anthropometric, biochemical, and clinical measure-
ments were performed at baseline, post-LCD and after 
the complete nutritional intervention, as previously 
described [25, 31]. Dual-energy x-ray absorptiometry 
(DEXA) or bioelectrical impedance analysis (BIA) were 
used to estimate body composition (body fat and fat-
free mass percentage) depending on the participating 
study center. DEXA is an advanced technique for esti-
mating body fat and lean soft tissue, which relies on the 
attenuation of radiation beams passing through the body 
to measure surface density [32]. After an overnight fast, 
participants assumed a stationary and supine position 

on the scanning bed with both arms pronated by their 
side to ensure reproducible positioning. Similarly, in the 
case of BIA, a weak electric current flows through the 
body and the voltage is measured in order to calculate 
impedance (resistance) of the body [33]. The analyses 
were adjusted considering the study center, which nor-
malize body composition differences attributable to both 
analytical procedures. As usual, Body Mass Index (BMI) 
was calculated as weight (kg)/height  (m2), while waist cir-
cumference was measured taking as reference the upper 
part of the hip bone and the lower part of the ribs [25]. 
Because % fat changes are not fully independently associ-
ated to body weight changes, which are influenced by the 
body size/height [34] or age [35], the fat free mass (FFM) 
index was calculated as follows: (FFM index = [(weight 
(kg) − fat (kg))/height2 (m)]) as described elsewhere 
[36]. Systolic blood pressure (SBP) and diastolic blood 
pressure (DBP) were evaluated following the criteria 
reported by the WHO [25, 31]. Mean arterial pressure 
(MAP) was calculated as (SBP + (2*DBP))/3, and pulse 

Fig. 1 Flow chart and design concerning the participants enrolled in the current nutritional intervention
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arterial pressure (PAP) as (SBP-DBP). Blood analytical 
markers such as glucose, triglycerides, total cholesterol, 
high-density lipoprotein cholesterol (HDL-c), c-reactive 
protein (CRP), creatinine, and fibrinogen were analyzed 
centrally according to standardized protocols [25, 31]. 
Low-density lipoprotein cholesterol (LDL-c) was calcu-
lated as total cholesterol (mg/dL)—HDL-c (mg/dL)—
triglycerides (mg/dL)/5 [25]. The indices for estimating 
insulin resistance and pancreatic cell B functionality were 
calculated as: HOMA-IR = fasting insulin concentration 
(mIU/L) x fasting blood glucose concentration (mmol/L)/ 
22.5; HOMA-B(%) = 20 × fasting insulin concentration 
(mIU/L)/fasting blood glucose concentration (mmol/L) 
and QUICKI index = 1/[log fasting plasma insulin (uU/
ml) + log fasting blood glucose(mg/dl)], respectively [37]. 
The TyG index was calculated as Ln [TG (mg/dL)*glucose 
(mg/dL)/2] [5]. The TyG index was used since it is a sim-
ple, reliable, and inexpensive surrogate of insulin resist-
ance as compared to measurements involving insulin 
[5–7]. Thus, higher TyG index is associated with more 
insulin resistance.

Nutritional intervention
The DIOGenes trial was based on a nutritional interven-
tion subsequently applied into two periods. In the first 
one (period 1), participants who met the inclusion crite-
ria were prescribed a low-calorie diet (LCD) with a daily 
supply of 800 kcal during 8 weeks. Only individuals who 
lost at least 8% of their baseline weight were included in 
the second stage (period 2) for 26 weeks, and were ran-
domly assigned to one of five weight maintenance inter-
vention diets under a two-by-two factorial design: high 
protein (HP, 25% of total energy intake)/high glycemic 
index (HGI); HP/low glycemic index (LGI); low protein 
(LP, 13% of total energy intake)/HGI; and LP/LGI (Fig. 1). 
In addition, a control diet was used following the nutri-
tional guidelines adapted to the country of each par-
ticipating center, with a moderate protein content, and 
without restrictions regarding the glycemic index. The 
objective was to achieve a difference between HGI and 
LGI diets of at least 15 glycemic index (GI) units, as pub-
lished [31]. All five diets were composed with a moderate 
fat content (25–30% of total energy intake), and unre-
stricted energy intake in order to assess the potential of 
diets to regulate appetite and body weight, as previously 
reported [25, 31]. The complete nutritional program 
comprised a total of 34  weeks (period 3), as described 
elsewhere [25, 31]. The present analysis focused on both 
2 and 3 periods. The estimated energy deficit intake 
(EEDI) was calculated as reported elsewhere [38], and 
the result was converted from kcal to KJ using 4.18 as 
conversion factor. The glycaemic level of the diet will be 
determined on the basis of international GI tables [10]. 

The high and low GI diets will be designed to differ by 
15 points on the GI scale [31], more information can be 
found at www. glyce micin dex. com. Estimation of energy 
and nutrient intake were described elsewhere as well as 
glycemic index calculations [25, 31].

Statistical analyses
In order to characterize the features of participants at 
baseline, descriptive statistics, based on intention to treat 
(ITT) analyses were calculated including means ± stand-
ard deviations (SD) for continuous variables and number 
(percentages) for categorical variables.

One-way analysis of variance (ANOVA) and the 
chi-square test (for continuous and categorical vari-
ables, respectively), were used to evaluate the differ-
ences between the randomized dietary groups at each 
step of the nutritional intervention, given the normality 
of the assessed variables. For differences in anthropo-
metric and biochemical changes at period 2 (randomized 
diets considering from 8th week until 34th week) and 
period 3 (complete nutritional intervention considering; 
0–34 weeks) that were previously statistically significant 
for ANOVA, Tukey’s test was used for simultaneous sta-
tistical comparison between each type of diet. Partici-
pants with missing or negative values of ∆Weight1 (kg) 
and ∆Fat1 (%) after the LCD intervention (period 1) were 
excluded from the “per protocol” analyses, which involved 
only those volunteers whose phenotypical and analytical 
data were complete. The results of the per protocol analy-
sis were preferred because better reflect the effects of the 
intervention when taken optimally, decreasing the prob-
ability of incurring a type II error, as described elsewhere 
[39].

Spearman’s correlation tests were run to test the asso-
ciation of the TyG index at each period of the nutritional 
intervention with the subsequently dependent variables 
used in the linear regression models: ∆BMI2 (kg/m2) con-
cerning the weight maintenance nutritional intervention 
(period 2; 8–34  weeks) and ∆BMI3 (kg/m2) concerning 
the complete nutritional program (period 3; 0–34 weeks).

Additional analyses were performed based on linear 
regression models following a “per protocol” approach. 
On the one hand, we used ∆BMI2 (kg/m2) the differ-
ence between final values of period 1 and period 2. On 
the other hand, ∆BMI3 (kg/m2) differences between the 
beginning and end of the total nutritional program were 
assessed. The baseline TyG index  (TyG1), TyG index 
after the end of the intervention with the LCD  (TyG2), 
as well as the TyG differences between both time points 
(∆TyG1), were used as predictor variables in the models.

Three regression models were fitted as follows: 1) a 
crude model (adjusted for the randomized diet (control 
healthy diet, LP/LGI, LP/HGI, HP/LGI, and HP/HGI; 2) a 

http://www.glycemicindex.com
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model adjusted for potential confounding variables such 
as sex, age, study center and randomized diet correspond-
ing to the minimum setting model and; 3) maximum set-
ting model was additionally adjusted for ∆Weight1 (kg), 
smoking status (nonsmoker, smoker, former smoker), 
daily walking time (< 15 min, 15–30 min, > 30 min), and 
alcohol intake (abstemious, throughout the week, at the 
weekend). For the estimation of the relationship between 
ΔTyG1 and BMI change during period 2; (8–34  weeks), 
independent multiple linear regression models were 
separately performed for each type of diet, based on the 
maximum fitted model (previously mentioned). Caloric 
intake was not used as a covariate to avoid colineality 
with weight loss in the maximum setting models. The 
reason is that we adjusted by body size, which is a sur-
rogate of energy intake [40].

Statistical and graphical analyses were carried out 
with STATA 15 SE (StataCorp, College Station, TX). Sta-
tistical tests with an associated p-value lower than 0.05 
were considered statistically significant, but some trends 
(p < 0.10) were also mentioned. Relevant specific results 
were also graphically illustrated.

Results
The baseline clinical and metabolic characteristics of 
the total population distributed by the type of rand-
omized diet are reported in Table 1. The mean BMI was 
34.4 ± 4.6  kg/m2, weight 100.1 ± 17.7  kg, and body fat 
percentage 39.5 ± 7.9% (data not shown). The remain-
ing variables concerning biochemical (glucose, triglyc-
erides, total cholesterol, LDL-c, HDL-c, CRP, creatinine 
and fibrinogen), anthropometric/clinical (weight, height, 
waist, SBP, DBP, MAP and PAP) and lifestyle markers 
(smoking statues, daily walking time and alcohol intake) 
revealed the expected trends for a population with over-
weight/obesity (Table  1). Baseline HOMA-IR values 
among nutritional interventions (p > 0.05) were compat-
ible with comparable are populations of subject with obe-
sity, who also full-filled inclusion criteria. Furthermore, 
HOMA-B and QUICKI index values were compared 
among dietary groups, indicating that pancreatic func-
tionality and insulin sensitivity, were similar at the begin-
ning of the study, respectively. No significant differences 
concerning baseline variables by randomized diet catego-
ries were found (Table 1).

Anthropometric and biochemical changes correspond-
ing to period 3 (complete nutritional program) for each 
type of diet are reported in Table 2. Statistical compari-
sons tests showed differences in BMI (p = 0.037) between 
the LP/HGI and HP/LGI diets (Table  2). Additionally, 
for the multiple comparison tests, significant differences 
were found in HOMA (p = 0.013), insulin (p = 0.027) and 
fat (p = 0.037), concerning the differences between HP/

HGI diet and LP/HGI diet (Table  2). Regardless of diet 
allocation, general reductions in waist, body fat percent-
age, triglycerides, CRP, and TyG index as well as blood 
pressure measurements were found (Table 2). Total cho-
lesterol and HDL-c relatively increased in each of the 
diets, whereas LDL-c only increased in the HP/LGI diet 
(Table  2). Glucose levels were only reduced in the con-
trol and HP/LGI diets, although those changes were not 
statistically significant depending of each type of diet 
(Table 2).

The changes concerning the weight maintenance stage 
with the five types of randomized diets (period 2) are also 
shown in Table  2. In the maintenance stage there were 
no differential decreases (p > 0.05) in body fat percentage 
and CRP or in total cholesterol, HDL-c, Triglyceride, glu-
cose, TyG index, SBP, DBP, MAP and PAP among dietary 
groups, despite some assumed beneficial trends, were 
found (Table 2).

The EEDI (period 2; 8–34  weeks) corresponds to the 
average energy deficit intake during the weight main-
tenance phase, depending on the type of diet selected, 
while EEDI 1–3 (period 3; 34  weeks) indicates the esti-
mated energy deficit corresponding to the complete 
nutritional diet. The greater energy deficit intake was 
associated with more weight loss and better insulin sen-
sitivity. Energy intake deficit ranged from −2470  kcal 
(10,324.6  kJ) to −2198  kcal (9187.64  kJ) among dietary 
groups, protein intake increased from 4.5 to 6.1% in the 
high protein groups while remained stable in the nor-
mal protein group (−0.1 to −0.2%), meanwhile glycemic 
index changes were (−4.3 to −4.7%) in the low glycemic 
index compared with 0 to 0.7% in the high glycemic index 
group [25].

Linear regression models following a per protocol 
approach to estimate BMI outcomes using TyG values 
as predictors are reported in Tables 3 and 4. In the total 
time (0–34 weeks) of the nutritional intervention (period 
3), the maximum fitted model revealed a tendency (not 
statistical significant) to lower BMI loss per each unit of 
increase of the ∆TyG1 index (the higher ∆TyG1 index, 
the lower BMI loss), as reported in Table  3 (β = 0.339, 
p = 0.051). Patients assigned to the HP/LGI diet showed 
higher BMI losses in the maximum setting models 
(p < 0.05) compared to "healthy diet" as a proper control 
(Table 3).

During the weight maintenance (period 2), the ∆TyG1 
index was associated with lower BMI reductions (also, 
the higher ∆TyG1 index, the lower BMI decrease) in each 
of the models analyzed, specifically in the maximum set-
ting model (β = 0.343, p = 0.042) as shown in Table 4. In 
all multiple linear regression models, participants con-
suming a HP/LGI diet lost more BMI compared to the 
rest of dietary groups (p < 0.05) and with the "healthy 
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Table 1 Baseline clinical, metabolic and lifestyle characteristics of the enrolled population

Bold values indicate a p value < 0.05

Shown results are based on intention‑to‑treat analyses, and classified according of the type diet to which they were randomized post‑LCD intervention

*Body mass index (BMI); fat free mass index (FFM I); low‑density lipoprotein cholesterol (LDL‑c); high‑density lipoprotein cholesterol (HDL‑c); C‑reactive protein (CRP); 
systolic blood pressure (SBP); diastolic blood pressure (DBP); mean arterial pressure (MAP); pulse arterial pressure (PAP)

Diet types: Control (healthy diet), LP/LGI (low protein, low glycemic index diet), LP/HGI (low protein, high glycemic index diet), HP/LGI (high protein, low glycemic 
index diet), HP/HGI (high protein, high glycemic index diet)

N = 744 N Control N = 151 LP/LGI N = 143 LP/HGI N = 149 HP/LGI N = 153 HP/HGI N = 146 p
Baseline variables Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Age (years) 742 42 ± 7 41 ± 6 41 ± 6 42 ± 7 42 ± 6 0.281

Sex 742 151 143 149 153 146 0.884

Male 258 52 (34.4%) 48 (33.6%) 49 (32.9%) 53 (34.6%) 52 (35.6%)

Female 484 99 (65.6%) 95 (66.4%) 100 (67.1%) 100 (65.4%) 99 (67.8%)

Weight (kg) 742 99.76 ± 17.49 100.41 ± 17.28 99.38 ± 16.88 99.51 ± 17.67 100.16 ± 18.47 0.986

*BMI (kg/m2) 742 34.43 ± 4.77 34.56 ± 5.52 34.48 ± 4.95 34.33 ± 4.74 34.10 ± 4.72 0.946

Waist (cm) 732 107.75 ± 12.75 107.79 ± 13.15 107.52 ± 13.03 106.87 ± 12.43 107.80 ± 13.54 0.963

Body fat (%) 651 40.60 ± 8.73 40.05 ± 9.65 40.21 ± 8.38 39.95 ± 9.87 39.56 ± 8.77 0.922

*FFM index 653 20.29 ± 2.30 20.44 ± 3.58 20.49 ± 2.62 20.39 ± 2.95 20.43 ± 2.26 0.984

Cholesterol (mg/dL) 742 190.45 ± 39.40 188.25 ± 43.60 189.45 ± 37.00 191.06 ± 37.80 190.24 ± 40.90 0.979

*LDL‑c (mg/dL) 742 118.35 ± 35.10 118.43 ± 37.00 117.99 ± 31.30 118.40 ± 32.60 120.53 ± 35.30 0.972

*HDL‑c (mg/dL) 742 47.59 ± 12.90 47.22 ± 12.50 46.88 ± 12.40 48.25 ± 14.00 45.74 ± 11.10 0.518

Triglycerides (mg/dL) 744 124.73 ± 62.90 115.04 ± 55.80 125.12 ± 62.60 124.21 ± 68.00 121.91 ± 52.30 0.597

Glucose (mg/dL) 736 90.66 ± 10.30 89.29 ± 11.80 88.37 ± 12.30 88.49 ± 12.60 89.05 ± 12.20 0.464

Insulin µIU/mL 712 11.93 ± 12.08 13.27 ± 15.13 10.63 ± 6.00 10.27 ± 5.97 12.09 ± 11.64 0.127

TyG index 736 8.51 ± 0.53 8.43 ± 0.49 8.50 ± 0.47 8.47 ± 0.57 8.50 ± 0.46 0.641

HOMA‑IR 697 2.79 ± 2.91 3.20 ± 3.79 2.39 ± 1.43 2.41 ± 1.58 2.81 ± 2.55 0.055

HOMA‑β (%) 697 144 ± 280.2 153.1 ± 188.8 151.7 ± 140.5 132.4 ± 90.8 179,.0 ± 243.7 0.399

QUICKI index 692 0.43 ± 0.23 0.4 ± 0.19 0.41 ± 0.12 0.43 ± 0.19 0.45 ± 0.43 0.573

U‑C‑peptide (nmol/24 h) 532 34.09 ± 40.53 34.97 ± 45.35 28.55 ± 27.48 28.96 ± 21.46 27.03 ± 21.77 0.260

*CRP (mg/L) 741 4.31 ± 4.73 5.22 ± 5.90 4.64 ± 5.08 4.80 ± 5.06 4.40 ± 5.24 0.593

Creatinine (mol) 710 8.86 ± 4.01 8.38 ± 4.36 8.20 ± 4.17 7.74 ± 3.76 8.33 ± 4.29 0.380

Fibrinogen (µmol/L) 735 9.37 ± 2.05 9.34 ± 1.94 9.43 ± 2.11 9.62 ± 2.54 9.12 ± 2.15 0.537

*SBP (mmHg) 641 127.89 ± 14.60 128.27 ± 15.40 126.48 ± 13.40 127.44 ± 13.90 129.81 ± 15.20 0.454

*DBP (mmHg) 641 81.06 ± 11.70 80.7 ± 11.70 80.74 ± 10.70 79.51 ± 11.40 81.67 ± 11.20 0.638

*MAP (mmHg) 641 96.67 ± 11.70 96.56 ± 11.60 95.99 ± 10.50 95.49 ± 11.10 97.72 ± 11.30 0.575

*PAP (mmHg) 641 46.84 ± 10.90 47.57 ± 12.60 45.74 ± 10.60 47.92 ± 11.20 48.13 ± 12.40 0.455

Smoking status 705 146 (100.0%) 134 (100.0%) 140 (100.0%) 145 (100.0%) 140 (100.0%) 0.129

Non‑smoker 63 (43.2%) 56 (41.8%) 53 (37.9%) 67 (46.2%) 56 (40.0%)

Former smoker 42 (28.8%) 52 (38.8%) 39 (27.9%) 45 (31.0%) 40 (28.6%)

Smoker 41 (28.1%) 26 (19.4%) 48 (34.3%) 33 (22.8%) 44 (31.4%)

Waking daily 689 137 (100.0%) 134 (100.0%) 134 (100.0%) 144 (100.0%) 140 (100.0%) 0.451

 < 15 min 63 (46.0%) 52 (38.8%) 61 (45.5%) 65 (45.1%) 53 (37.9%)

15–30 min 27 (19.7%) 41 (30.6%) 37 (27.6%) 39 (26.9%) 38 (27.1%)

 > 30 min 47 (34.3%) 41 (30.6%) 36 (26.9%) 40 (27.6%) 49 (35.0%)

Alcohol weekly 737 148 (100.0%) 143 (100.0%) 149 (100.0%) 152 (100.0%) 145 (100.0%) 0.637

Abstemious 41 (27.2%) 60 (42.0%) 53 (35.6%) 39 (25.5%) 41 (28.1%)

Throughout the week 40 (26.5%) 34 (23.8%) 35 (23.5%) 38 (24.8%) 37 (25.3%)

At the weekend 67 (45.3%) 49 (34.3%) 61 (40.9%) 76 (50.0%) 67 (46.2%)
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diet" as a proper control (Table  4). After performing 
separate multiple linear regressions (with appropriate 
adjustments), matching diet type with its corresponding 
ΔTyG1 value, we observed only one significant β value: 
0.932 (p-value: 0.045), relative to the HP/LGI diet. While 
an association (β = 2.58; p ≤ 0.001; data no shown in 
tables) was found between ΔHOMA2 (8–34 weeks) and 
ΔTyG2 (8–34 weeks) concerning HP/LGI.

The baseline  TyG1 positively correlated with changes 
in BMI concerning the period 2 (r = 0.3140, p < 0.05) 
following the HP/HGI diet and in period 3 (r = 0.2680, 
p < 0.001) (Additional file  1: Table  S1). Meanwhile, the 
 TyG2 (after LCD) correlated with a greater loss of BMI in 
period 2 (r = −0.2560, p < 0.05) in participants assigned 
to the HP/LGI diet and in period 3 (r = −0.2220, p < 0.05) 
as reported in Additional file  1: Table  S1. The ∆TyG1 
positively correlated with resistance to BMI loss (the 
higher TyG, the lower BMI loss) in both periods with 
the HP/HGI diet (Additional file  1: Table  S1). Interest-
ingly, the correlations of TyG with HOMA-IR are highly 
statistically significant both in the baseline of period 
1 (r = 0.2364, p < 0.0001) and at the start of period 2 
(r = 0.2453, p < 0.0001). Furthermore, no statistical differ-
ences (p > 0.05) were found concerning HOMA-IR values 
depending on the dietary experimental groups.

Correlations between TyG index values after LCD and 
modifications in BMI for each type of randomized diet 
are plotted (Fig. 2). Participants with higher levels of TyG 

(more insulin resistance) tended to reduce their BMI less 
(the higher TyG, the lower BMI loss) during in the total 
nutritional intervention (period 3) as illustrated (Fig. 2A), 
and also in the weight maintenance stage (period 2) as 
illustrated (Fig. 2B). In both intervention periods, a clear 
tendency to lose more BMI was found in participants 
who received the HP/LGI diet compared to the other die-
tary groups (Fig. 2).

Discussion
A number of nutritional trials concerning obesity man-
agement and accompanying comorbidities, such as T2D 
and CVD, have mainly been focused on weight loss [1], 
whereas putative benefits related to specific pathophysi-
ological mechanisms (including IR) are less frequently 
considered [1, 41]. Furthermore, although attention has 
been paid to the role of glycemic index and fiber in obe-
sity and CVD management, less information is available 
regarding the effect of protein intake [42–44]. The pre-
sent research focused on examining the concomitant 
effect of glycemic index and protein intake on insulin sta-
tus within the DIOGenes trial [25, 45, 46]. In this context, 
the TyG index, a composite marker of fasting glucose 
and triacylglycerols, has shown to be a useful and reliable 
predictor of IR [5], T2D [12] and CVD [14, 47] in diverse 
populations.

The anthropometric/biochemical baseline data from 
the current ancillary study were in line with results 

Fig. 2 Change in TyG index after LCD and modifications in BMI (kg/m2) for each type of randomized diet, A Change in BMI (kg/m2) corresponding 
to the complete nutritional intervention, (period 3, 0–34 weeks); B Change in BMI (kg/m2) concerning the maintenance nutritional intervention, 
(period 2, 8–34 weeks). Results shown are based on ITT analysis. Types of diets: Control (healthy diet), LP/LGI (low protein, low glycemic index diet), 
LP/HGI (low protein, high glycemic index diet), HP/LGI (high protein, low glycemic index diet), HP/HGI (high protein, high glycemic index diet). Only 
significant differences were obtained between Low Protein/High Glycemic Index and High Protein/Low Glycemic Index (HP/LGI) diet (p = 0.015). 
Period 3: Corresponds to the differences between baseline and final parameters, encompassing the complete nutritional period (during 34 weeks); 
Period 2: Corresponds to the differences between the parameters after the low‑calorie diet intervention (8 weeks) and after the nutritional 
treatment focused on weight maintenance for each type of randomized diet (8–34 weeks)
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reported by comparable studies such as The POUNDS 
LOST trial [24], LOOK AHEAD [22], ASKED [41], 
NUGENOB [23], and PREVIEW [17].

Interestingly, in the complete nutritional interven-
tion (period 3) and the dietary randomization stage 
(period 2), participants treated with the HP/LGI diet 
reduced more the BMI, compared to those in the LP/
HGI diet. Moreover, the HP/LGI diet correlated posi-
tively with better BMI maintenance (even further reduc-
tion of BMI) in comparison with the other types of diets, 
whereas the LP/HGI diet showed the worst BMI main-
tenance (regain). Current analyses provided a valuable 
evidence that a weight management program based on a 
LCD (8 weeks) followed by a specific dietary macronutri-
ent distribution (8–34 weeks) within a strategy to avoid 
weight regain can be better achieved with an ad  libitum 
HP/LGI dietary regime, where the initial LCD may have a 
determinant role. Considering the protein content of this 
particular diet (25% of total energy intake), this finding 
is in agreement with previous investigations reporting 
greater weight loss in patients following a high-protein 
diet compared to a low-protein diet [48, 49]. For instance, 
a high-protein intake showed weight loss benefits in 
the POUNDS LOST trial, although carbohydrates were 
not demonstrated to influence this improvement [24]. 
Some of these previous results concerning the weight 
loss in the maintenance period was greater in the HP/
LGI group, with an average weight loss of around 0.5 kg, 
which may be attributable to the positive effects of high-
protein diets in relation to diet-induced thermogenesis 
[44, 48, 50], greater satiety at mealtimes [44, 48, 51], and 
increased lean mass preservation [48], which could con-
tribute to enable promote a negative energy balance, thus 
inducing weight loss and fat reduction [44]. Additionally, 
hypoenergetic diets induced weight loss decreases appe-
tite perceptions and preference for high-fat/high-carbo-
hydrate foods within the DIOGenes trial [52], which is of 
interest when interpreting current outcomes.

Also, dietary protein has been associated with improve-
ments in glucose homeostasis and insulin sensitivity [44, 
53], although this effect is well known to occur after the 
intake of high-fiber, low-glycemic index foods [24, 25]. 
Besides, participants with higher IR benefit more from a 
low-glycemic index diet apparently due to a lower insu-
lin demand to metabolize the dietary carbohydrates in 
the circulatory stream [54, 55]. Additionally, diets with 
moderately high protein content and low glycemic index 
could modulate caloric intake [48]. Both dietary compo-
nents have been associated with anti-inflammatory ben-
efits [3, 46], as appreciated concerning decreases of CRP 
concentrations, which may be indirectly related to body 
fat reductions and improvement of insulin sensitivity [21, 
56]. Together, these outcomes are earlier trials associating 

high-protein diets with successful weight loss and weight 
maintenance, as well as reduced cardiometabolic risk fac-
tors, including blood pressure, lipids, and inflammation 
[46, 48], associated to low glycemic index [55, 57]. Fur-
thermore, some HOMA relationships with insulin resist-
ance had been previously published [31, 58]. Indeed, an 
ancillary study, involving the Diogenes intervention ana-
lyzing insulin response reported that the 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 the other dietary groups [58]. The source 
of protein may be important concerning insulin and 
HOMA-IR responses [31]. Interestingly, a statistical asso-
ciation between ΔHOMA2 and ΔTyG2 was found for the 
HP/LGI diet, concerning to period 2 (8–34 weeks), thus 
reinforcing the idea of the utility value of TyG as a proxy 
of insulin resistance, showing an improvement after fol-
lowing a diet moderately high in protein and consuming 
carbohydrates with a low glycemic index.

The baseline TyG  (TyG1), TyG after LCD  (TyG2) and 
the TyG differences between both time points (∆TyG1) 
had some predictive value regarding BMI loss even 
after adjustment for variables such as sex, age, center, 
∆Weight1, smoking status, daily walking time, and alco-
hol intake. Of note, only ΔTyG1 was associated with 
changes in BMI, especially when consuming the HP/LGI 
diet. The TyG index is a good surrogate biomarker of IR 
[8–10, 59, 60], which is known to benefit from the type 
and quality of protein, as well as the glycemic index of the 
diet. These findings reveal that the TyG index is sensi-
tive depending on the type of diet assigned, specifically 
the HP/LGI diet. In this context, these data are consist-
ent with BMI being closely related to increased IR [1, 21], 
which is improved when following a high protein diet 
[48], since reductions in body fat are often associated 
with improved insulin sensitivity, which is now demon-
strated with the TyG index. A recent study of a Chinese 
population (N = 116,661), demonstrated the causal asso-
ciation between TyG-BMI and DT2, focusing on the util-
ity of this index, as it is simple, economical and reliable in 
medical practice to provide early detection and establish 
early preventive measures [15], being of great value in the 
field of personalized and precision medicine in primary 
clinical settings.

It is noteworthy that participants whose IR improved 
(the lower TyG index, the better insulin sensitivity) 
were found to have the most notable reductions in 
BMI, although it is also feasible that patients who lost 
more body weight had a concomitant more pronounced 
improvement of IR. This finding could be explained by 
the fact that not all patients with obesity have a metaboli-
cally healthy phenotype [61]. Interestingly, a subgroup 
of individuals in the population have a “metabolically 
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healthy obesity phenotype” (approximately 30%), who 
despite having excess body fat, do not have comorbidi-
ties associated with obesity such as T2D, CVD and IR, 
among others, despite this term is under discussion [61, 
62]. These patients might be expected to have a better 
response to therapeutic strategies than those presenting a 
“metabolically unhealthy obesity phenotype” [61], where 
genetic, transcriptional, and environmental factors asso-
ciated with adipose tissue homeostasis and insulin sen-
sitivity are involved [62]. Moreover, dietary weight loss 
intervention reduces insulin resistance, where mediation 
analyses revealed that decreased intrahepatic lipid con-
tent and insulin-induced muscle microvascular recruit-
ment that independently contributed to improve insulin 
sensitivity, which also depends on body weight status 
[63].

Moreover, higher baseline weight predicts better man-
agement of body composition in patients with obesity 
[45]. Comparing the high and low glycemic index diets, 
no differences were found concerning TyG measurement, 
despite that some previous trials recognizing a beneficial 
role of fiber/low glycemic foods in managing IR, which 
confirms that the overall macronutrient composition, and 
not only carbohydrates, plays a metabolic role in IR man-
agement [64–67]. Indeed, LGI diets might be beneficial 
in patients with T2D [55, 57], since these patients with 
higher IR will benefit more from a low glycemic index 
diet due to a lower insulin demand to remove dietary car-
bohydrates present in the circulation [54], with increased 
impairment of pancreatic β-function and alteration of 
intestinal K-cell function [55, 57].

Dietary adherence is a major factor affecting weight 
changes in subjects with obesity, where metabolic flex-
ibility also play a role [41, 68] as well as behavioral mech-
anisms [69]. In this context, different approaches have 
been devised for accounting caloric restriction including 
some based on energy expenditure measurement [70], 
despite the difficulties for energy imbalance quantifica-
tion given homeostatic energy metabolism adaptations 
[41, 71] the assessment of body weight and composi-
tion has been used as a surrogate measure of energy bal-
ance in subjects with obesity [40]. Our results show that 
energy intake changes evaluated by body composition 
changes as a proxy may be a factor explaining the cur-
rent weight loss outcomes as well as self-reported appe-
tite and food preferences related to glycemic index and 
macronutrient distribution [52]. The changes in energy 
intake, protein consumption and glycemic index were 
compatible with the targeted values to demonstrate the 
hypothesis about the role of protein and glycemic index 
in weight loss maintenance after the planed dietary inter-
ventions to avoid weight regain.

The inter-individual differences concerning weight 
lowering interventions is recognized to depend on phe-
notypical traits and nutrigenetic/nutrigenomic inter-
actions [72]. Previous data from the DIOGenes cohort 
have evidenced that initial fat stores may affect weight 
loss outcomes [7] and postprandial lipemia [73], as well 
as the metabolic adaptation [41]. Our results envis-
age that some individual differences in the response to 
diets could be attributed to different metabolic/obesity 
phenotypes in the current sample influenced by insulin 
resistance as has been reported concerning prediabe-
tes development [74] or glycemic response considering 
integrative phenotyping, where the TyG index could 
contribute for precision prescriptions [36].

The strengths of the present research include the 
analysis of data belonging to the multicenter DIO-
Genes study with a considerable sample size, the use of 
standardized protocols for the collection of the clini-
cal/anthropometric measurements, and the inclusion 
of potential confounding variables into the predictive 
models. However, some drawbacks in this investigation 
are related to the use of a per protocol analysis, leading 
to the loss of a number of patients, and thus, statisti-
cal power; the lack of some information concerning the 
diagnosis of chronic diseases and the use of therapies 
focused on lipid and glycemic managements; and the 
possible occurrence of type I and type II errors despite 
of statistical settings, could have influenced the results.

In conclusion, the current study showed that a HP/
LGI diet is beneficial not only for weight maintenance 
after a LCD, but is also related to IR amelioration as 
assessed by TyG index changes. This knowledge may 
help to establish personalized nutrition/medicine strat-
egies for obesity management and cardiometabolic 
improvement based on a single, economical and reliable 
surrogate for measuring IR with predictive application.
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