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Abstract

 Aims—Over 75% of obese subjects fail to maintain their weight following weight loss 

interventions. We aimed to identify phenotypic and genetic markers associated with weight 

maintenance/regain following a dietary intervention.

 Subjects and methods—In the 2-year Dietary Intervention Randomized Controlled Trial, 

we assessed potential predictors for weight changes during the ‘weight loss phase’ (0–6 months) 

and the ‘weight maintenance/regain phase’ (7–24 months). Genetic variation between study 

participants was studied using single-nucleotide polymorphisms in the leptin gene (LEP).

 Results—Mean weight reduction was −5.5% after 6 months, with a mean weight regain of 

1.2% of baseline weight during the subsequent 7–24 months. In a multivariate regression model, 
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higher baseline high-molecular-weight adiponectin was the only biomarker predictor of greater 

success in 0- to 6-month weight loss (β = −0.222, P-value = 0.044). In a multivariate regression 

model adjusted for 6-month changes in weight and various biomarkers, 6-month plasma leptin 

reduction exhibited the strongest positive association with 6-month weight loss (β = 0.505, P-

value<0.001). Conversely, 6-month plasma leptin reduction independently predicted weight regain 

during the following 18 months (β = −0.131, P-value<.013). Weight regain was higher among 

participants who had a greater (top tertiles) 6-month decrease in both weight and leptin (+ 3.4% 

(95% confidence interval 2.1–4.8)) as compared with those in the lowest combined tertiles 

(+ 0.2% (95% confidence interval −1.1 to 1.4)); P-value<0.001. Weight regain was further 

significantly and independently associated with genetic variations in LEP (P = 0.006 for both 

rs4731426 and rs2071045). Adding genetic data to the phenotypic multivariate model increased its 

predictive value for weight regain by 34%.

 Conclusion—Although greater reduction in leptin concentrations during the initial phase of a 

dietary intervention is associated with greater weight loss in the short term, plasma leptin 

reduction, combined with the degree of initial weight loss and with genetic variations in the LEP 
gene, constitutes a significant predictor of subsequent long-term weight regain.
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 Introduction

The global increase in the prevalence of overweight and obesity has resulted in increased 

mortality being the second leading cause of preventable death, primarily through effects on 

cardiovascular disease and type 2 diabetes.1 Weight reduction has definite beneficial effects 

on cardiovascular risk factors, which are sustained as long as weight loss is maintained.2–7 

However, over 75% of obese subjects significantly regain body weight following non-

invasive weight loss interventions, regardless of age, gender, ethnicity or weight loss 

program applied.8–11 Identification of individuals who are more likely to regain weight may 

thus be clinically helpful.

One of the suggested mechanisms for the intractable nature of obesity is that the 

accompanied reduction in plasma leptin concentrations following successful weight loss 

results in a state of relative leptin deficiency, which favors weight regain.12,13 Another may 

be that genetic differences in genes encoding factors controlling food consumption and 

energy expenditure determine the individual ability to lose and/or maintain weight.14

We have recently published the results of the 2-year Dietary Intervention Randomized 

Controlled Trial (DIRECT) comparing the effectiveness and safety of three nutritional 

protocols in weight loss: a low-fat diet; a Mediterranean diet; and a low-carbohydrate, non-

restricted calorie diet.15 Adherence to the study was 95% after 1 year and 85% after 2 years. 

The aim of the current study was to identify phenotypic and genetic markers associated with 

the degree of weight maintenance/regain during the dietary intervention.

Erez et al. Page 2

Int J Obes (Lond). Author manuscript; available in PMC 2016 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



 Subjects and methods

 Study population and intervention

Methods of the Dietary Intervention Randomized Controlled Trial were previously reported 

in detail.15 The trial was conducted between July 2005 and June 2007 in a research center 

workplace in Dimona, Israel. Eligible participants were aged 40–65 years with body mass 

index (BMI) ≥27 kg m2, or had type 2 diabetes or coronary heart disease regardless of age or 

BMI. Pregnant or lactating women and patients with a serum creatinine level of 2 mg per 

100 ml or more, liver dysfunctions (an increase of twofold or more above the upper limit of 

normal in alanine aminotransferase and aspartate aminotransferase), intestinal problems that 

would prevent consuming any of the test diets, or active cancer were excluded. Participation 

in another diet trial was also an exclusion criterion. Participants were randomized to low-fat, 

Mediterranean or low-carb diet within the strata of gender, age (below or above the median), 

BMI (below or above the median), history of coronary heart disease (yes/no), type 2 diabetes 

(yes/no) and current use of statins (none/<1 year/≥1 year) by Monte-Carlo simulations for 

randomization. The 322 participants were randomized as follows: low fat: n = 104, 89 men 

and 15 women; Mediterranean: n = 109, 89 men and 20 women; low-carbohydrate: n = 109, 

99 men and 10 women. Clinic and laboratory staff members were blinded to treatment 

assignment. The study coordinators were blinded to all outcome data until the end of the 

intervention. The study was approved by the human subjects committee of Soroka Medical 

Center and Ben-Gurion University. The genetic substudy was approved by the institutional 

review board of the Hadassah-Hebrew University Medical Center. Participants provided a 

separate informed consent for participation in the intervention and phenotypic study and in 

the genetic substudy.

 Outcomes

Body weight was measured without shoes to the nearest 0.1 kg every month. Height was 

measured to the nearest millimeter using a wall-mounted stadiometer at baseline for BMI 

determination. A blood sample was drawn by venipuncture at 0800 hours, after a 12-h fast, 

at baseline, as well as at 6, 12 and 24 months, and stored at −80 °C until assayed for lipids, 

inflammatory biomarkers and insulin. Biomarkers were measured in the University of 

Leipzig, Leipzig, Germany: High-molecular-weight plasma adiponectin was measured by 

ELISA (AdipoGen, Axxora, Lörrach, Germany), with a coefficient of variation (CV) of 

4.8%. Plasma leptin was assessed by ELISA (Mediagnost, Reutlingen, Germany) with a CV 

of 2.4%. Serum concentrations of total cholesterol, high-density lipoprotein cholesterol 

(HDL-c), low-density lipoprotein cholesterol and triglycerides were directly determined 

enzymatically (Roche, Leipzig, Germany); CV of cholesterol was 1.3% and that for 

triglycerides was 2.1%. Plasma insulin was measured with an enzyme immunometric assay 

using the IMMULITE automated analyzer (Diagnostic Products Corporation, Los Angeles, 

CA, USA), with a CV = 2.5%. High-sensitive C-reactive protein was measured by ELISA 

(DiaMed, Ottobrunn, Germany); CV = 1.9%. Genomic DNA was extracted from peripheral 

blood using standard methods,16 and was analyzed in the Hadassah Medical Center, 

Jerusalem, Israel.
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 Selection and analysis of single-nucleotide polymorphisms (SNPs) in the 
leptin (LEP) gene—The leptin gene (MIM #164160) is located on chromosome 7q31.3 

and spans approximately 20 kb. It contains three exons and two introns. Exon 1 is non-

coding and is separated from coding exons 2 and 3 by more than 10.5 kb. A total of 164 

SNPs have been identified in this gene. To capture the common variation in the gene, we 

used data from the International HapMap project (http://www.hapmap.org) and from 

GeneCards (http://www.genecards.org) to select tag SNPs with a minimum minor allele 

frequency (MAF) of 0.2. Five tag SNPs were selected (their characteristics are presented in 

Table 1 of the supplementary material). The genotype of each individual SNP was 

determined using the 7300 Real Time PCR system, with fluorescent TaqMan probes 

(Applied Biosystems, Foster City, CA, USA). Real-time PCR was performed in a final 

reaction volume of 10 μl, which contained 5 μl Taqman Genotyping Master Mix, 0.5 μl 

Taqman SNP genotyping assay mix (Applied Biosystems) and 1 μl genomic DNA. The 

amplification conditions were as follows: 95 °C for 10 min, 40 cycles of 95 °C for 15 s and 

60 °C for 1 min. The samples were run together with the non-template control in a 96-well 

optical reaction plate. Allelic discrimination was performed on the post-PCR product. The 

fluorescence data of the post-PCR products were analyzed directly using allelic 

discrimination software of the ABI Prism 7300 instrument (Applied Biosystems).

 Statistical analysis

For weight loss, the prespecified primary aim was to determine the change in weight from 

baseline to the 24-month point. We analyzed the biomarker data by using raw unadjusted 

means and without imputation for missing data. For intention-to-treat analyses, all 322 

participants were included by using the most recent values for weight and blood pressure. 

The percentage change in weight was calculated as changes from initial weight. Weight 

change during 7–24 months was calculated as the difference between the 24-month weight 

change from initial weight (percent) and the 6-month weight change from initial weight 

(percent). We calculated age-adjusted Pearson's correlation to evaluate the P-value of the 

trend between initial quintiles of BMI and baseline characteristics. Multivariate regression 

models were adjusted for age, sex, diet group and selected biomarkers that were potential 

confounders for weight loss in the adiponectin model (leptin, insulin, thyroid-stimulaing 

hormone) or that were found to be correlated with 7 to 24 month weight change in univariate 

analyses (6-month delta of adiponectin, HDL-c and weight) in the leptin model. We cross-

classified nine groups of combinations between tertiles (low, medium, high) of 6-month 

changes in both leptin concentrations and weight in order to calculate their corresponding 

subsequent weight change within 7–24 months. Insulin resistance was calculated according 

to the following equation: (insulin (μU ml−1) × fasting glucose (mmoll−1))/22.5 (the 

homeostasis model assessment). For a minimal difference of 2-kg (s.d. = 10) weight loss 

between groups, with 100 participants per group and 5% type I error, the power to detect 

significant weight loss differences is greater than 90%.

Allele and genotype frequencies were determined for each individual SNP and studied for 

deviation from Hardy–Weinberg equilibrium by exact tests.17 The association of each 

polymorphism adjusted for age, sex and diet group with the relevant outcome was tested 

using one-way analysis of covariance. Multivariate analysis was used to study the 
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association of multiple genotypes with the outcome. Haplotype analysis was carried out 

using haplo.stats and haplo.glm, which assume that haplotypes are ambiguous because of the 

unknown linkage phase of genetic markers. We identified all the haplotype configurations 

with non-trivial probability on the basis of maximum likelihood using the expectation–

maximization algorithm.18–20 The threshold for statistical significance was set at 0.05. 

Multiple comparisons were accounted for using the false discovery rate method.21 We used 

SPSS version 15, SAS Institute Inc software version 9.1 (Cary, NC, USA) and R statistical 

environment (http://www.r-project.org/) for statistical analyses.

 Results

Baseline characteristics of the 322 participants in the Dietary Intervention Randomized 

Controlled Trial across initial BMI quintiles are shown in Table 1. Mean age was 51.2 years 

and mean BMI was 30.9 kg m−2. Of the participants, 86% were men, and all were 

Caucasians. Increasing values of plasma leptin, high-sensitive C-reactive protein, insulin and 

homeostasis model assessment of insulin resistance were significantly associated with 

elevated BMI (P-value<0.0001 for all). A high proportion of diabetic subjects in the lowest 

quintile of BMI is attributed to the inclusion criteria for the study.

DNA was available from 272 participants and full phenotypic and genetic data were 

available for 256 participants. For the five examined SNPs in the LEP gene, there was no 

deviation from Hardy–Weinberg equilibrium (Table 1 in the supplementary material). 

Overall, no significant differences in baseline BMI or plasma leptin concentrations across 

genotype groups were noted (Table 2) (excluding rs3282942 and plasma leptin in males).

The mean weight reduction (Figure 1) among the entire study population (322 participants, 

intention-to-treat analysis), regardless of dietary groups, was −5.5%±5.1 of baseline weight 

after 6 months (weight reduction phase) and −4.3%±5.7 after 24 months, corresponding to a 

mean weight regain of 1.2% of baseline weight during the weight regain/maintenance phase 

(7–24 months). Maximal weight reduction was observed after 5 months with 5.6% of initial 

weight. Among the 272 participants who completed 24 months of intervention, the actual 

weight changes were −6.1%±5.4 after 6 months and −4.7%±5.7 after 2 years. As previously 

reported,15 6- and 24-month weight loss was higher in the Mediterranean and low-

carbohydrate diet groups than in the low-fat group (P<0.001).

 Predictors of weight change during the weight reduction phase (months 0–6)

In a multivariate regression model (Table 3a) adjusted for age, sex, diet group, baseline 

weight and baseline concentrations of leptin, insulin and thyroid-stimulaing hormone, higher 

baseline high-molecular-weight adiponectin was significantly associated with greater 

success in weight loss during the first 6 months of intervention (β = −0.222, P-value = 

0.044).

The addition of genetic tested parameters to this model, that is, genotypes in five different 

SNPs in the LEP gene, and of inferred haplotypes, did not add further predictive value for 

the extent of weight reduction during the first 6 months of dietary intervention (data not 

shown).
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We next assessed the association between changes in parameters during the first 6 months of 

dietary intervention with weight changes. Multivariate regression models (Table 3b) adjusted 

for age, sex, diet group and 6-month changes (delta) of adiponectin, HDL-c, low-density 

lipoprotein cholesterol, triglycerides and fasting glucose revealed that 6-month changes in 

low-density lipoprotein cholesterol were positively and significantly associated with weight 

change, whereas larger increases in both high-molecular-weight adiponectin and HDL-c 

were significantly associated with more pronounced weight loss (P-value<0.05 for all). 

However, changes in leptin had the strongest positive association with 6-month changes in 

weight (that is, decreased more with more weight loss, β = 0.505, P-value<0.001).

 Predictors of weight change during the weight maintenance/regain phase (months 7–24)

Contrary to the positive association between changes in leptin concentrations and changes in 

weight during the weight reduction phase, 0- to 6-month reduction in plasma leptin was 

negatively associated with subsequent weight loss (that is, associated with weight regain) 

between 7 and 24 months of intervention (β = −0.131, P-value<.013) in a multivariate 

regression model (Table 3b) adjusted for age, sex, diet group and 6-month delta of 

adiponectin, HDL-c, low-density lipoprotein cholesterol, triglycerides, fasting glucose and 

weight loss in the first 6 months. Figure 2 presents the weight change/regain during months 

7–24 across tertiles of changes in plasma leptin concentrations and changes in weight during 

the first 6 months. Weight regain was higher among participants who had a higher (top 

tertile) 6-month decrease in both weight and leptin (+ 3.4% (95% confidence interval 2.1–

4.8)) as compared with those in the lowest tertiles of both parameters (+ 0.2% (95% 

confidence interval −1.1 to 1.4)), P-value<0.001.

The addition of genetic data to the model of weight regain had a substantial contribution to 

its predictive value. Multivariate models, each including an individual SNP assessed along 

with age, sex, diet group, 6-month changes in weight, leptin, adiponectin and HDL-c, 

showed a significant association between two SNPs and weight regain during 7–24 months 

(Table 4). Of note, the genotypes in those two SNPs (rs4731426 and rs2071045) did not 

significantly correlate with change in plasma leptin concentrations during the weight 

reduction phase (Table 2 in the supplementary material). A multivariate parsimonious model 

including three of the SNPs (rs4731426, rs2071045 and rs3828942) showed a significant 

association between the genotype and the outcome of weight regain (global test P-value = 

0.014, Table 4). A model that included all five SNPs yielded similar results (P-value = 

0.030). Addition of genetic data to the other variables in the model increased its predictive 

value of weight regain by 34%, jointly accounting for approximately 14.3% of the 

interindividual variability in weight change during 7–24 months.

Haplotypes comprising the five SNPs were inferred. Of those, six were considered 

‘common’ (haplotype frequency greater than 5%). Homozygotes for the reference haplotype 

(C-T-G-T-A) comprised approximately 8% of the study population. A multivariate model 

(adjusted for age, sex, diet group and changes in weight, leptin, adiponectin and HDL-c in 

the weight reduction phase) revealed a significant association between LEP haplotypes and 

weight regain in 7–24 months (P-value = 0.031) (Table 5). A simulated model (sequential 

Monte-Carlo P-values) yielded similar results (P-value = 0.029).
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 Discussion

This 2-year weight loss intervention study demonstrates an association between dynamics of 

weight change during dietary intervention and phenotypic and genetic data. Although the 

initial response (weight reduction during the first 6 months) was mainly positively 

associated with baseline high-molecular-weight adiponectin and 6-month changes in plasma 

leptin, the prolonged response (weight change during 7–24 months) was related to LEP gene 

variability and negatively associated with the degree of plasma leptin decrease during the 

first weight loss phase. Our results suggest that dynamics in leptin concentrations, combined 

with genetic variability in the LEP gene, may contribute to cycling during weight loss diets.

Circulating leptin is produced mainly by adipocytes and is primarily involved in the 

regulation of food intake and energy expenditure. Yet, expression of the genes encoding 

leptin (LEP) and leptin receptor (LEPR) has been shown to occur in many other tissues,22 

which suggests a generalized homeostatic role. Circulating leptin concentrations decrease 

during weight reduction interventions in both rodents and humans.12,23–26 However, clinical 

studies in humans have so far raised conflicting results regarding the role of leptin reduction 

in the predisposition for weight regain.13,27–29 Our findings are consistent with the theory of 

relative leptin insufficiency following the weight loss phase as a determinant of weight 

regain, as individuals with a greater initial reduction in plasma leptin concentrations 

regained more weight over the full length of the intervention.

A rare coding mutation in LEP led to complete congenital deficiency of leptin and to severe 

obesity.30,31 However, the association between common LEP variants and body weight has 

not been consistent.32–36 Genetic polymorphism in the LEP gene has been shown to 

influence factors other than plasma leptin concentration; for example, pulse pressure and 

carotid intima–media thickness.37 This may suggest a non-direct effect of leptin on 

metabolic and health outcomes. In line with these findings, we found that rs4731426 and 

rs2071045 genotypes were not associated with baseline leptin concentrations or with the 

change in plasma leptin over the weight reduction phase, but the genotypes in those two 

SNPs were significantly correlated with the outcome of weight maintenance/regain, 

implying that their effect lies in the ‘quality’ of their product rather than in its ‘quantity’.

The SNPs examined in this study do not lead to known sequence variation in the LEP 
transcripts and are not known to affect splicing. Their effect, therefore, might be secondary 

to linkage disequilibrium with a functional genetic locus, or because of other unknown 

mechanisms. Although the first option is appealing, it is highly improbable, as polymorphic 

loci in LEP with a known functional role are extremely rare. We therefore assume that these 

SNPs (or other common variations in linkage disequilibrium to the ones we examined) alter 

gene transcription or protein function in an indirect manner, be it by influencing chromatin 

formation or the function of proteins involved in the transcription process, as previously 

suggested.38 Future functional analyses of these variants are needed to understand their 

mechanistic role.

Several limitations and strengths of this study warrant mentioning. First, although this is a 

relatively large-scale long-term dietary intervention trial, it is rather small for a genetic 

Erez et al. Page 7

Int J Obes (Lond). Author manuscript; available in PMC 2016 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



association study. Despite this presumed limitation, we were able to detect statistically 

significant differences between genetic groups. Second, because very few women were 

enrolled, sex-specific effects may have not been adequately probed. Third, the unique nature 

of the work-place that enabled a highly monitored dietary intervention over 2 years might 

limit the generalizability of our weight loss findings to free-living populations. Nevertheless, 

we believe that prediction of weight regain by phenotypic and genetic variation could be 

relevant elsewhere. Strengths of the study include a one-phase design in which intervention 

began simultaneously for all participants, as well as a relatively long duration of the study 

and a high adherence rate.

The combined models used herein predict approximately 15% of the interindividual 

variability in weight maintenance in response to the dietary intervention, allowing for 

additional mechanisms. Our models clearly show that the change in plasma leptin 

concentrations during the weight reduction phase of the dietary intervention is a significant 

predictor of long-term success in weight maintenance and that the genetic variability in LEP 
predicts another, as well as an independent, portion of this variability.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Percentage of weight change over 2 years of dietary intervention; n = 322, 85% adherence 

after 2 years; intention-to-treat analysis.
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Figure 2. 
Weight change/regain during 7–24 months across tertiles of changes in both plasma leptin 

concentrations and weight during the first 6 months of the dietary intervention.
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Table 1

Baseline characteristics of the DIRECT population according to quintiles of basal BMI; n = 322

Quintiles of baseline BMI P-value of 
trend; age 
adjusted

Entire group (n = 
322)Q1 (n = 64) Q2 (n = 65) Q3 (n = 64) Q4 (n = 65) Q5 (n = 64)

BMI, kg m–2

    Mean 26.9 28.7 30.2 32.3 36.5 30.9 ± 3.6

    Range 21.6–28.0 28.0–29.4 29.4–31.1 31.2–33.5 33.5–44.3

Age, years 51.0 51.4 51.9 51.7 50.1 51.2 ± 6.4

Men, % 88 91 84 95 72 86 (n = 277)

Diabetic, % 23 11 13 9 16 14 (n = 45)

HMW adiponectin, mg per 
100 ml

    Women 9.1 10.8 8.5 7.2 9.7 0.948 9.3 ± 3.4

    Men 7.6 6.5 7.2 7.0 6.7 0.251 7.0 ± 2.6

Leptin, mg per 100 ml

    Women 16.6 24.0 27.8 40.2 40.1 <0.0001 31.0 ± 13.9

    Men 5.5 7.5 9.4 11.4 15.5 <0.0001 9.6 ± 6.0

hs-CRP, mg per 100 ml 3.1 3.4 4.4 4.3 6.3 <0.0001 4.2 ± 3.2

TG, mg per 100 ml 163.0 180.0 175.6 154.7 181.8 0.818 170.8 ± 87.0

LDL-c, mg per 100 ml 118.2 122.2 119.8 111.4 123.9 0.943 119.0 ± 34.8

HDL-c, mg per 100 ml 40.4 38.0 38.7 38.1 37.1 0.108 38.5 ± 9.2

Fasting glucose, mg per 
100 ml

96.1 86.1 86.5 89.3 98.9 0.42 91.3 ± 31.5

Fasting insulin, mg per 
100 ml

9.6 12.6 13.5 16.6 18.1 <0.0001 14.0 ± 8.5

HOMA-IR 2.3 2.7 3.0 3.8 4.4 <0.0001 3.2 ± 2.6

TSH, mIU l–1 1.9 2.1 2.1 2.0 2.1 0.896 2.0 ± 1.2

Abbreviations: BMI, body mass index; DIRECT, Dietary Intervention Randomized Controlled Trial; HDL-c, high-density lipoprotein cholesterol; 
HMW adiponectin, high-molecular-weight adiponectin; HOMA-IR, homeostasis model assessment of insulin resistance; hs-CRP, high-sensitivity 
C-reactive protein; LDL-c, low-density lipoprotein cholesterol; TG, triglyceride; TSH, thyroid-stimulating hormone.
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Table 2

Mean baseline BMI and plasma leptin concentrations across genotype groups in the DIRECT population

SNP Genotype N BMI (kg m–2) P-value Plasma leptin, male (mg 
dl–1)

P-value Plasma leptin, female 
(mg dl–1)

P-value

rs11760956 GG 139 31.0 ± 3.5 0.6343 8.9 ± 5.0 0.2967 28.1 ± 12.9 0.4284

AG 99 30.6 ± 3.7 9.7 ± 5.6 31.8 ± 14.7

AA 24 30.4 ± 3.4 10.9 ± 10.6 38.2 ± 5.8

rs3828942 GG 79 31.2 ± 3.8 0.4654 7.6 ± 2.5 0.0172 28.1 ± 9.6 0.7949

AG 127 30.7 ± 3.5 8.9 ± 5.3 31.5 ± 15.4

AA 56 30.4 ± 3.6 8.2 ± 4.0 30.9 ± 12.4

rs4731426 CC 87 30.8 ± 3.4 0.9511 8.7 ± 4.3 0.0834 30.8 ± 14.5 0.8641

CG 116 30.7 ± 3.8 9.1 ± 5.6 30.9 ± 13.5

GG 59 30.9 ± 3.4 11.0 ± 2.2 27.3 ± 11.2

rs117635178 TT 78 30.6 ± 3.7 0.5728 8.4 ± 8.6 0.1126 27.9 ± 10.8 0.8666

CT 131 30.7 ± 3.4 9.5 ± 5.2 31.2 ± 14.6

CC 53 31.2 ± 4.0 1.7 ± 8.5 29.8 ± 11.3

rs2071045 TT 144 30.4 ± 3.3 0.0918 9.5 ± 6.5 0.7644 29.4 ± 12.1 0.2388

TC 100 31.4 ± 4.0 9.3 ± 2.9 35.3 ± 16.4

CC 18 30.7 ± 2.9 8.2 ± 3.9 24.3 ± 7.2

Abbreviations: BMI, body mass index; DIRECT, Dietary Intervention Randomized Controlled Trial; SNP, single-nucleotide polymorphism.
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Table 3a

Association between baseline characteristics and weight change during the weight-loss phase (0–6 months) of 

dietary intervention; multivariate regression analysis
a

Variable in the model β-coefficient P-value

Age 0.014 0.762

Sex –2.287 0.119

Diet intervention group –0.717 0.049

Initial weight –0.082 0.003

HMW adiponectin, baseline –0.222 0.044

Leptin concentration, baseline 0.001 0.985

Insulin concentration, baseline 0.018 0.642

TSH, baseline –0.105 0.682

Abbreviations: HMW adiponectin, high-molecular-weight adiponectin; TSH, thyroid-stimulating hormone.

a
Adjusted simultaneously to all the variables in the model; the variables are in continuous form, except for sex (men vs. women) and diet 

intervention group (1 = low-fat, 2 = Mediterranean, 3 = low-carbohydrate); weight change is measured as percent of changes at 6 months as 
compared with baseline.
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Table 3b

Associations between changes (delta) in biomarkers in the first 6 months of the weight loss dietary 

intervention and weight change during the weight loss phase (0–6 months) (model 1) and the weight 

maintenance/regain phase (7–24 months) (model 2); multivariate regression analysis
a

Model 1 to predict weight change 
between 0–6 months

P-value Model 2 to predict weight change 
between 7–24 months

P-value

Leptin, delta 0–6 months 0.505 <0.001 –0.131 0.013

Adiponectin, delta 0–6 months –0.301 0.023 0.111 0.356

CRP, delta 0–6 months 0.028 0.743 0.236 0.002

TG, delta 0–6 months 0.006 0.132 0.003 0.465

HDL-c, delta 0–6 months –0.159 0.001 0.049 0.252

LDL-c, delta 0–6 months 0.029 0.002 0.002 0.838

Fasting glucose, delta 0–6 months 0.001 1.000 –0.016 0.190

Weight change in %, delta 0–6 months — — –0.102 0.063

Abbreviations: CRP, C-reactive protein; HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol; TG, triglyceride.

a
Adjusted simultaneously to all the variables in the model + adjusted to the age, sex and diet group. The variables are in continuous form except for 

sex (men vs women) and diet intervention group (1 = low-fat, 2 = Mediterranean, 3 = low-carbohydrate diet); weight change is measured as percent 
of changes at 6 months as compared with baseline.
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Table 4

Association between LEP genotype and weight regain in months 7–24

SNP Minor allele Multvariate association with individual SNPs Multivariate association

Basic model 
a FDR

Full model 
b FDR

General model 
c

Parsimonious model 
c

β 
d P-value β P-value Adjusted r2 Adjusted r2

No SNP 0.1085 0.1085

rs4731426 G 1.085 0.001 0.005 0.872 0.006 0.016

rs117635178 C 0.477 0.152 0.152 0.096 0.776 0.776

rs11760956 A 0.64 0.061 0.076 0.391 0.269 0.336 0.1449 0.1454

rs2071045 C –0.926 0.016 0.027 –1.026 0.006 0.016

rs3828942 A –0.889 0.007 0.017 –0.587 0.075 0.126

P-value for addition 0.0297 0.0141

Abbreviations: FDR, false discovery rate; SNP, single-nucleotide polymorphism.

a
The basic models are adjusted for age, sex and diet group only.

b
The full models are adjusted for age, sex, diet group and changes in weight, leptin, adiponectin and high-density lipoprotein cholesterol 

concentrations between 0–6 months.

c
The general model consists of all five SNPs. The parsimonious model consists of only three SNPs (rs4731426, rs2071045 and rs3828942).

d
The β value is for each additional copy of the minor allele.
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