Aminata Hallimat Cissé 
  
Marion Taine 
  
Muriel Tafflet 
  
Blandine De Lauzon-Guillain 
  
Karine Clément 
  
Olfa Khalfallah 
  
Laetitia Davidovic 
  
Sandrine Lioret 
  
Marie Aline Charles 
  
Barbara Heude 
  
Aminata Cisse 
email: aminata-hallimat.cisse@inserm.fr
  
  
  
Cord blood leptin level and a common variant of its receptor as determinants of the BMI trajectory: The EDEN mother-child cohort

Keywords: Adiposity peak AR: Adiposity rebound BMI: Body mass index Cord blood leptin, SNP rs9436303, BMI at adiposity peak, age at adiposity rebound, EDEN cohort

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

The body mass index (BMI) trajectory during infancy and childhood is one main predictor of later cardio-metabolic health [START_REF] Aris | Patterns of body mass index milestones in early life and cardiometabolic risk in early adolescence[END_REF][START_REF] Péneau | Growth Trajectories of Body Mass Index during Childhood: Associated Factors and Health Outcome at Adulthood[END_REF] and comprises two key periods. Over the first year of life, the BMI increases to a maximum, called adiposity peak (AP), at about 9 months of age. It then decreases to a minimum and starts to increase again between 4 and 6 years of age, on average, which corresponds to the adiposity rebound (AR) period [START_REF] Fonseca | Adiposity rebound and cardiometabolic health in childhood: results from the Generation XXI birth cohort[END_REF][START_REF] Deheeger | Adiposity rebound in children: a simple indicator for predicting obesity[END_REF]. In epidemiological study, higher BMI at AP and earlier age at AR seem to be relevant predictors of high-risk trajectories to later obesity [START_REF] Péneau | Growth trajectories associated with adult obesity[END_REF][START_REF] Hof | Association between Infancy BMI Peak and Body Composition and Blood Pressure at Age 5-6 Years[END_REF][START_REF] Silverwood | BMI peak in infancy as a predictor for later BMI in the Uppsala Family Study[END_REF]. These factors are affected by child sex, parental educational level, genetic susceptibility to obesity and parental BMI [START_REF] Péneau | Age at adiposity rebound: determinants and association with nutritional status and the metabolic syndrome at adulthood[END_REF][START_REF] Aris | Pre-, Perinatal, and Parental Predictors of Body Mass Index Trajectory Milestones[END_REF][START_REF] Ip | Determinants of Adiposity Rebound Timing in Children[END_REF][START_REF] Alves | GWAS on longitudinal growth traits reveals different genetic factors influencing infant, child, and adult BMI[END_REF]. We also previously showed that being born small for gestational age (SGA) and higher maternal gestational weight gain during pregnancy were additional predictors of age at AR [START_REF] Cissé | Association between perinatal factors, genetic susceptibility to obesity and age at adiposity rebound in children of the EDEN mother-child cohort[END_REF]. These latter findings highlight the important role of intrauterine life in postnatal growth and these prenatal conditions are likely involved in the fetal programming of the adiposity trajectory.

Hormones such as leptin are probably involved in this programming phenomenon and measuring their levels in cord blood may help predict later adiposity trajectories [START_REF] Boeke | Differential associations of leptin with adiposity across early childhood: Leptin and Adiposity Across Early Childhood[END_REF][START_REF] Mantzoros | Cord Blood Leptin and Adiponectin as Predictors of Adiposity in Children at 3 Years of Age: A Prospective Cohort Study[END_REF].

Leptin is an adipokine secreted mainly by adipocytes but also by enterocytes in the small intestine and several tissues such as placenta [START_REF] Mantzoros | Cord Blood Leptin and Adiponectin as Predictors of Adiposity in Children at 3 Years of Age: A Prospective Cohort Study[END_REF]. The placenta is one of the main sites for leptin production during pregnancy, and part of the leptin produced in the placenta passes into the fetal circulation. As a consequence, cord blood leptin consists of leptin secreted by fetal adipocytes and placenta but in proportions still unknown [START_REF] Geary | Leptin concentrations in maternal serum and cord blood: relationship to maternal anthropometry and fetal growth[END_REF]. Children born SGA exhibit a low level of leptin in cord blood, a low percentage of body fat and higher catch-up growth than others [START_REF] Ong | The role of leptin in human growth and puberty[END_REF][START_REF] V Ū V K K B G Z W K D G J L D L L Wikland | Leptin levels at birth and in early postnatal life in small-and appropriatefor-gestational-age infants[END_REF][START_REF] Martínez-Cordero | Body Fat at Birth and Cord Blood Levels of Insulin, Adiponectin, Leptin, and Insulin-like Growth Factor-I in Small-for-Gestational-Age Infants[END_REF]. Leptin measured in cord blood is therefore considered a marker of neonatal fat mass and is possibly involved in early postnatal growth [START_REF] Taine | Does cord blood leptin level mediate the association between neonatal body size and postnatal growth? Results from the EDEN mother-child cohort study[END_REF][START_REF] Clapp | Cord Blood Leptin Reflects Fetal Fat Mass[END_REF]. In addition, studies have shown that placental leptin production is increased in severe conditions associated with fetal growth abnormalities, such as diabetes and pre-eclampsia [START_REF] Mise | Augmented Placental Production of Leptin in Preeclampsia: Possible Involvement of Placental Hypoxia 1[END_REF][START_REF] Persson | Leptin Concentrations in Cord Blood in Normal Newborn Infants and Offspring of Diabetic Mothers[END_REF]. However, to our knowledge, no study has investigated the role of leptin in the trajectory of BMI, particularly at AP and AR.

To regulate satiety, leptin binds centrally to its hypothalamic receptors and activates multiple signaling pathways that control food intake [START_REF] Olza | Leptin Receptor Gene Variant rs11804091 Is Associated with BMI and Insulin Resistance in Spanish Female Obese Children: A Case-Control Study[END_REF]. Mutations in the genes encoding leptin or its receptor (LEPR) can induce leptin resistance and disrupt its central and peripheral actions [START_REF] Olza | Leptin Receptor Gene Variant rs11804091 Is Associated with BMI and Insulin Resistance in Spanish Female Obese Children: A Case-Control Study[END_REF]. Some very rare mutations are responsible for severe obesity syndrome in humans [START_REF] Clément | A mutation in the human leptin receptor gene causes obesity and pituitary dysfunction[END_REF], and more frequent variants have been associated with BMI variability and obesity in children and adolescents [START_REF] Aris | Patterns of body mass index milestones in early life and cardiometabolic risk in early adolescence[END_REF][START_REF] Fonseca | Adiposity rebound and cardiometabolic health in childhood: results from the Generation XXI birth cohort[END_REF][START_REF] Péneau | Growth Trajectories of Body Mass Index during Childhood: Associated Factors and Health Outcome at Adulthood[END_REF] [START_REF] Olza | Leptin Receptor Gene Variant rs11804091 Is Associated with BMI and Insulin Resistance in Spanish Female Obese Children: A Case-Control Study[END_REF][START_REF] Wheeler | Genome-wide SNP and CNV analysis identifies common and low-frequency variants associated with severe early-onset obesity[END_REF]. However, the association between individual LEPR variants and the evolution of child BMI has been investigated in few studies and has been suggested to vary according to age [START_REF] Helgeland | Genome-wide association study reveals dynamic role of genetic variation in infant and early childhood growth[END_REF][START_REF] Silva | Genetic architecture of early childhood growth phenotypes gives insights into their link with later obesity[END_REF]. We hypothesized that cord blood leptin level and carriage of the rare G allele of a common LEPR variant, the rs9436303 single nucleotide polymorphism (SNP), can affect, independently or in interaction, early postnatal growth, and later adiposity trajectories.

To obtain further insights into the role of cord blood leptin level in the development of adiposity in childhood, we aimed to 1) determine whether the cord blood leptin level and the LEPR rs9436303 variant are associated with later BMI trajectory, specifically BMI at AP and age at AR, and 2) examine whether LEPR rs9436303 modulates the association between cord blood leptin level and its indicators of child BMI trajectory.

Participants and methods

Study design

The EDEN (Etude des Déterminants pré ' Nfant) mother-child study is a prospective French cohort that aims to assess prenatal and postnatal determinants of child growth, health, and development. This cohort recruited 2002 pregnant women (before 24 weeks' amenorrhea) older than 18 years old between 2003 to 2006 in two university hospital centers in Nancy and Poitiers. All details of the study protocol were published previously [START_REF] Heude | Cohort Profile: The EDEN mother-child cohort on the prenatal and early postnatal determinants of child health and development[END_REF]. Briefly, the exclusion criteria were pre-pregnancy diabetes, multiple pregnancies, inability to read and write in French and planning to move outside the region; 53% of mothers were eligible.

Both parents gave their written consent when their child was included. The Data Protection Authority and the relevant ethical research committee of Kremlin-Bicêtre Hospital gave their approval for the study.

Cord blood leptin measurement

Immediately after birth, venous cord blood was sampled from 1425 newborns and allowed to clot. Blood samples were centrifuged within 24 h post-collection, serum was collected and stored at -80°C. Cord blood serum was assessed for leptin level using the electrochemiluminescence (ECL)-based immunoassay V-PLEX Human Leptin Kit (Meso Scale Diagnostics, Rockville, MD, USA). All samples were above the lower limit of detection (LLOD) of 43 pmol/mL. Inter-run coefficients of variations (CV) were below 20%, therefore complying with the recommendations of the US Food and Drug Administration regarding ligand binding assays [START_REF] Barbosa | Immune activity at birth and later psychopathology in childhood[END_REF]. All assays were completed within 1 week by the same investigator. All a y w f g f ' .

Genotyping of LEPR SNP rs9436303

The SNP rs9436303 was previously studied in relation to adiposity peak and age at rebound in the Alves et al. study, in which the EDEN cohort was used for replication [START_REF] Alves | GWAS on longitudinal growth traits reveals different genetic factors influencing infant, child, and adult BMI[END_REF]. Therefore, this polymorphism was the only LEPR SNP genotyped in EDEN and available for this study.

DNA was extracted from cord blood samples. Individual SNP genotyping involved using amplified DNA with TaqMan probes (Applied Biosystems, Foster City, CA, USA).

SNP rs9436303 probes were ordered from Applied Biosystems, and after synthesis, used according to the f ' guidelines. The TaqMan assays were then read on a 7900HT

Fast Real-Time PCR System (Applied Biosystems), and the alleles were called by using the SDS software (Applied Biosystems). The call rate was > 98% and the Hardy Weinberg Equilibrium P-value was 0.22. These genetic data were available for 1340 children in the cohort. The G allele of this variant is the rare allele. In this study, we considered the SNP variable (classified as 0, 1, and 2 according to the number of G alleles carried) as a continuous trait, assuming a co-dominant effect on the adiposity traits.

AP and AR assessments

Children' weight and height were measured during clinical examinations or collected from ' health booklets from birth to early adolescence. Weight was measured by previously trained midwives at birth, 1, 3, and 5 years by using an electronic scale (SecaLtd or Terraillon SL-351). Length was measured at birth and 1 year with a somatometer (Testut,NMMedical), and height at 3 and 5 years with a stadiometer (Seca Ltd). Children had a mean of 10 weight and height measurements (interquartile range 6-14 and 5-13, respectively) from birth to 13 years.

The method used to model individual BMI trajectories, described elsewhere ( As a result, AP data were available for 1713 children and AR data for 1415 children of the cohort. We then considered these two distinct populations according to the outcome of interest (Figure 1).

Covariates

Maternal smoking status during pregnancy (yes/no), maternal and paternal educational level (years) were collected during pregnancy. At birth, we collected maternal age (years); newborn characteristics including sex; prematurity (yes/no); and birth weight-for-gestational age separated into three classes: SGA (≤ 10 th percentile), appropriate for gestational age (AGA, >10 th ≤ 90 th percentile), and large for gestational age (LGA, >90 th percentile) by using a customized approach calculated according to Gardosi et al. references [START_REF] Gardosi | Customised antenatal growth charts[END_REF].

Gestational weight gain (kg) and gestational diabetes (yes/no) were collected from obstetrics records. Maternal pre-pregnancy weight and paternal weight and height were collected from self-reports at inclusion. Maternal height was measured at inclusion. These measurements were used to calculate BMI (kg/m 2 ). For simplicity maternal pre-pregnancy BMI and paternal BMI were referred to as parental BMI in the following parts of the manuscript.

Statistical analysis

Descriptive analyses of leptin level, LEPR SNP and covariates were performed before multiple imputations, with mean (SD) or percentage (N). We compared children with estimated BMI at AP and age at AR to non-included children by Student t test for continuous variables and chi-square test for categorical variables. We also described the mean cord blood leptin level according to rs9436303 genotype and birth size groups.

We used multivariable linear regression models to evaluate the associations of the cord blood leptin level and the rs9436303 genotype with BMI at AP and age at AR. These multivariable linear regression models allow for assessing the association between an exposure of interest (leptin) and our outcome (BMI at AP or age at AR), whatever the level of the other covariates introduced in the models, including birth size group. Analyses were performed separately for each outcome. We did not stratify the analyses by sex because we did not detect a significant interaction between sex and leptin (p>0.3). Given the skewed distribution for the leptin variable, it was log-transformed and standardized by reduced centered mean before being introduced into the models. We first analyzed the unadjusted associations between leptin level, the LEPR SNP and outcomes. We then produced models adjusted for confounders (center, child sex, prematurity, birth size groups, maternal age at delivery, gestational weight gain, gestational diabetes, parental educational level, and parental BMI) for leptin level and the LEPR SNP separately. Finally, we considered leptin level and the LEPR SNP simultaneously in one model adjusted for all confounders. Multivariable analyses used quintiles of cord blood leptin level to assess whether the association was linear.

To test whether the association between leptin level, the LEPR SNP and outcomes did not depend on other variables, we performed two interaction analyses: one between cord blood leptin level and rs9436303 genotype and another between cord blood leptin level and birth size groups.

We used multiple imputation (SAS MI and MIANALYZE procedures) techniques to deal with missing values due to leptin level, the LEPR SNP and covariates (Supplementary table S1) to reduce potential selection bias. We generated 40 independent imputed datasets using the fully conditional specification method. For each dataset, we used inverse probability weighting (IPW) to account for potential attrition bias. We assigned to each participant a weight corresponding to the inverse probability of being included in the analysis sample in a logistic regression model adjusted for covariates [START_REF] Howe | Selection Bias Due to Loss to Follow Up in Cohort Studies[END_REF]. The results of different imputed datasets were combined by using the SAS MIANALYZE procedure, in which standard errors g ' [START_REF] Jw W C J F Z ' D Neuroimaging Initiative | Multiple imputation of covariates by fully conditional specification: Accommodating the substantive model[END_REF].

As sensitivity analyses, we repeated all analyses on complete cases (children without missing values for covariates) and after excluding mothers with pre-eclampsia because this condition has been associated with elevated placental leptin secretion [START_REF] Mise | Augmented Placental Production of Leptin in Preeclampsia: Possible Involvement of Placental Hypoxia 1[END_REF].

We used R v3.5.1 for modelling BMI trajectories and estimating AP and AR (package NLME). SAS v9.4 (SAS, Cary, NC, on an AIX 7.1 platform) was used for all other analyses.

Nominal p <0.05 was considered statistically significant.

Results

Characteristics of study populations

The children included in our two samples (children with estimated BMI at AP and children with estimated age at AR) were in general similar (Table 1). The mean [SD] BMI at AP was 17.5 [1.3] kg/m 2 and mean age at AR 5.5 [1.4] years. As compared with children excluded from sample 1, children with estimated BMI at AP, children included had a higher mean cord blood leptin level and the proportion of preterm births was lower (Supplementary Table S2).

The mothers of the children included in the two samples had a higher level of education, were older, and were less frequently smokers during pregnancy than those of the excluded children.

We S1a). We found no significant difference between mean cord blood leptin level according to number of risk alleles (Supplementary figure S1b).

Cord blood leptin level, BMI at AP, and age at AR

Cord blood leptin level was negatively related to BMI at AP in both the unadjusted (mean

[SE] = -0.14 [0.04] kg/m 2 ; p=0.0001) and the fully adjusted (-0.19 [0.04] kg/m 2 ; p<.0001) models (Table 2). Furthermore, investigating quintiles of cord blood leptin revealed a linear shape of the association with BMI at AP (p trend <.0001) (Figure 2A).

The negative association between cord blood leptin level and age at AR before any adjustment (Table 2) did not remain significant in the multivariable model. However, when considering quintiles of leptin level in the model (Figure 2B), the highest quintile was negatively associated with age at AR as compared with all the other quintiles combined (mean

[SE] = -87.3 [39.4] 2). We did not find any significant interaction between birth size groups and cord blood leptin level (p>0.15).

LEPR polymorphism, BMI at AP, and age at AR

In the fully adjusted model, carrying a rare allele (G) in the LEPR SNP was associated with increased BMI at AP by about 0.24 kg/m 2 (p<0.001) and delayed age at AR by about 67 days (2.2 months; p=0.005) (Tables 2). We did not find any interaction between leptin level and rs9436303 G-allele carriage with the two outcomes considered (p-interaction=0.48 and 0.28 for BMI at AP and age at AR, respectively).

Sensitivity analyses

The results of the complete-case analyses are presented in Supplementary table S3. Results from analyses restricted to children with no missing data were consistent overall with those after multiple imputation and IPW. When mother-child pairs presenting pre-eclampsia pregnancy complications were excluded from the analysis, the results remained unchanged (data not shown).

Discussion

In the prospective EDEN mother-child cohort, we demonstrated that whatever the birth size group, increased cord blood leptin level was associated with reduced BMI at AP and earlier age at AR when considering the highest quintile of leptin level versus the other quintiles (Figure 2). Carrying the rare G-allele of the LEPR SNP rs9436303 did not modulate these associations but was independently related to higher BMI at AP and later age at AR.

High BMI at AP and early age at AR have been associated with increased BMI, risk of cardiovascular disease, and obesity later in childhood and in adulthood (1-3). However, in their work on the ELANCE cohort, Rolland-Cachera and Péneau highlighted two trajectories at risk of later obesity ( 5): a first one marked by a high BMI at any age and a second characterized by low BMI at AP followed by an early rebound and a subsequent increase in BMI. According to this study, children with early AR had lower BMI before and higher BMI after the rebound, on average, and were at increased risk of overweight in adulthood [START_REF] Péneau | Growth trajectories associated with adult obesity[END_REF]. We interpreted our results on the association between cord blood leptin and the LEPR polymorphism in light of these previously described trajectory.

To our knowledge, no previous studies have investigated cord blood leptin in association with such specific features but rather analyzed BMI at specific ages in infancy or childhood. In a prospective study of 642 children born in Greece, Karakosta et al. showed

high cord blood leptin level related to reduced BMI from age 6 months to 4 years [START_REF] Karakosta | Cord blood leptin levels in relation to child growth trajectories[END_REF].

Likewise, other studies of mother-infant pairs reported a significant inverse association between cord blood leptin level and both BMI standard deviation score and weight gain in the first year of life [START_REF] Telschow | High Maternal and Low Cord Blood Leptin Are Associated with BMI-SDS Gain in the First Year of Life[END_REF][START_REF] Kaar | Leptin levels at birth and infant growth: the EPOCH study[END_REF][START_REF] Parker | Gestational Glucose Tolerance and Cord Blood Leptin Levels Predict Slower Weight Gain in Early Infancy[END_REF]. Several analyses conducted in the project VIVA cohort showed low cord blood leptin level related to small birth size [START_REF] Mantzoros | Cord Blood Leptin and Adiponectin as Predictors of Adiposity in Children at 3 Years of Age: A Prospective Cohort Study[END_REF] and increased BMI z-score at age 3 years (13) but low measures of adiposity from childhood to early adolescence [START_REF] Li | Associations of maternal and cord blood adipokines with offspring adiposity in Project Viva: is there an interaction with child age?[END_REF]. A recent meta-analysis including some of these studies concluded that higher cord blood leptin levels were associated with lower adiposity up to 3 years of age but not between 4 and 7 years [START_REF] Bagias | Cord Blood Adipocytokines and Body Composition in Early Childhood: A Systematic Review and Meta-Analysis[END_REF].

Our results are fully consistent with this overview because we show high cord blood leptin level associated with reduced BMI at AP but earlier age at AR, recognized as a risk factor for later obesity (1,2,6,7). Furthermore, this trajectory, characterized by a reduced BMI at AP more likely followed by early age at the time of AR (dashed line in Supplementary Figure S2), corresponds precisely to one of the two risk trajectories described by Rolland-Cachera and Peneau [START_REF] Péneau | Growth trajectories associated with adult obesity[END_REF].

Mechanisms underlying such associations are still unclear but deserve to be elucidated and discussed. The leptin hormone regulates satiety, and its circulating level is positively correlated with body fat mass and negatively correlated with satiety [START_REF] Friedman | Leptin, Leptin Receptors, and the Control of Body Weight[END_REF][START_REF] Attele | Leptin, gut, and food intake[END_REF][START_REF] Klok | The role of leptin and ghrelin in the regulation of food intake and body weight in humans: a review[END_REF]. Reduced circulating leptin level enhances food intake and increases body fat mass and vice versa [START_REF] Taine | Does cord blood leptin level mediate the association between neonatal body size and postnatal growth? Results from the EDEN mother-child cohort study[END_REF][START_REF] Friedman | Leptin, Leptin Receptors, and the Control of Body Weight[END_REF]. This is consistent with our finding showing lower leptin level at birth associated with higher BMI at AP. Furthermore, animal studies suggest that in addition to its role in satiety, leptin would contribute to the modification of the release of other growth hormones in the hypothalamus [START_REF] Watanobe | Leptin directly acts within the hypothalamus to stimulate gonadotropinreleasing hormone secretion in vivo in rats[END_REF] and to the regulation of certain neuroendocrine functions [START_REF] Park | Physiology of leptin: energy homeostasis, neuroendocrine function and metabolism[END_REF].

Our findings could explain in part the rapid postnatal weight gain observed in children born SGA as compared with other children [START_REF] Fonseca | Early Postnatal Growth in Preterm Infants and Cord Blood Leptin[END_REF][START_REF] Yeung | Newborn adipokines and early childhood growth[END_REF]. Indeed, the level of leptin was lower, on average, in children born SGA than their peers. However, in our study, being born SGA and high cord blood leptin level were independent predictors of reduced BMI at AP, which suggests that different physiological mechanisms are involved in catch-up growth. Indeed, infants are born SGA usually due to poor fetal growth and nutrition. Children born SGA exhibit abnormal body composition with lower lean mass and at higher risk for metabolic disorders [START_REF] Ong | Size at Birth and Early Childhood Growth in Relation to Maternal Smoking, Parity and Infant Breast-Feeding: Longitudinal Birth Cohort Study and Analysis[END_REF][START_REF] Lévy-Marchal | Small for Gestational Age and the Metabolic Syndrome: Which Mechanism Is Suggested by Epidemiological and Clinical Studies?[END_REF].

Our results also reveal that very high cord blood leptin level was associated with early age at AR. Leptin measured in venous cord blood consists of placental and fetal leptin [START_REF] Taine | Does cord blood leptin level mediate the association between neonatal body size and postnatal growth? Results from the EDEN mother-child cohort study[END_REF][START_REF] West | Associations of cord leptin and cord insulin with adiposity and blood pressure in White British and Pakistani children aged 4/5 years[END_REF]. The placenta is one of the main sites for leptin production during pregnancy, and part of the leptin produced in the placenta passes into the fetal circulation, but the proportion of placental leptin concentration measured in cord blood at birth is unknown [START_REF] Geary | Leptin concentrations in maternal serum and cord blood: relationship to maternal anthropometry and fetal growth[END_REF]. Thus, cord blood leptin reflects both placental and fetal leptin. According to some studies, placental leptin production is increased during fetal hypoxia in response to an adverse intrauterine condition [START_REF] Mise | Augmented Placental Production of Leptin in Preeclampsia: Possible Involvement of Placental Hypoxia 1[END_REF][START_REF] De Knegt | The Role of Leptin in Fetal Growth during Pre-Eclampsia[END_REF]. Cord blood leptin level higher than expected for a given amount of fat mass could be a marker of adverse intrauterine conditions, themselves associated with BMI trajectories characterized by early AR [START_REF] Ong | Size at Birth and Early Childhood Growth in Relation to Maternal Smoking, Parity and Infant Breast-Feeding: Longitudinal Birth Cohort Study and Analysis[END_REF][START_REF] Lévy-Marchal | Small for Gestational Age and the Metabolic Syndrome: Which Mechanism Is Suggested by Epidemiological and Clinical Studies?[END_REF]. This suggestion is consistent with the hypothesis of the existence of a fetal programming for BMI trajectory at the time of AR suggested by several authors [START_REF] Mcmillen | Regulation of leptin synthesis and secretion before birth: implications for the early programming of adult obesity[END_REF][START_REF] Breier | Fetal programming of appetite and obesity[END_REF][START_REF] Brynhildsen | Leptin and adiponectin in cord blood from children of normal weight, overweight and obese mothers[END_REF][START_REF] Attig | Early postnatal leptin blockage leads to a long-term leptin resistance and susceptibility to diet-induced obesity in rats[END_REF]. Our sensitivity analysis revealed similar results with or without the exclusion of mothers with pre-eclampsia, but the number of pre-eclampsia mothers was very low.

To exert its action on satiety in the individual, leptin binds to hypothalamic receptors.

Altered LEPR gene expression may lead to leptin resistance and thus modulate the satiety effect of leptin during childhood and affect the BMI trajectory and AR. Leptin resistance is characterized by the inability of leptin to reach the target cell owing to reduced expression of LEPR or disrupted LEPR signaling. This resistance leads to decreased effectiveness of its action and a major decrease in the effect of leptin on satiety [START_REF] Obradovic | Leptin and Obesity: Role and Clinical Implication[END_REF]. Thus, the effects of leptin on appetite and body mass are impaired and may result in higher leptin secretion as a compensatory mechanism. Its action on satiety occurs in the postnatal period only, so there is no reason to believe that a change in LEPR level could affect prenatal leptin production as a compensatory mechanism, which explains why no association between leptin levels in cord blood and LEPR genotype was expected. Indeed, we did not find any difference in cord blood leptin level between carriers or not of the LEPR rs9436303 rare G-allele. Our hypothesis that the G allele would interact in the association between cord blood leptin level and early growth was not confirmed by our results. However, children carrying the G allele had higher BMI at AP and later age at AR (dotted line in Supplementary figure S2). In a previous genome-wide association study, which included 7215 children from five European cohorts, carrying the G allele was also associated with higher BMI at AP, and the rs9436303 genotype explained 0.3% of the variance in BMI at AP (11) as compared with 1.3% in our study (data not shown).

To our knowledge, the association between rs9436303 genotype and age at AR, has not been investigated in genetic studies. Another study addressed the link between 28 LEPR polymorphisms and BMI in 522 Spanish children aged 6 to 15 years and showed a strong association between rs11804091 carriage and obesity-related traits in children [START_REF] Olza | Leptin Receptor Gene Variant rs11804091 Is Associated with BMI and Insulin Resistance in Spanish Female Obese Children: A Case-Control Study[END_REF]. The This study is among the first to examine the links of both cord blood leptin level and of the LEPR SNP rs9436303 genotype with BMI trajectory, especially at the times of AP and AR. Anthropometric data were collected prospectively, which allowed us to estimate AP and AR for many children in the EDEN cohort. However, the generalization of results remains limited because of potential selection and attrition biases that we attempted to address by applying multiple imputation and IPW. The complete-case analyses showed well that the impact of these biases was limited. Moreover, cord blood leptin reflects both placental and fetal leptin, which limits interpretation regarding the origin of leptin variation (placenta, fetal) in our sample. Of note, previous studies have shown that cord blood leptin level was not correlated with maternal leptin level or BMI but with birth weight and length, ponderal index, and weight/length ratio [START_REF] Clapp | Cord Blood Leptin Reflects Fetal Fat Mass[END_REF][START_REF] Laml | Maternal serum leptin concentrations do not correlate with cord blood leptin concentrations in normal pregnancy[END_REF]. These data support that cord blood leptin reflects fetal fat mass, which suggests that leptin measured in cord blood is primarily of fetal origin and strengthens the relevance of relying on cord blood leptin level as a proxy of neonatal adiposity. However, our study was not designed with the aim of developing a biological signature at birth, that could serve as a tool in routine clinical practice for the early detection of children at risk of developing obesity during childhood; further dedicated studies would be necessary for this purpose.

In conclusion, we have shown that cord blood leptin level and LEPR SNP rs9436303 genotype interfere with BMI trajectory in children, independent of each other and birth size group. These results illustrate the role of early life body composition in the programming of childhood adiposity. In addition to being a marker of fetal adiposity, cord blood leptin level could also reflect an unfavorable intrauterine environment and may predict a trajectory at risk for subsequent obesity. 

  rs11804091 rare allele frequency was found in linkage disequilibrium with rs9436303 (R 2 =0.502). Therefore, variants in LEPR could determine the overall BMI trajectory, regardless of cord blood leptin level, and future studies should analyze the long-term association with adult obesity. A systematic analysis and meta-analysis of 17 studies in adults examined the association between three other variants of LEPR and obesity-related phenotypes and did not find any association with adult overweight[START_REF] Bender | Association between Variants of the Leptin Receptor Gene (LEPR) and Overweight: A Systematic Review and an Analysis of the CoLaus Study[END_REF]. Genetic variation in LEPR may have different effects depending on the variant considered and the age window explored, as with leptin level. Further studies are needed to better understand the physiological mechanisms involved and the long-term consequences of LEPR genetic variation on the BMI trajectory.
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 12 Figure 1: Flow chart of the children included in the study. Two separate samples based on

  days or about 2.9 [1.3] months; p=0.03).

	After adjusting for cord blood leptin level, as compared with children born AGA,
	those born SGA had lower BMI at AP (-0.57 [0.10] kg/m 2 ; p<.0001) and earlier age at AR (-
	101.0 [39.8] days or about -3.2 [1.3] months; p=0.01), whereas those born LGA had higher
	BMI at AP (0.54 [0.12] kg/m 2 ; p<.0001) (Tables

Table 1 : Description of study populations

 1 AR, adiposity rebound; BMI, body mass index; SGA, small for gestational age; AGA, appropriate for gestational age; LGA, large for gestational age; SNP, single nucleotide polymorphism

	Children with	Children with
	estimated BMI at AP	estimated age at AR
	N=1713	N=1415
	Mean (SD) or % (N)	Mean (SD) or % (N)

Table 2 : Results of association analyses between cord blood leptin level, LEPR SNP rs9436303 and BMI at AP (in kg/m 2 , N=1713 a ) and age at AR (in days, N=1415 b )

 2 Sample of children with estimated BMI at AP, linear regression model after multiple imputation on missing data of leptin, LEPR SNP and covariates. b Sample of children with estimated age at AR, linear regression model after multiple imputation on missing data of leptin, LEPR SNP and covariates. c Two separate models for cord blood leptin and rs9436303 without any adjustment. d Adjusted for center, maternal age, maternal and paternal education, maternal and paternal BMI, gestational weight gain, gestational diabetes, maternal smoking during pregnancy, prematurity and sex. e Small for gestational age, appropriate for gestational age and large for gestational age classified according to Gardosi references.

	Characteristics

a 

Table S2 : Characteristics of children included or not in each analysis sample

 S2 to non-included children from eligible mothers by Student t test for continuous variables and chi-square test for categorical variable a Small for gestational age, appropriate for gestational age and large for gestational age classified according to Gardosi references. BMI, body mass index; AP, adiposity peak; AR, adiposity rebound, SGA, small for gestational age; AGA, appropriate for gestational age; LGA, large for gestational age; SNP, single nucleotide polymorphism

								35
	Characteristics Sex (boys) Preterm birth (yes) Birth weight (kg) BMI at AP (kg/m 2 ) Cord blood leptin level (ng/ml) LEPR SNP rs9436303 A/A A/G G/G age at AR Age at AR (years) Supplementary	Children with estimated BMI at AP Included N=1713 Excluded N=289 P > |t| or χ2 Mean (SD) or % (N) 51.8 (888) 59.0 (112) 0.06 5.4 (92) 9.4 (18) 0.02 3.3 (0.5) 3.2 (0.5) 0.13 17.5 (1.34) 11.1 (11.0) 9.3 (9.2) 0.04 0.53 55.4 (668) 54.1 (73) 36.9 (445) 35.6 (48) 7.6 (92) 10.4 (14)	Children with estimated age at AR Included N=1415 Excluded N=587 P > |t| or χ2 Mean (SD) or % (N) 52.7 (746) 52.1 0.80 5.5 (78) 6.5 (32) 0.41 3.3 (0.5) 3.2 (0.5) 0.03 11.0 (10.5) 10.8 (11.9) 0.78 0.80 55.0 (551) 56.2 (190) 36.8 (369) 36.7 (124) 8.2 (82) 7.1 (24) 5.5 (1.4)	Compari son between children with estimate d BMI at AP and
	Birth size groups a			0.38			0.04
	SGA	13.1 (218)	15.3 (28)		13.3 (184)	13.2 (62)	
	AGA	78.4 (1309)	78.7 (144)		77.4 (1070)	81.3 (383)	
	LGA	8.6 (143)	6.0 (11)		9.3 (128)	5.5 (26)	
	Gestational weight gain (kg)	13.4 (4.7)	13.7 (5.7)	0.41	13.3 (4.7)	13.8 (5.3)	0.05
	Gestational diabetes (yes)	6.65 (94)	5.92 (29)	0.57	6.60 (113)	5.21 (10)	0.46
	Maternal BMI (kg/m 2 )	23.2 (4.6)	23.5 (5.2)	0.43	23.1 (4.4)	23.6 (5.1)	0.10
	Paternal BMI (kg/m 2 )	25.1 (3.7)	24.4 (3.4)	0.02	25.1 (3.6)	24.7 (3.7)	0.03
	Never smoking during pregnancy	75.8 (1269)	54.0 (94)	<.0001	78.6 (1088)	59.4 (275)	<.0001
	Maternal age at delivery (years)	29.7 (4.8)	27.9 (5.4)	<.0001	29.9 (4.7)	28.2 (5.2)	<.0001
	Maternal educational level (years)	13.7 (2.6)	12.3 (2.5)	<.0001	14.0 (2.6)	12.5 (2.5)	<.0001
	Paternal educational level (years)	13.1 (2.6)	12.2 (2.2)	<.0001	13.3 (2.6)	12.2 (2.4)	<.0001
								35

Table S3 : Results of association analyses of complete cases between cord blood leptin level, LEPR SNP rs9436303 SNP and BMI at AP and age at AR

 S3 Two separate models for cord blood leptin and rs9436303 without any adjustment. b Adjusted for center, maternal age, maternal and paternal education, maternal and paternal BMI, gestational weight gain, gestational diabetes, maternal smoking during pregnancy, prematurity and sex. c Small for gestational age, appropriate for gestational age and large for gestational age classified according to Gardosi references

	Characteristics	unadjusted models a Separate and	leptin level b Separate adjusted model with	with LEPR SNP b Separate adjusted model	Fully adjusted model b
	Outcome = BMI at AP			N=1124		N=1047		N=948
		β ( )	p value	β ( )	p value	β ( )	p value	Β ( )	p value
	Birth size groups c (ref=AGA)							
	SGA			-0.54 (0.13)	<.0001	-0.48 (0.13)	0.0002	-0.46 (0.14)	0.001
	LGA			0.63 (0.14)	<.0001	0.42 (0.14)	0.003	0.59 (0.15)	<.0001
	Cord blood leptin (log-transformed)	-0.26 (0.04) 0.0002	-0.21 (0.04)	<.0001			-0.20 (0.05)	<.0001
	LEPR SNP rs9436303 (number of G alleles carried)	0.24 (0.06) <.0001			0.22 (0.07)	0.001	0.24 (0.07)	0.001
	Outcome = Age at AR			N=928		N=880		N=793
	Birth size groups c (ref=AGA)							
	SGA			-172.46 (52.16)	0.001	-163.13 (53.38)	0.002 -181.82 (56.90) 0.002
	LGA			37.12 (56.12)	0.51	3.05 (56.11)	0.96	30.75 (59.72)	0.61
	Cord blood leptin (log-transformed)	-26.94 (15.34)	0.08	-28.44 (18.42)	0.12			-25.40 (19.43)	0.19
	LEPR SNP rs9436303 (number of G alleles carried) 57.84 (24.50) 0.02			80.04 (26.16)	0.002	85.00 (27.46)	0.002

a

Supplementary Figure S2: Three fictitious BMI trajectories illustrating the results obtained in this analysis. Dotted line represents higher BMI at AP and later rebound; trajectory associated with carrying a rare G-allele of the rs9436303 SNP. Dashed line represents lower BMI at AP followed by earlier age at AR, trajectory associated with an increase in the cord blood leptin level; trajectory associated with carrying a rare G-allele of the rs9436303 SNP. And solid line a trajectory with normal BMI at AP and age at AR.
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Supplementary Materials and Methods: Modeling equation for BMI trajectories

The following equation describes the general model applied for the i th individual at the t th time point, whatever the period considered [START_REF] Cissé | Association between perinatal factors, genetic susceptibility to obesity and age at adiposity rebound in children of the EDEN mother-child cohort[END_REF].

Where: From the variables in the table, we generated 40 independent sets of imputed data using the fully conditional specification method (MI procedure of the SAS software). This method assigned data to missing measurements based on the measurement of infants with similar profiles. Then, we computed pooled effect estimates (MIANALYZE procedure of the SAS software). BMI, body mass index; SNP, single nucleotide polymorphism a Fully conditional specification method. b Predicted weight and height were calculated by using previously modelled trajectories from the Jenss-