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Highlights of the findings 

Our literature reviews on metabolomics and epigenetics suggest that the evidence is still immature 

and too heterogeneous to draw strong inferences, though metabolomics in cord blood points to a 

relationship between cholestenone and childhood rapid growth, and between lower BCAAs and 

obesity in childhood. It is unclear if these changes are related to maternal behaviours and exposures 

or have a genetic origin. 

Our biomarker-based studies in the STOP consortium strongly suggest (in several ways, including 

mediation analysis) Branched-Chain Amino Acids (BCAAs) as mediators of risk factors for 

childhood overweight/obesity. This is consistent with intervention studies and animal studies showing 

that higher intake of BCAAs has positive impact on parameters including body composition, 

glycemia and satiety. Blood BCAAs levels could influence later propensity for overweight through 

causal processes such as control of food intake contributing to effects of dietary patterns on weight 

gain. However, mechanisms still need clarification. Our epigenetics-based study shows that DNA 

methylation of regions of DNA, gestational age acceleration, and to a lesser extent single CpGs 

located on genes involved in adipocyte differentiation, in cord blood were associated with rapid 

weight growth in infancy and one of the identified regions, on the AURKC gene (involved in 

regulation of the mitotic cell division process), was also associated with obesity in childhood. 

However, evidence on the role of epigenetics in childhood overweight or obesity is so far limited and 

further studies are needed. 

Concerning food, of particular concern is the trend of increasing intake of ultra-processed food, 

including among children. Research from the ALSPAC cohort has shown a relationship between UPF 

intake and trajectories in childhood adiposity. In ALSPAC (Handakas et al, 2022), UPF was related 

to lower blood levels of BCAAs providing a potential mechanism underlying control of food intake 

and obesity risk. While it is unclear if these associations represent a causal relationship, it is likely 

that BCAAs levels are indicative of overall diet quality such as sufficient protein intake. The protein 

leverage hypothesis proposes that a lower levels of protein may reduce feelings of satiety leading to 

overeating (Martínez Steele et al,  2018). Several mechanisms have been proposed to explain the 

impact of UPF on obesity and overweight in adults, including changes in nutrient intake, changes in 

appetite (possibly mediated by gut hormones) or the role of additives. In particular, experimental 

studies on food consumption indicate that ultra-processed foods have low satiety potential and induce 

high glycaemic responses  (Fardet, 2016; Monteiro et al., 2019). 

While further research is needed on the role of UPF, especially on mechanistic pathways, evidence 

on their harmful effects is sufficient to limit their intake in children. 

As guidelines for preventive action, our research suggests a few interventions that are supported by 

evidence and should be implemented to reduce childhood obesity: 

1. Limit intake of ultra-processed food in infancy and childhood, by limiting the proportion of 

calories they represent in diet 

2. Diversify children diets, with emphasis on fresh food (and in particular rich in BCAA-

containing foods) 

3. Create opportunities for physical activity, including urban planning (safe areas reserved to 

children, green spaces, blue spaces, biking lanes) and promotion of sport activities at school. 
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Introduction 

Childhood overweight and obesity are increasing in most of the world, and this trend hampers the 

health of future generations, since obesity in childhood leads to poor ageing and an increased risk of 

chronic diseases in adulthood. Programmes to prevent childhood obesity have been so far mainly 

school-based, and effects have been limited, with best results obtained in younger children. Here we 

propose several lines of research (including an “exposome” approach) to the identification of 

actionable risk factors for childhood obesity, conducted within the STOP project. The aim of this 

report is to identify pathways that are supported by reasonably sound evidence, are biologically 

plausible and are actionable, in order to guide prevention of obesity in children. The report is based 

on systematic reviews of the literature, and on new evidence at multiple levels, from individual 

behaviours down to intermediate molecular changes. This approach corresponds to the principles of 

“exposome”, i.e. considering a multiplicity of relevant exposures, encompassing characteristics of 

the environment, individual behaviours and intermediate biological mechanisms such as metabolic 

and epigenetic changes. 

Causality is an important issue when deriving policy considerations from observational evidence. For 

this reason the appendix contains some guidelines for causal assessment. 
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1. Built environment and childhood obesity : a review 

 

Key messages: Our systematic review indicates an effect of some characteristics of the built 

environment on childhood obesity, mainly associated with traffic-related air pollution and 

characteristics supporting walking. 

 

We systematically reviewed the available evidence on characteristics of the built environment and 

their link to childhood obesity (The built environment as determinant of childhood obesity: A 

systematic literature review. Malacarne D, Handakas E, Robinson O, Pineda E, Saez M, Chatzi L, 

Fecht D.Obes Rev. 2022 Jan;23 Suppl 1:e13385; several STOP reviews have been published in a 

special issue of Obesity Reviews: Determinants of Childhood Obesity: Obesity Reviews: Vol 23, No 

S1 (wiley.com)). The focus was on environmental factors such as traffic noise and air pollution (with 

intermediate mechanisms still unknown), as well as physical factors potentially driving obesity-

related behaviours, such as neighbourhood walkability and availability and accessibility of parks and 

playgrounds. We identified epidemiological evidence via the online databases Ovid MEDLINE, 

Embase, and Web of Science, using site-specific combination of MeSH terms and keywords with no 

time restrictions. To assess the quality of the studies we used a modified version of the Newcastle-

Ottawa scale tailored to cohort studies, including cross-sectional studies. Following a screening based 

on eligibility criteria, we included 4 studies on traffic noise, 14 studies on air pollution, 19 studies on 

neighbourhood walkability and 28 studies on availability and accessibility of parks and playgrounds. 

Studies were generally of high quality with 42% longitudinal studies. Strong evidence was found for 

an association of NO2/NOx exposure (p<0.001), street intersection density (p<0.01), and access to 

parks (p<0.001) with childhood obesity.  

Our review indicates an effect of some characteristics of the built environment on childhood obesity, 

mainly associated with traffic-related air pollution and characteristics supporting walking. The 

mechanism of action of air pollution is still unknown, which increases the interest for molecular and 

metabolic studies. We identified a lack of studies which account for interactions between different 

built environment exposures or verify the role and mechanisms of important effect modifiers such as 

age. 

An overview of the evidence on the external exposome is reported in the following table.  

 

   

https://pubmed.ncbi.nlm.nih.gov/34859950/
https://pubmed.ncbi.nlm.nih.gov/34859950/
https://onlinelibrary.wiley.com/toc/1467789x/2022/23/S1
https://onlinelibrary.wiley.com/toc/1467789x/2022/23/S1


  5 

 

 5 

 

 

Table 1. Systematic review of the associations between characteristics of the built environment and 

childhood obesity (Malacarne et al, 2022) 

2. Findings from the STOP consortium: external exposome 

 

Key messages: Our STOP multicentre studies suggest that areas with more vegetation, more 

building density, less population density and without major roads are associated with improved 

health behaviours in childhood. In Croatia and Slovenia both walkability of the residential 

neighbourhood as well as number of playgrounds within a neighbourhood were associated with 

a decrease in BMI and skinfold but not with physical activity levels. 

Our literature review highlighted the importance of urban environmental design for child obesity risk, 

finding consistent evidence for associations between availability and area of parks and aspects of the 

built environment such as intersection density, with childhood obesity. To strengthen this evidence 

and further understand causal pathways, we evaluated the association between a wide range of urban 

environment characteristics and established behavioural risk factors of childhood obesity within the 

pan-European HELIX exposome cohort (https://doi.org/10.1016/j.envint.2022.107319). We 

estimated exposure to 32 urban environment characteristics (related to the built environment, traffic, 

https://doi.org/10.1016/j.envint.2022.107319
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and natural spaces) for home and school addresses of 1,581 children aged 6–11 years. We collected 

information on health behaviours including total amount of overall moderate-to-vigorous physical 

activity, physical activity outside school hours, active transport, sedentary behaviours and sleep 

duration, and developed patterns of behaviours with principal component analysis. We used an 

exposure-wide association study to screen all exposure-outcome associations, and the deletion-

substitution-addition algorithm to build a final multi-exposure model. In multi-exposure models, 

green spaces (Normalized Difference Vegetation Index, NDVI) were positively associated with active 

transport, and inversely associated with sedentary time (22.71 min/day less (95 %CI −39.90, −5.51) 

per interquartile range increase in NDVI). Residence in densely built areas was associated with more 

physical activity and less sedentary time, and densely populated areas with less physical activity 

outside school hours and more sedentary time. Presence of a major road was associated with lower 

sleep duration (-4.80 min/day (95 %CI −9.11, −0.48); compared with no major road). Results for the 

behavioural patterns were similar. This multicohort study suggests that areas with more vegetation, 

more building density, less population density and without major roads are associated with improved 

health behaviours in childhood. 

In addition, associations between characteristics of the built environment, physical activity levels and 

obesity have been analysed in two Central European cohorts in Slovenia and Croatia (unpublished). 

The Analysis of Children’s Development in Slovenia 2013 (ACDSi 2013) is a cross-sectional, 

sentinel site study which recruited children from 11 primary schools in Slovenia. Of 4,236 children 

between 6 and 14 years initially invited to participate in the study, 3,476 children were consequently 

included in baseline assessment in 2013, i.e. 2% of children in this age bracket in Slovenia. The 

Croatian Physical Activity in Adolescence Longitudinal Study (CRO-PALS) is an observational, 

longitudinal study of 15-year old adolescents in the city of Zagreb (Croatia). Out of the 1408 students 

invited, 903 agreed to participate in the 2014 and 2015 baseline assessment.  

Built environment exposures were assigned based on residential address and included: 

• Walkability score – for a 1500 m network buffer from residential address and standardised 

across cohort participants 

• Percentage of green and blue space surface as proportion of network buffer area 

• Number of playgrounds within 1500 m network buffer    

Outcomes were focused on physical activity levels and body composition of children, obtained at 

baseline. Information on moderate and vigorous physical activity per week (MVPA) was collected 

using a seven-day recall. Vigorous physical activity (VPA) was defined as any physical activities that 

increase heart and breathing rate and make the participant sweat. Moderate physical activity (MPA) 

was defined as ‘lower intensity physical activities such as walking, biking to school, and recreational 

swimming. Participants recorded the number of hours and 15-minute increments they engaged in 

MVPA in the previous week. MVPA was expressed as minutes per day.  

Body height and body mass were measured using a GPM 101 anthropometer and portable Tanita 

BWB-800P electronic scale, respectively. Skinfold, as an indicator of body fat, was measured using 

a Harpenden fat calliper applied to 7 (Slovenia) and 4 (Croatia) locations on the right side of the body. 

The sum of skinfold measurements was used for analysis. 
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We fitted regression models to data from Croatia and Slovenia with a random intercept effect on 

country and adjusting for age and sex of participants. Walkability and percentage of blue and green 

space were analysed as categories (tertiles), number of playgrounds as dichotomized variable 

(playground present/not present). 
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Table 2. Linear regression assessing the relationship between characteristics of the built 

environment with obesity measures and physical activity. Shown are effect estimates with 95% 

confidence intervals in brackets.   

 

Built environment  Body mass index  Skinfold (sum) Medium to 

vigorous physical 

activity 

Walkability Low 1.00 1.00 1.00 

Medium -0.26 (-0.52 – 0.01) -1.69 (-3.73 – 0.35) 5.72 (-2.67 – 14.11) 

High -0.42 (-0.68 – -

0.15)* 

-2.75 (-4.80 - -

0.71)* 

-4.42 (-12.58 – 4.0) 

% blue or green 

space 

Low 1.00 1.00 1.00 

Medium 0.04 (-0.22 – 0.31) -0.44 (-2.48 – 1.60) 5.28 (-3.14 – 13.71) 

High 0.41 (0.14 – 0.67) 2.74 (0.71 – 4.77) 2.38 (-6.00 – 10.74) 

Playground 

 

-0.51 (-0.75 - -

0.28)* 

-3.48 (-5.31- -1.66)* -7.03 (-14.55 – 0.50) 

* highlight statistically significant associations 

Results suggest that both walkability of the residential neighbourhood as well as number of 

playgrounds within a neighbourhood are associated with a decrease in BMI and skinfold but not with 

physical activity levels. We did not find an effect with the percentage of blue and green spaces in 

these Eastern European cohorts: this is in contradiction with findings from other parts in Europe such 

as the HELIX cohorts described above, highlighting the fact that results are not necessarily 

transferable to other settings. The local context and built environment structure which differs across 

geographical regions needs to be taken into consideration when recommending policies (paper in 

preparation).  

3. Internal exposome: systematic reviews on molecular pathways to obesity 

 

Key messages: Although the use of metabolomics in childhood obesity research is still 

developing, the identification of metabolites can provide insight into the pathogenesis of obesity-

related diseases. In a systematic review we have identified associations between branched-chain 

amino acids (BCAA) and childhood obesity. The evidence on epigenetics is immature; 

epigenetics may fall on the causal pathway between obesity and obesity related outcomes, as 

already suggested in adults. 
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We considered potential underlying molecular and metabolic pathways, and to this end we conducted 

two systematic reviews. The first is a systematic review of metabolomic studies of childhood obesity, 

following the PRISMA guidelines (A systematic review of metabolomic studies of childhood obesity: 

State of the evidence for metabolic determinants and consequences. Handakas E, Lau CH, Alfano R, 

Chatzi VL, Plusquin M, Vineis P, Robinson O. Obes Rev. 2022 Jan;23 Suppl 1:e13384.). We 

searched across Scopus, Ovid, Web of Science and PubMed databases for articles published from Jan 

1 2005 to Jul 8th 2020. We retrieved 1,271 records, and finally retained 41 articles for qualitative 

synthesis. Study quality was assessed using a modified Newcastle–Ottawa Scale. 33 studies were 

conducted on blood, six were conducted on urine, three were conducted on umbilical cord blood, and 

one was conducted on saliva. 30 studies were primarily cross-sectional, five studies were primarily 

longitudinal, and seven studies examined effects of weight-loss following a life-style intervention. A 

consistent metabolic profile of childhood obesity was observed including amino acids (particularly 

branched chain and aromatic amino acids), carnitines, lipids and steroids. These signatures appear 

largely concordant with those in adult studies (Rangel-Huerta, O. D., Pastor-Villaescusa, B., & Gil, 

A. (2019). Are we close to defining a metabolomic signature of human obesity? A systematic review 

of metabolomics studies. Metabolomics : Official journal of the Metabolomic Society, 15(6), 93-93. 

doi:10.1007/s11306-019-1553-y). Although the use of metabolomics in childhood obesity research 

is still developing, the identified metabolites can provide additional insight into the pathogenesis of 

obesity-related diseases. However,  longitudinal studies are lacking. 

A second review was conducted on epigenetic markers (Perspectives and challenges of epigenetic 

determinants of childhood obesity: A systematic review. Alfano R, Robinson O, Handakas E, Nawrot 

TS, Vineis P, Plusquin M.Obes Rev. 2022 Jan;23 Suppl 1:e13389). The literature search was 

performed via Pubmed and Scopus engines using a combination of terms related to epigenetics and 

childhood obesity. All articles studying the association between epigenetic mechanisms (including 

DNA methylation and hydroxymethylation, non-coding RNAs and histone modification), and 

obesity and/or overweight (or any related anthropometric parameters) in children (0-18 years) were 

included, and 121 studies were selected. DNA methylation was the most widely investigated 

mechanism (N=101 studies), followed by non-coding RNAs (N=19 studies). One study was 

identified for histone modifications. However, high heterogeneity of the findings was noted and no 

strong causal inferences can be drawn. The temporal sequence between epigenetic changes and onset 

of childhood obesity is uncertain because epigenetics may be altered by a wide range of stimuli, 

including metabolic changes associated with obesity itself. Available evidence is stronger for DNA 

methylation and supports adiposity in childhood leading to changes in methylation, rather than the 

other way around, consistently with findings in adults ( Sun, D., Zhang, T., Su, S., Hao, G., Chen, 

T., Li, Q. Z., . . . Chen, W. (2019). Body Mass Index Drives Changes in DNA Methylation: A 

Longitudinal Study. Circ Res, 125(9), 824-833. doi:10.1161/circresaha.119.315397; Wahl, S., 

Drong, A., Lehne, B., Loh, M., Scott, W. R., Kunze, S., . . . Chambers, J. C. (2017). Epigenome-

wide association study of body mass index, and the adverse outcomes of adiposity. Nature, 

541(7635), 81-86. doi:10.1038/nature20784). If obesity causes epigenetic changes, then epigenetics 

may fall on the causal pathway between obesity and obesity related outcomes, as already suggested 

in children (Reed, Z. E., Suderman, M. J., Relton, C. L., Davis, O. S. P., & Hemani, G. (2020). The 

association of DNA methylation with body mass index: distinguishing between predictors and 

biomarkers. Clin Epigenetics, 12(1), 50. doi:10.1186/s13148-020-00841-5) and in adult studies 

(Campanella, G., Gunter, M. J., Polidoro, S., Krogh, V., Palli, D., Panico, S., . . . Chadeau-Hyam, 

https://pubmed.ncbi.nlm.nih.gov/34797026/
https://pubmed.ncbi.nlm.nih.gov/34797026/
https://pubmed.ncbi.nlm.nih.gov/34816569/
https://pubmed.ncbi.nlm.nih.gov/34816569/
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M. (2018). Epigenome-wide association study of adiposity and future risk of obesity-related diseases. 

Int J Obes (Lond), 42(12), 2022-2035. doi:10.1038/s41366-018-006). Interaction between the 

different epigenetic layers is still based on assumptions rather than solid scientific evidence. 

Overall, a conclusion of the systematic reviews is that molecular or metabolic research currently does 

not make consistent contributions to policy in terms of interventions to prevent obesity. 

4. Findings from the STOP consortium: internal exposome 

4.1. Cord blood metabolic signatures predictive of childhood overweight and rapid growth 

 

Key messages: In cord blood lower levels of the BCAAs valine and leucine were associated with 

overweight. In a second study, applying a multiple mediation approach, we elucidated that 

rapid growth was the main contributor in the mediation of the effect of gestational age on 

childhood overweight and that the mediating role of metabolites was marginal. 

Metabolomics may identify biological pathways predisposing children to risk of overweight and 

obesity. In the consortium STOP we have investigated the cord blood metabolomic signatures of rapid 

growth in infancy and overweight in early childhood in four European birth cohorts (INMA, Rhea, 

Piccolipiù, Environage)(Handakas et al., 2021, https://www.nature.com/articles/s41366-021-00888-

1). Untargeted liquid chromatography-mass spectrometry (LC-MS) metabolomic profiles were 

measured in cord blood from 399 newborns. Rapid growth in the first year of life and overweight in 

childhood (mean age 5.4 years) were defined with reference to WHO growth charts. Metabolome-

wide association scans (MWAS) for rapid growth and overweight on over 4500 metabolic features 

were performed using multiple adjusted logistic mixed effect models and controlling the false 

discovery rate (FDR) at 5%. Additionally, we performed a look-up analysis of 43 pre-annotated 

metabolites, previously associated with birthweight or rapid growth (Handakas et al, 2021). 

In the MWAS analysis, we identified three and eight metabolites associated with rapid growth and 

overweight respectively, after FDR correction. Higher levels of cholestenone, a cholesterol derivative 

produced by microbial catabolism, was predictive of rapid growth (p=1.6 x 10-3). Lower levels of the 

branched chain amino acid (BCAA) valine (p=8.6 x 10-6) were predictive of overweight in childhood. 

The area under the receiver operator curve for multivariate prediction models including metabolites 

identified in the MWAS analysis was 0.77 for rapid growth and 0.82 for overweight, compared to 

0.69 and 0.69 respectively for models using traditional risk factors alone (sex, birthweight, ethnicity, 

maternal BMI, paternal BMI, gestational age, maternal weight gained during pregnancy, paternal 

education, maternal passive and active smoking status during pregnancy, parity and mode of 

delivery). 

Among the 43 pre-annotated metabolites, seven and five metabolites were nominally associated (P < 

0.05) with rapid growth and overweight respectively. The BCAA leucine remained associated (p=1.6 

x 10-3) with overweight after FDR correction. The metabolites identified here may assist in the 

identification of children at risk of developing obesity and improve understanding of mechanisms 

involved in postnatal growth.  
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In a subsequent study, we used multiple mediation analysis to explore the ability of the identified 

cord blood metabolites and rapid postnatal growth as multiple mediators in the prenatal propensity to 

childhood overweight, as a response to seven potential obesogenic prenatal factors (maternal 

education, pre-pregnancy maternal BMI, maternal weight gain during the pregnancy, tobacco smoke 

during pregnancy, maternal age at delivery, gestational age and parity) (Alfano et al, IJO 2022 Alfano, 

R., Plusquin, M., Robinson, O. et al. Cord blood metabolites and rapid postnatal growth as multiple 

mediators in the prenatal propensity to childhood overweight. Int J Obes 46, 1384–1393 (2022). 

https://doi.org/10.1038/s41366-022-01108-0). In this study we shed light on the chain of mechanistic 

events, involving molecular and phenotypical changes, leading to childhood obesity. Our results 

provide evidence that seven metabolites, including cholestenone, decenoylcarnitine (C10:1), 

phosphatidylcholine (C34:3), progesterone and three other unidentified metabolites, mediated the 

effect of maternal education, pregnancy weight gain, parity, and gestational age on rapid growth but 

not directly on childhood overweight and that rapid growth, in turn, mediated the effect of gestational 

age on childhood overweight. Applying a novel multiple mediation approach, we elucidated that rapid 

growth was the main contributor in the mediation of the effect of gestational age on childhood 

overweight and that the mediating role of metabolites was marginal. 

4.2.Epigenetics: methylation-wide association study 

Key messages: In spite of the observation of some associations between CpG site methylation 

and childhood obesity, evidence on the role of epigenetics in childhood overweight or obesity is 

so far limited and future studies analysing the association of DNA methylation, increase of rapid 

weight growth and subsequent obesity in childhood are needed. 

The aim of our epigenetic analyses in STOP was to investigate the associations between blood DNA 

methylation at birth and rapid weight growth in the 4 cohorts as above, plus an additional subset of 

ENVIRONAGE, GENERATION XXI (GXXI) and ALSPAC cohorts (Alfano et al, paper accepted, 

BMC Medicine 2022). 

For a total of 2,003 children, cord blood methylation was measured using the Infinium 

HumanMethylation450 BeadChip for the ALSPAC and EXPOsOMICS studies, and Infinium 

Methylation EPIC BeadChip for ENVIRONAGE and GXXI. Rapid weight growth in the first year 

of life and overweight in childhood (4-8 years) were defined with reference to WHO growth charts. 

Epigenome-wide association studies for rapid growth were performed using multiple adjusted logistic 

mixed effect models and then meta-analysed via fixed-effects meta-analysis weighted by the inverse 

of the variance. Models were adjusted for maternal education, pre-pregnancy BMI, tobacco smoking 

during the index pregnancy, maternal age at delivery, gestational age, parity, cell proportions, and on 

bead array row and bisulfite conversion batch as random effects. Results were considered significant 

if Bonferroni-adjusted p-values were below 0.05. Additionally, we identified differentially 

methylated regions (DMRs) and explored the association of gestational age acceleration (calculated 

using the Bohlin epigenetic clock) with rapid weight growth via meta-analysis We also identified 

DNA methylation signals (including CpGs at a less stringent p-value threshold of 1e-05) via follow-

up analyses including: prediction of rapid weight growth, mediation of the effect of conventional risk 

factors on rapid weight growth, integration with transcriptomics and metabolomics, association with 

overweight in childhood (between four and eight years), and comparison with previous findings.  
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47 CpGs were associated with rapid weight growth at a p-value <1e-05 and, among them, three CpGs 

annotated to genes involved in adipocytes differentiation (cg14459032, cg25953130 annotated to 

ARID5B gene, and cg00049440 annotated to KLF9 gene) passed the genome-wide significance level 

(p-value <1.25e-07) (Figure 1). 16 differentially methylated regions (DMRs) were identified as 

associated with rapid weight growth at false discovery rate (FDR)-adjusted/ Siddak p-values < 0.01 

(Figure 1), one of which on the AURKC gene (involved in regulation of the mitotic cell division 

process) was also associated with childhood obesity between four and eight years. Gestational age 

acceleration was associated with decreasing risk of rapid weight growth (p-value=9.75e-04). The 

identified DNA methylation signals slightly increased the prediction of rapid weight growth in 

addition to conventional risk factors. Among the identified signals, three CpGs partially mediated the 

effect of gestational age on rapid weight growth. CpGs (N=3) and DMRs (N=3) were associated with 

differential expression of transcripts (N=10 and 7, respectively), including long non-coding RNAs, 

but not with the cord metabolome. The translation of our DNA methylation findings to the gene 

expression level indicates that the identified signals have a functional role and a that a possible 

interplay between different epigenetics layers occurs (DNA methylation and long non-coding RNAs). 

We observed enrichment of CpGs previously reported to be associated with birthweight. 

 

Figure 1. Results from the meta-analysis of EWAS of rapid weight growth. a. Volcano plot shows 

the -log10 p-values (vertical axis) against the estimates (horizontal axis) of each CpG site. b. 

Manhattan plot shows the -log10 p-values (vertical axis) against the chromosomal position 

(horizontal axis) of each CpG site.  

By providing a better understanding of the molecular mechanisms underlying rapid weight growth, 

our results can contribute to identifying target groups and developing prevention strategies already at 

birth. However, evidence on the role of epigenetics in childhood overweight or obesity is so far 

limited and future studies analysing the association of DNA methylation, increase of RWG and 

subsequent obesity in childhood are needed. 

4.3. Systems biology: multi-omic analysis and birthweight 

Key messages: Multi-omic analysis was conducted in a multicohort study. Cholesterol 

metabolism in cord blood may play a mechanistic role in birthweight, though it is not clear 

whether this is due to environmental (dietary) or genetic influences.  
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Multiomic analysis, i.e. based on multiple measurements of changes in different compartments of 

molecules, has been published in the STOP consortium (A multi-omic analysis of birthweight in 

newborn cord blood reveals new underlying mechanisms related to cholesterol metabolism. Alfano 

R, Chadeau-Hyam M, Ghantous A, Keski-Rahkonen P, Chatzi L, Perez AE, Herceg Z, Kogevinas M, 

de Kok TM, Nawrot TS, Novoloaca A, Patel CJ, Pizzi C, Robinot N, Rusconi F, Scalbert A, Sunyer 

J, Vermeulen R, Vrijheid M, Vineis P, Robinson O, Plusquin M. Metabolism. 2020 Sep;110:154292. 

doi: 10.1016/j.metabol.2020.154292). To investigate the systems biology of birthweight, we cross-

sectionally integrated the methylome, the transcriptome, the metabolome and a set of inflammatory 

proteins measured in cord blood samples, collected from four birth-cohorts as above 

(ENVIRONAGE, Rhea, INMA and PICCOLI+). We focused on two sets of 68 metabolites and 903 

CpGs previously related to birthweight and investigated the correlation structures existing between 

these two sets and all other omic features. The analysis revealed that the set of metabolome, proteome 

and methylome signatures of birthweight have seven signals in common, including three metabolites 

[PC(34:2), plasmalogen PC(36:4)/PC(O-36:5), a compound with m/z of 781.0545], two CpGs (on the 

DHCR24 and SC4MOL gene), and two proteins (periostin and CCL22). Overall. the results of the 

omics integration indicated a central role of cholesterol metabolism; therefore, we explored the 

association of cholesterol levels in cord blood with birthweight in the ENVIRONAGE cohort (n = 

1097), where cholesterol fractions were measured independently of metabolomics. We found that 

higher birthweight was associated with increased high-density lipoprotein cholesterol and that high-

density lipoprotein cholesterol was lower in small versus large for gestational age newborns.  

These data suggest that an integration of different omic layers in addition to single omics studies is a 

useful approach to generate new hypotheses regarding biological mechanisms. Cholesterol 

metabolism in cord blood may play a mechanistic role in birthweight, though it is not clear whether 

this is due to environmental (dietary) or genetic influences.  

4.4.Ultra-processed food, adiposity trajectories and metabolomic profile in the ALSPAC 

cohort 

Key messages: In the ALSPAC cohort, a diet with a higher proportion of ultra-processed food 

(UPF) was negatively associated with docosahecaenoic acid and omega-3 fatty acids, tyrosine 

and BCAAs leucine, valine and isoleucine. Numerous intervention studies and animal studies 

have shown that higher intake of BCAAs has beneficial signalling effects, with positive impact 

on parameters including body composition, glycemia and satiety. In a separate longitudinal 

analysis, higher levels of citrate, glutamine and MUFA and lower levels of BCAAs and AAAs 

appeared to contribute to the association between UPF and fat mass accumulation in children. 

Over the past decades diets, including in children - have shifted towards the consumption of ultra-

processed foods, characterized by higher energy density and lower nutritional quality. According to 

the NOVA food processing classification system, ultra-processed foods are defined as industrially-

derived food and drink formulations of chemical compounds which include substances derived from 

foods but not used in culinary preparations, such as hydrogenated fats, and cosmetic additives. The 

NOVA classification has been instrumental in allowing the categorization of foods beyond a 

previously limited focus on nutrients. Assessment of UPF intake requires good dietary data and more 

granularity than usually available but efforts are underway to produce more simplified measurement 

https://pubmed.ncbi.nlm.nih.gov/32553738/
https://pubmed.ncbi.nlm.nih.gov/32553738/
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tools. Epidemiological evidence on the negative health impacts of UPF consumption has grown 

rapidly, but this is mainly focused on adults (https://www.fao.org/3/ca5644en/ca5644en.pdf). 

To examine the effects of UPF consumption on obesity risk in children, we assessed longitudinal 

associations between UPF consumption and adiposity trajectories from childhood to early adulthood, 

among 9025 children, participating in the British Avon Longitudinal Study of Parents and Children 

(ALSPAC), followed up from 7 to 24 years of age. Among those in the highest quintile of UPF 

consumption compared with their lowest quintile counterpart, trajectories of BMI increased by an 

additional 0.06 (95% CI, 0.04-0.08) per year; fat mass index, by an additional 0.03 (95% CI, 0.01-

0.05) per year; weight, by an additional 0.20 (95% CI, 0.11-0.28) kg per year; and waist 

circumference, by an additional 0.17 (95% CI, 0.11-0.22) cm per year. Models were robust to 

adjustment for multiple factors including the child’s total energy intake (continuous) and socio-

economic factors including the Index of Multiple Deprivation, marital status, maternal education, and 

UK National Statistics Socioeconomic Classification. Notably, we found that UPF intake was 

strongly socially patterned, finding a trend for increased consumption of UPF across all indicators 

examined. The work highlights the likely role that consumption of UPF plays in the stark social 

disparities in obesity rates observed today. (Chang K, Khandpur N, Neri D, et al. Association Between 

Childhood Consumption of Ultraprocessed Food and Adiposity Trajectories in the Avon Longitudinal 

Study of Parents and Children Birth Cohort. JAMA Pediatr. 2021;175(9):e211573. 

doi:10.1001/jamapediatrics.2021.1573)(Figure 2). 

To elucidate the mechanisms underlying this association between UPF consumption and adiposity 

accumulation, we further analysed the  metabolic profiles of UPF consumption, using 1H nuclear 

magnetic resonance spectroscopy within the ALSPAC cohort. This molecular signature of systemic 

metabolism consists of 232 metabolic traits. The platform provided quantification of 14 lipoprotein 

subclasses (particle concentration, lipid concentrations and composition), fatty acids and fatty acid 

composition, ketone bodies, amino acids, gluconeogenesis-related metabolic traits and glycolysis and 

gluconeogenesis-related metabolites. We investigated the association between UPF consumption (as 

% of total energy intake) using multiple linear regression at 7 years of age. All the models were 

adjusted for child age, sex and BMI, maternal age, maternal education level, pre-pregnancy BMI, 

family income, average time spent on TV, presence of a smoker at home, and physical activity.  

For a total of 4357 children, the analysis showed that a diet with a higher proportion of UPF was 

negatively associated with docosahecaenoic acid and omega-3 fatty acids (generally considered 

biomarkers of fish consumption), tyrosine and BCAAs leucine, valine and isoleucine. Numerous 

intervention studies and animal studies have shown that higher intake of BCAAs has beneficial 

signalling effects, with positive impact on parameters including body composition, glycemia and 

satiety ( Pallares-Méndez, R., Aguilar-Salinas, C. A., Cruz-Bautista, I., & del Bosque-Plata, L. 

(2016). Metabolomics in diabetes, a review. Annals of medicine, 48(1-2), 89-102; Lynch, C. J., & 

Adams, S. H. (2014). Branched-chain amino acids in metabolic signalling and insulin resistance. 

Nature Reviews Endocrinology, 10(12), 723). Proposed mechanisms for these positive effects include 

a direct action on hypothalamic and brainstem processes involved in satiety (Lynch & Adams, 2014). 

Lower blood BCAAs levels could therefore influence later propensity for overweight through 

intermediate processes such as control of food intake.  Citrate, glutamine and creatinine were 

positively associated with UPF consumption. Additionally, negative associations were found for 

various lipoprotein subclasses such as very large density lipoproteins (VLDL), intermediate density 

lipoproteins (IDL), large and very large high density lipoproteins (HDL), and small low-density 

https://www.fao.org/3/ca5644en/ca5644en.pdf
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lipoproteins (LDL) (Handakas et al., Metabolic profiles of ultra-processed food consumption and 

their role in obesity risk in British children - Clinical Nutrition).  

To understand the role of these metabolic profiles in adiposity trajectories, linear growth curve models 

were used to investigate longitudinal associations between baseline quartiles of metabolic features at 

7 years and fat mass measured at ages of 9, 12, 15 and 17 years of age. Increases in fat mass per year 

were significantly greater for children with the highest metabolite quartiles for glutamine, citrate, 

MUFA, MUFA as ratio to total fatty acids, LDL triglycerides, IDL, small, medium, and large LDL 

and total cholesterol. Increases in fat mass per year were significantly lower for children with the 

highest metabolite quartiles for isoleucine, leucine, phenylalanine, and tyrosine. Evidence for a dose 

response across quartiles was observed for isoleucine, leucine, phenylalanine, tyrosine, citrate, 

MUFA as ratio to total fatty acids, IDL and medium LDL. Taken together with work on UPF and 

adiposity trajectories, the growthcurve models support a role of glutamine, citrate, isoleucine, leucine, 

phenylalanine, tyrosine, MUFA - as ratio to total fatty acids - in the association between UPF 

consumption and fat mass accumulation. Reported intake of nutrients partially mediated associations 

with most metabolites except for citrate. For instance, lower protein intake mediated 32% of the effect 

of UPF consumption on lower blood valine levels. Citrate is the most widely used additive in the food 

industry, as it is a very efficient food flavouring agent and preservative  (Evans, G., de Challemaison, 

B., & Cox, D. N. (2010). Consumers’ ratings of the natural and unnatural qualities of foods. Appetite, 

54(3), 557-563), and therefore may serve as a specific marker of UPF intake.  

Overall, this analysis revealed that higher level consumption of UPF during childhood is associated 

with altered metabolomic profiles. Higher levels of citrate, glutamine and MUFA and lower levels of 

BCAAs and AAAs may contribute to the association between UPF and fat mass accumulation in 

children. Our findings shed light on metabolic effects of nutrient-poor diets and provide potential 

mechanisms underlying the harmful effects of UPF. However, these results need replication and have 

limitations in relation to the NOVA classification of UPF and the underlying limited granularity of 

dietary information. 
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Figure 2. Trajectories of Primary Outcomes by Baseline Quintile of Ultraprocessed Food (UPF) 

Consumption Data are from 9025 children who participated in the Avon Longitudinal Study of 

Parents and Children. Percentage of daily food intake contributed by UPFs at baseline was 

categorized into quintiles (Q1-Q5, lowest to highest quintile of UPF consumption)(Chang et al, 

2021).  

4.5.Diet quality and insulin secretion in children in the HELIX consortium 

 

Key messages: In a metabolomic study, Mediterranean diet adherence and ultra-processed food 

(UPF) consumption, respectively, showed opposite associations with both urinary metabolites 

and serum C-peptide concentrations in children; C-peptide is a marker of endogenous insulin 

secretion.   

 

In this study we aimed to examine the associations of Mediterranean diet adherence and ultra-

processed food (UPF) consumption with urinary metabolites and serum C-peptide concentrations in 

children; C-peptide is a marker of endogenous insulin secretion. We studied 1147 children, (mean 

[SD] age 7.9 [range: 5.4-12.0] years), from the HELIX exposome cohort (Urinary metabolic 

biomarkers of diet quality in European children are associated with metabolic health. Stratakis N, 

Siskos AP, Papadopoulou E, Nguyen AN, Zhao Y, Margetaki K, Lau CE, Coen M, Maitre L, 

Fernández-Barrés S, Agier L, Andrusaityte S, Basagaña X, Brantsaeter AL, Casas M, Fossati S, 

Grazuleviciene R, Heude B, McEachan RR, Meltzer HM, Millett C, Rauber F, Robinson O, 

Roumeliotaki T, Borras E, Sabidó E, Urquiza J, Vafeiadi M, Vineis P, Voortman T, Wright J, Conti 

DV, Vrijheid M, Keun HC, Chatzi L. Elife. 2022 Jan 25;11:e71332.). We assessed adherence to the 

Mediterranean diet using an a priori defined score (KIDMED). UPF intake was assessed based on the 

NOVA system and expressed as percent of total daily food intake. Urine metabolomic profiles were 

measured using 1H nuclear magnetic resonance spectroscopy. We investigated their associations with 

C-peptide concentrations, which were assessed in child serum with the multiplex Luminex system, 

https://pubmed.ncbi.nlm.nih.gov/35076016/
https://pubmed.ncbi.nlm.nih.gov/35076016/
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as well as Mediterranean diet and UPF association with metabolome profiles, by means of linear 

regression modelling adjusted for child body mass index and sociodemographic variables.   

We found that a higher KIDMED score was associated with lower C-peptide levels. Compared to a 

low KIDMED score (<1), children with a moderate score (1-4) had a 28% lower C-peptide 

concentration (percent change: -27.7, 95% CI: -49.6 to 3.9) and those with a high score (>4) had a 

39% lower C-peptide concentration (percent change: -39.0, 95% CI: -60.6 to -5.7) (P-trend =0.03).  

An opposite association was observed for UPF intake. Compared to children at the lowest quartile of 

UPF intake (<18% of total daily food intake), children at the second quartile (18-<23% of total daily 

food intake) had a 24% higher C-peptide concentration (percent change: 24.3, 95% CI: -6.4 to 65.2), 

those at the third quartile (23-<29% of total daily food intake) had a 39% higher concentration 

(percent change: 38.5, 95% CI: 3.8 to 84.9), and those at the fourth quartile (≥29% of total daily food 

intake) had a 46% higher concentration (percent change: 46.0, 95% CI: 8.1 to 97.3) (P-trend=0.01). 

C-peptide concentration in children is a marker of endogenous insulin secretion; lower levels are 

considered to be associated with higher risk of diabetes (Stratakis et al, 2022). 

The urinary metabolomic analysis identified a panel of six metabolites predictive of UPF 

consumption. Although four of these were also predictive of lower KIDMED score, lower levels of 

valine and tyrosine, as also observed in the study in ALSPAC, were found to be specifically associated 

with UPF. 

 

4.6. Connecting the external with the internal exposome 

 

Key messages: In the HELIX multicentre cohort, an association between indoor air pollution 

and increased child BMI was reported. In addition, altered BCAA and acylcarnitine 

metabolism appeared to link indoor air pollution and subsequent health outcomes.  

 

An assumption of exposome research is that internal changes (metabolomic or molecular) help 

understand the relationships between external and behavioural exposures and outcomes such as rapid 

growth, overweight or obesity. According to the “meet-in-the-middle” model the aim is to strengthen 

causality by finding intermediate markers that are associated with both exposures and outcomes, thus 

lending biological credibility to statistical associations (Chadeau-Hyam, M., Athersuch, T. J., Keun, 

H. C., De Iorio, M., Ebbels, T. M., Jenab, M., . . . Vineis, P. (2011). Meeting-in-the-middle using 

metabolic profiling–a strategy for the identification of intermediate biomarkers in cohort studies. 

Biomarkers, 16(1), 83-88).  

This has been attempted in a recent HELIX study (Maitre et al, 2021, 

https://www.medrxiv.org/content/10.1101/2021.05.04.21256605v1.full). In a multi-centre cohort of 

1,301 mother-child pairs, they associated individual exposomes consisting of >100 chemical, physical 

and lifestyle exposures assessed in pregnancy and childhood, with multi-omics profiles (methylome, 

transcriptome, metabolome and proteins) in childhood. They identified 1,170 associations, 249 in 

pregnancy and 921 in childhood, which revealed potential biological responses and sources of 

exposure. The methylome best captured the persistent influence of pregnancy exposures, including 

maternal smoking; while childhood exposures were associated with features from all omics layers, 

revealing novel signatures for indoor air quality, essential trace elements, endocrine disruptors and 

https://www.medrxiv.org/content/10.1101/2021.05.04.21256605v1.full
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weather conditions.  In particular, they found several methylation or omic associations for indoor air 

quality during childhood, in contrast to the few associations found for outdoor air pollution. Indoor 

levels of PM2.5 absorbance, a marker of black/elemental carbon originating from combustion, were 

associated with methylation of 9 CpGs, including two in common with tobacco exposure, and with 

decreased levels of serum branched amino acids (BCAA: Ile, Leu, and Val), acylcarnitine C4 

(butyrylcarnitine) and two sphingolipids. Lower BCAA and acylcarnitines were detected in young 

obese participants exposed to near-roadway air pollution (Impact of short-term exposure to fine 

particulate matter air pollution on urinary metabolome: A randomized, double-blind, crossover 

trial. Chen C, Li H, Niu Y, Liu C, Lin Z, Cai J, Li W, Ge W, Chen R, Kan H.Environ Int. 2019 

Sep;130:104878. doi: 10.1016/j.envint.2019.05.072. Epub 2019 Jun 11). Associations between 

dysregulated metabolism of BCAAs and acylcarnitines with obesity and insulin resistance have been 

widely observed in animal and adult human studies (A branched-chain amino acid-related metabolic 

signature that differentiates obese and lean humans and contributes to insulin resistance. Newgard 

CB, An J, Bain JR, Muehlbauer MJ, Stevens RD, Lien LF, Haqq AM, Shah SH, Arlotto M, Slentz 

CA, Rochon J, Gallup D, Ilkayeva O, Wenner BR, Yancy WS Jr, Eisenson H, Musante G, Surwit RS, 

Millington DS, Butler MD, Svetkey LP.Cell Metab. 2009 Apr;9(4):311-26. doi: 

10.1016/j.cmet.2009.02.002).  

We propose that altered BCAA and acylcarnitine metabolism may be an important biomarker to study 

further in relation to indoor air pollution and subsequent development of cardio-metabolic disease in 

later life. An association between indoor air pollution and increased child BMI was previously 

reported in the HELIX study, independently of correlated exposures such as second-hand smoke and 

lower social class status (Early-Life Environmental Exposures and Childhood Obesity: An 

Exposome-Wide Approach. Vrijheid M, Fossati S, Maitre L, Márquez S, Roumeliotaki T, Agier L, 

Andrusaityte S, Cadiou S, Casas M, de Castro M, Dedele A, Donaire-Gonzalez D, Grazuleviciene R, 

Haug LS, McEachan R, Meltzer HM, Papadopouplou E, Robinson O, Sakhi AK, Siroux V, Sunyer J, 

Schwarze PE, Tamayo-Uria I, Urquiza J, Vafeiadi M, Valentin A, Warembourg C, Wright J, 

Nieuwenhuijsen MJ, Thomsen C, Basagaña X, Slama R, Chatzi L.Environ Health Perspect. 2020 

Jun;128(6):67009. doi: 10.1289/EHP5975. Epub 2020 Jun 24), and also in the systematic review by 

Malacarne et al summarized above.  

These observations confirm that intermediate markers can be found linking characteristics of the 

living environment (in particular indoor exposures) with metabolic or epigenetic changes, that in turn 

have been associate with childhood obesity.  

The observations above require further consolidation and replication in multiple cohorts, though they 

can be used to suggest some goals for primary prevention. 

 

5. Gut Hormones and childhood obesity 

Key messages: In multiple cohorts we studied the association between gut hormones involved 

in the regulation of appetite and childhood overweight or obesity, including a longitudinal study 

between ages 4 and 9-10. The postprandial response of ghrelin and GLP-1 seems to be disrupted 

in the obese. There is evidence that ghrelin suppression is positively correlated with insulin 

sensitivity and a blunted ghrelin suppression could be a manifestation of the insulin resistance 

in obesity. The results from the longitudinal comparisons are in accordance with the data 

https://pubmed.ncbi.nlm.nih.gov/31200160/
https://pubmed.ncbi.nlm.nih.gov/31200160/
https://pubmed.ncbi.nlm.nih.gov/31200160/
https://pubmed.ncbi.nlm.nih.gov/19356713/
https://pubmed.ncbi.nlm.nih.gov/19356713/
https://pubmed.ncbi.nlm.nih.gov/32579081/
https://pubmed.ncbi.nlm.nih.gov/32579081/
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reported in most of the literature available and show in particular that fasting total ghrelin 

decreases with age, independent of the BMI and weight gain of the children 

 

Peripheral signals that regulate appetite and energy homeostasis largely derive from the 

gastrointestinal (GI) tract (Murphy, K.G. and Bloom, S.R., Gut hormones and the regulation of 

energy homeostasis. Nature, 2006. 444: p. 854-9). These signals include the anorexigenic hormones 

peptide YY (PYY) and glucagon-like peptide 1 (GLP-1) and the orexigenic hormone ghrelin. 

Anorexigenic hormones circulate at moderately low levels before meal ingestion and at higher levels 

after a meal, while ghrelin circulates at high levels before meal consumption and decreases sharply 

after meal ingestion (Tschop, M., et al., Circulating ghrelin levels are decreased in human obesity. 

Diabetes, 2001. 50: p. 707-9). Together, these hormones and others regulate feelings of appetite and 

food intake thus, influencing body weight. 

During childhood PYY, GLP-1 and ghrelin are critical in meeting energy demands throughout 

development. The body will demand more energy to grow and carry out physiological functions at 

specific periods of lifespan - neonatal, infancy, puberty (Prodam, F., et al., Systematic Review of 

Ghrelin Response to Food Intake in Pediatric Age, From Neonates to Adolescents. The Journal of 

Clinical Endocrinology & Metabolism, 2014. 99(5): p. 1556-1568). Carefully altering the expression 

of these hormones allows for these increased energy demands to be met without inducing a positive 

energy balance that would lead to weight gain. Dysregulation of such hormones has been implicated 

in the pathogenesis of obesity (Horner, K. and Lee, S. Appetite-related peptides in childhood and 

adolescence: role of ghrelin, PYY, and GLP-1. Appl Physiol Nutr Metab, 2015. 40(11): p. 1089-99).  

Understanding the differences in gastrointestinal hormone secretion between healthy weight and 

obese children across different developmental stages could help to identify underlying mechanisms 

involved in weight gain and highlight potential prevention and treatment strategies.  

5.1.Systematic Review: Gut Hormones Levels from Birth to Adolescence 

A systematic review was conducted to compare ghrelin, PYY and GLP-1 levels in fasting state or in 

response to feeding in healthy weight and obese children, from birth to adolescence. Where studies 

reported on appetite score, this was also discussed. Systematic searches were conducted in PubMed, 

Web of Science and Cochrane library. References from relevant review papers published in the last 

five years were also hand searched. The eligibility criteria for the studies were as follow: a) study 

must have measured at least ghrelin, or GLP-1 or PYY; b) must have been conducted in humans, 

neonates to adolescents, aged (0-18); c) must have included healthy weight and/or overweight or 

obese participants; d) studies involving metabolic disorders or eating disorders were excluded; e) 

papers that did not define BMI of participants or groups were also excluded f) must have had a full 

text with primary data. A total of 732 papers were retrieved of which 67 met the inclusion criteria. 

Obese children compared with healthy weight children seem to have lower fasting ghrelin levels and 

attenuated ghrelin responses to caloric intake across all age ranges. This pattern is not observed for 

PYY; fasting and postprandial PYY levels appear not to differ in obese and healthy weight children 

across all ages studied. There is considerable evidence to suggest that ghrelin and PYY levels reduced 

with maturation, independent of the body mass index (BMI). There was little to no consensus in the 

literature for GLP-1 levels in obese and healthy weight children. Many papers also reported there to 

be no differences in sex or score of appetite for these three hormones.  
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This review highlighted a solid trend for ghrelin and PYY levels in fasting and postprandial 

gastrointestinal hormone levels in healthy weight and obese children which was observed across 

different stages of development. It also commented on the limited number of publications on GLP-1 

levels in children, an area which needs further investigation to provide a more comprehensive 

overview of how these gastrointestinal hormones work together to regulate body weight.  

5.2. Gut hormones measurements in STOP (unpublished data) 

We have measured gut hormones in 425 4-years old and 540 9-10-years old children from the STOP 

consortium. Data from four cohorts - Generation 21, Inma, Environage and Rhea - were used to obtain 

the results of GLP-1 and PYY. Data from Generation 21 was used to describe the total ghrelin results.  

The evidence of lower fasting GLP-1 levels in the overweight/obese compared to lean children at 9-

10 years old indicates that GLP-1 is dysregulated in overweight and obese youth. The lack of studies 

on the levels of GLP-1 in children and adolescents makes it difficult to compare the results and also 

highlights the need of more studies in the field. 

No differences were observed in fasting PYY levels in overweight/obese compared to healthy weight 

children at either 4 years old (p>0.05) or at 9-10 years old (p>0.05). Lower fasting levels of total 

ghrelin were observed in overweight/obese compared with healthy weight children at either 4 years 

old (568.40 ± 38.15 vs 719.00 ± 35.54 pg/mL, respectively; p<0.05) and at 10 years old (398.40 ± 

20.59 vs 510.60 ± 20.59 pg/mL, respectively; p<0.01).  

Similar to GLP-1, the postprandial response of ghrelin seems to be disrupted in the obese. There is 

evidence that ghrelin suppression is positively correlated with insulin sensitivity and a blunted ghrelin 

suppression could be a manifestation of the insulin resistance in obesity. In addition, abnormal 

glucose homeostasis inversely correlates with, and was found to be an independent determinant of, 

plasma ghrelin levels in obese children and adolescents. At the central nervous system, there is 

evidence that diet inducing obesity causes ghrelin resistance. 

5.3 Effects of Gut Hormones on Weight Gain 

Data from two cohorts, Generation 21 and Inma, were used to compare the GLP-1 and PYY results 

at 4 and 9-10 years old. Data from Generation 21 at 4 and 10 years old was used to describe the 

ghrelin results. The data was divided in three groups. In the first group, the data from healthy weight 

children at both, 4 and 9-10 years old was included (NW+NW). The second group was formed by the 

data from children that had a healthy weight at 4 but became overweight/obese at 9-10 years old 

(NW+OB). In the last group, the data from overweight/obese children at both, 4 and 9-10 years old 

(OB+OB) was included.   

The same factors discussed in the previous GLP-1 results section could also be explaining the 

disrupted levels of GLP-1 observed in children with excess of weight or excessive weight gain with 

age, including an altered postprandial response to nutrients, abnormal circulating levels of glucose 

and insulin and also impaired signalling to the central nervous system and vagus nerve. The lack of 

studies in children looking at the effect of weight gain with age makes it difficult to compare the 

results. However, the current results suggest that weight gain may have an impact on GLP-1, reducing 

the hormone levels with age if the children were or became overweight/obese. 
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Figure 3. ANCOVA comparison of the GLP-1 levels at 4 and 9-10 years old in the tree groups - 

NWxNW, NWxOB and OBxOB (A); GLP-1 delta change comparison between the tree groups (B). 

Values are in mean ± SEM. ANCOVA covariates appearing in the model are evaluated at the 

following values: G21=1 and  Inma=2 = 1.34, effect of time p>0.05; effect of time x group p<0.005. 

Kruskal-Wallis test, **p<0.005. NW = healthy weight children; OB = overweight/ obese children. 

The PYY levels from the current cohorts displayed a large inter and intra-individual variability. It is 

possible that a larger sample size could have provided the power to detect the differences in PYY 

levels with age. Taken together, the evidence suggests that PYY levels seem to reduce with age, 

independent of the BMI and weight gain. However, more studies are necessary with an appropriate 

sample size to confirm these results.  

When the total ghrelin levels in each group were analysed, the tree groups have shown that the levels 

were reduced at 9-10 compared to 4 years old. As for PYY, the reduction on ghrelin levels with age 

could be a physiological mechanism to favour energy intake and growth. 

The results from this study are, therefore, in accordance with the data reported in most of the literature 

available and show that fasting total ghrelin decreases with age, independent of the BMI and weight 

gain of the children. 

 

6. Antibiotic use in pregnancy 

 

Key messages: Antibiotic use during pregnancy may affect the infant gut microbiome and may 

influence subsequent infant adiposity, but the evidence is scanty and cannot be used for clinical 

guidelines. 

 

From within the STOP consortium Isaevska et al (Maternal antibiotic use and vaginal infections in 

the third trimester of pregnancy and the risk of obesity in preschool children, Elena Isaevska , Maja 

Popovic , Costanza Pizzi , Valentina Fiano, Franca Rusconi, Franco Merletti , Lorenzo 

Richiardi, Milena Maule. Pediatr Obes 2020 Aug;15(8):e12632. doi: 10.1111/ijpo.12632. Epub 2020 

Mar 16) have used the NINFEA population to investigate the relationship between antibiotic use and 

childhood obesity. The objective of this study was to evaluate whether third trimester antibiotic use 

and vaginal infections are associated with BMI in preschool children. The study population included 

singletons from the NINFEA birth cohort with available anthropometric measurements at the age of 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Isaevska+E&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Popovic+M&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Popovic+M&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Pizzi+C&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Fiano+V&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Rusconi+F&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Merletti+F&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Richiardi+L&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Richiardi+L&cauthor_id=32174046
https://pubmed.ncbi.nlm.nih.gov/?sort=date&size=200&term=Maule+M&cauthor_id=32174046
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4 (3151 born with vaginal and 1111 born with cesarean delivery). Self-reported use of antibiotics and 

the presence of vaginal infection in the third trimester were analyzed in association with the child’s 

BMI, classified into 3 categories: thinness, normal and overweight/obesity, using both the 

International Obesity Task Force (IOTF) and the World Health Organization (WHO) recommended 

cut-offs.  Maternal vaginal infections in the third trimester of pregnancy were associated with higher 

relative risk ratios (RRR) for overweight/obesity at age of 4 in children delivered vaginally: 1.92 

(95% confidence interval (CI): 1.37 to 2.70). This association appeared stronger for children born to 

women with pre-pregnancy BMI>25 kg/m2 (RRR: 4.78; 95% CI 2.45 to 9.35), and was robust when 

different obesity cut-offs were used. The results regarding third trimester antibiotic use in vaginal 

deliveries were less conclusive (RRRs for overweight/obesity: 1.43 (0.92 to 2.21) and 1.11 (0.57 to 

2.20), for the IOTF and WHO cut-offs, respectively). Third trimester vaginal infections were not 

associated with BMI in children delivered by cesarean section. These observations, together with 

other evidence provided by STOP (see Conclusions paragraph) point to the potential role of the 

microbiome in childhood obesity. A recent study by Zhang et al. and colleagues (Association of 

prenatal antibiotics with measures of infant adiposity and the gut microbiome. Zhang M, Differding 

MK, Benjamin-Neelon SE, Østbye T, Hoyo C, Mueller NT. Ann Clin Microbiol Antimicrob. 2019 

Jun 21;18(1):18. doi: 10.1186/s12941-019-0318-9) found that antibiotic use during mid pregnancy 

affects the infant gut microbiome and may influence subsequent infant adiposity. Vaginal infections 

could act in the same way, through alteration of maternal and neonatal microbiota communities.   

7. Association Between Maternal Pre-pregnancy Body Mass Index and Anthropometric 

Parameters, Blood Pressure, and Retinal Microvasculature in Children Age 4 to 6 Years  

Key messages: Independent from the association with blood pressure, increase in maternal pre-

pregnancy BMI was associated with higher retinal tortuosity index, a measure for the curvature 

of the retinal vasculature, a predictor of subsequent cardiovascular risk. 

 

Maternal pre-pregnancy body mass index (BMI; calculated as weight in kilograms divided by height 

in meters squared) has previously been associated with offspring cardiometabolic risk factors, such 

as fat mass, glucose and insulin levels, and blood pressure, but these associations appear to be largely 

mediated by offspring BMI. To our knowledge, no studies have assessed alterations in the retinal 

microvasculature in association with maternal pre-pregnancy BMI. We have investigated the 

association between maternal pre-pregnancy BMI and anthropometric parameters, blood pressure, 

and retinal vessel parameters in children age 4 to 6 years. Participants included mother-child pairs of 

the population- based Environmental Influence on Early Aging (ENVIRONAGE) birth cohort study 

(Flanders, Belgium) who were recruited at birth from February 2010 to June 2014 and followed-up 

at age 4 to 6 years between October 2014 and July 2018. Data were analyzed from February 2019 to 

April 2019. Children’s anthropometric, blood pressure, and retinal microcirculation measurements 

were taken at ages 4 to 6 years. Retinal vessel diameters and the tortuosity index, a measure for the 

curvature of the retinal vasculature, were obtained by fundus image analysis. This study included 240 

mothers and children with a mean (SD) age of 29. 9 (4.2) years and 54.8 (4.7) months, respectively. 

Of these, 114 children (47.5%) were boys. Maternal pre-pregnancy BMI was positively associated 

with the child’s birth weight, BMI, waist circumference, blood pressure, and retinal vessel tortuosity. 

A 1-point increase in maternal pre-pregnancy BMI was associated with a 0.26–mm Hg (95% CI, 

https://pubmed.ncbi.nlm.nih.gov/31226994/
https://pubmed.ncbi.nlm.nih.gov/31226994/
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0.08-0.44) higher mean arterial pressure for their children, with similar estimates for systolic and 

diastolic blood pressure. Independent from the association with blood pressure, a 1-point increase in 

maternal pre-pregnancy BMI was associated with a 0.40 (95% CI, 0.01-0.80) higher retinal tortuosity 

index (× 103). The hypothesis that these associations reflect direct intrauterine mechanisms is 

supported by the following observations: associations were independent of the current child’s BMI 

and the estimates for paternal BMI at the follow-up visit did not reach significance (Association 

Between Maternal Pre-pregnancy Body Mass Index and Anthropometric Parameters, Blood Pressure, 

and Retinal Microvasculature in Children Age 4 to 6 Years. Cox B, Luyten LJ, Dockx Y, Provost E, 

Madhloum N, De Boever P, Neven KY, Sassi F, Sleurs H, Vrijens K, Vineis P, Plusquin M, Nawrot 

TS.JAMA Netw Open. 2020 May 1;3(5):e204662. doi: 10.1001/jamanetworkopen.2020.4662). 

 

8. Association of Parental Socioeconomic Status and Newborn Telomere Length. 

 

Key messages: In one cohort, parental socioeconomic status was associated with newborn 

telomere length, i.e. with the potential cellular longevity, especially in boys. 

 

Low socioeconomic status is associated with higher all-cause mortality and risks for aging-related 

diseases. Biological aging is a potential process underlying health conditions related to social 

disadvantages, which may be present from birth onward. To evaluate the association of parental 

socioeconomic status with telomere length (TL) at birth, a marker of biological aging. This 

prospective birth cohort study was conducted among 1504 mother-newborn pairs in Belgium 

recruited between February 1, 2010, and July 1, 2017. Parental socioeconomic measures, including 

maternal educational level, occupation, paternal educational level, and neighborhood income based 

on median annual household income. Mean relative TL was measured in cord blood and placental 

tissue. By constructing a principal component, an integrative socioeconomic measure was derived 

that integrates parental socioeconomic status and neighborhood income. Multivariable adjusted 

regression analyses were performed to associate the integrative socioeconomic measure and TL at 

birth. In 1026 newborns (517 boys; mean [SD] gestational age, 39.2 [1.4] weeks), a higher 

socioeconomic status was associated with longer cord blood TL and placental TL. Each unit 

increment in the integrative socioeconomic status measure was associated with 2.1% (95% CI, 0.9%-

3.4%; P < .001) longer cord blood TL in boys, while no association was observed for girls (0.5% 

longer cord blood TL; 95% CI, -0.9% to 1.8%; P = .50). The sex-specific socioeconomic status 

interaction revealed a stronger association in boys compared with newborn girls (1.6%; 95% CI, 

0.02%-3.3%; P = .047 for interaction). In placental tissue, higher socioeconomic status was associated 

with 1.8% (95% CI, 0.3%-3.3%; P = .02) longer TL in newborn boys but not in girls (0.4% longer 

TL; 95% CI, -1.2% to 2.0%; P = .63). For placental tissue, no sex and socioeconomic status interaction 

on TL was observed (1.4%; 95% CI, -0.5% to 3.4%; P = .16 for interaction). This study suggests that 

parental socioeconomic status is associated with newborn TL, especially in boys. The results indicate 

that familial social economic factors are associated with the potential cellular longevity of the next 

generation, with a potential higher transgenerational vulnerability for newborn boys (Association of 

Parental Socioeconomic Status and Newborn Telomere Length. Martens DS, Janssen BG, Bijnens 

EM, Clemente DBP, Vineis P, Plusquin M, Nawrot TS. JAMA Netw Open. 2020 May 

1;3(5):e204057. doi: 10.1001/jamanetworkopen.2020.4057). 

 

https://pubmed.ncbi.nlm.nih.gov/32396192/
https://pubmed.ncbi.nlm.nih.gov/32396192/
https://pubmed.ncbi.nlm.nih.gov/32396192/
https://pubmed.ncbi.nlm.nih.gov/32364595/
https://pubmed.ncbi.nlm.nih.gov/32364595/
https://pubmed.ncbi.nlm.nih.gov/32364595/
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9. The Cord Blood Insulin and Mitochondrial DNA Content Related Methylome. 

 

Key messages: In a single cohort, we identified changes in cord blood insulin and mitochondrial 

DNA methylome that may generate biomarkers for the study of childhood diseases. 

 

Mitochondrial dysfunction seems to play a key role in the etiology of insulin resistance. At birth, a 

link has already been established between mitochondrial DNA (mtDNA) content and insulin levels 

in cord blood. In this study, we explore shared epigenetic mechanisms of the association between 

mtDNA content and insulin levels, supporting the developmental origins of this link. First, the 

association between cord blood insulin and mtDNA content in 882 newborns of the ENVIRONAGE 

birth cohort was assessed. Cord blood mtDNA content was established via qPCR, while cord blood 

levels of insulin were determined using electrochemiluminescence immunoassays. Then the cord 

blood DNA methylome and transcriptome were determined in 179 newborns, using the human 450K 

methylation Illumina and Agilent Whole Human Genome 8 × 60 K microarrays, respectively. 

Subsequently, we performed an epigenome-wide association study (EWAS) adjusted for different 

maternal and neonatal variables. Afterward, we focused on the 20 strongest associations based on p-

values to assign transcriptomic correlates and allocate corresponding pathways employing the R 

packages ReactomePA and RDAVIDWebService. On the regional level, we examined differential 

methylation using the DMRcate and Bumphunter packages in R. Cord blood mtDNA content and 

insulin were significantly correlated (r = 0.074, p = 0.028), still showing a trend after additional 

adjustment for maternal and neonatal variables (p = 0.062). We found an overlap of 33 pathways 

which were in common between the association with cord blood mtDNA content and insulin levels, 

including pathways of neurodevelopment, histone modification, cytochromes P450 (CYP)-

metabolism, and biological aging. We further identified a DMR annotated to Repulsive Guidance 

Molecule BMP Co-Receptor A (RGMA) linked to cord blood insulin as well as mtDNA content. 

Metabolic variation in early life represented by neonatal insulin levels and mtDNA content might 

reflect or accommodate alterations in neurodevelopment, histone modification, CYP-metabolism, and 

aging, indicating etiological origins in epigenetic programming. Variation in metabolic hormones at 

birth, reflected by molecular changes, might via these alterations predispose children to metabolic 

diseases later in life. The results of this study may provide important markers for following targeted 

studies (The Cord Blood Insulin and Mitochondrial DNA Content Related Methylome. Reimann B, 

Janssen BG, Alfano R, Ghantous A, Espín-Pérez A, de Kok TM, Saenen ND, Cox B, Robinson O, 

Chadeau-Hyam M, Penders J, Herceg Z, Vineis P, Nawrot TS, Plusquin M.Front Genet. 2019 Apr 

12;10:325. doi: 10.3389/fgene.2019.00325. eCollection 2019). 

 

 

 

  

https://pubmed.ncbi.nlm.nih.gov/31031804/
https://pubmed.ncbi.nlm.nih.gov/31031804/
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Overview 

Our literature reviews on metabolomics and epigenetics suggest that the evidence is still immature 

and too heterogeneous to draw strong inferences, though metabolomics in cord blood points to a 

relationship between cholestenone and childhood rapid growth, and between lower BCAAs and 

obesity in childhood. It is unclear if these changes are related to maternal behaviours and exposures 

or have a genetic origin. 

Our biomarker-based studies in the STOP consortium strongly suggest (in several ways, including 

mediation analysis) Branched-Chain Amino Acids (BCAAs) as mediators of risk factors for childhood 

overweight/obesity. This is consistent with intervention studies and animal studies showing that higher 

intake of BCAAs has positive impact on parameters including body composition, glycemia and 

satiety. Blood BCAAs levels could influence later propensity for overweight through causal processes 

such as control of food intake contributing to effects of dietary patterns on weight gain. However, 

mechanisms still need clarification. Our epigenetics-based study shows that DNA methylation of 

regions of DNA, gestational age acceleration, and to a lesser extent single CpGs located on genes 

involved in adipocytes differentiation, in cord blood were associated with rapid weight growth in 

infancy and one of the identified regions, on the AURKC gene (involved in regulation of the mitotic 

cell division process), was also associated with obesity in childhood. However, evidence on the role 

of epigenetics in childhood overweight or obesity is so far limited and further studies are needed. 

Concerning food, of particular concern is the trend of increasing intake of ultra-processed food, 

including among children. Research from the ALSPAC cohort has shown a relationship between UPF 

intake and trajectories in childhood adiposity (Figure 2). In ALSPAC (Handakas et al, 2022), UPF 

was related to lower blood levels of BCAAs providing a potential mechanism underlying control of 

food intake and obesity risk. While in is unclear if these associations represent a causative relationship, 

it is likely that BCAAs levels are indicative of overall diet quality such as sufficient protein intake. 

The protein leverage hypothesis proposes that a lower levels of protein may reduce feelings of satiety 

leading to overeating, (Martínez Steele E, Raubenheimer D, Simpson SJ, Baraldi LG, Monteiro 

CA. Ultra-processed foods, protein leverage and energy intake in the USA. Public Health 

Nutr. 2018;21(1):114-124). Several mechanisms have been proposed to explain the impact of UPF on 

obesity and overweight in adults, including changes in nutrient intake, changes in appetite (possibly 

mediated by gut hormones) or the role of additives. In particular, experimental studies on food 

consumption indicate that ultra-processed foods have low satiety potential and induce high glycaemic 

responses  ( Fardet, A. (2016). Minimally processed foods are more satiating and less hyperglycemic 

than ultra-processed foods: a preliminary study with 98 ready-to-eat foods. Food & function, 7(5), 

2338-2346; Monteiro, C. A., Cannon, G., Levy, R. B., Moubarac, J.-C., Louzada, M. L., Rauber, F., . 

. . Martinez-Steele, E. (2019). Ultra-processed foods: what they are and how to identify them. Public 

health nutrition, 22(5), 936-941; Monteiro, C. A., Cannon, G., Moubarac, J. C., Levy, R. B., Louzada, 

M. L. C., & Jaime, P. C. (2018). The UN Decade of Nutrition, the NOVA food classification and the 

trouble with ultra-processing. Public Health Nutr, 21(1), 5-17. doi:10.1017/S1368980017000234). 

While further research is needed on the role of UPF, especially on mechanistic pathways, evidence on 

their harmful effects is sufficient to limit their intake in children. 

In multiple cohorts we studied the association between gut hormones involved in the regulation of 

appetite and childhood overweight or obesity, including a longitudinal study between ages 4 and 9-

10. The postprandial response of ghrelin and GLP-1 seems to be disrupted in the obese. There is 
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evidence that ghrelin suppression is positively correlated with insulin sensitivity and a blunted ghrelin 

suppression could be a manifestation of the insulin resistance in obesity. The results from the 

longitudinal comparisons are in accordance with the data reported in most of the literature available 

and show in particular that fasting total ghrelin decreases with age, independent of the BMI and 

weight gain of the children. 

Finally, a few STOP studies generated new hypotheses, to be further verified, on the role of antibiotics 

in childhood obesity (possibly mediated by changes in the gut microbiome), and on potential new 

biomarkers, namely changes in mitochondrial DNA and retinal microvasculature as predictors of 

subsequent disease risk. 

The assessment of evidence for policy guidelines requires an approach to the appraisal of causality in 

observational studies that is summarized in the Appendix.  
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Appendix 

 

Strong association are more likely to indicate causality, small relative risks don’t imply lack of 

causality 

Replication in several studies, using same design or different epidemiological approaches, and in 

different circumstances support causality; reasons for inconsistent results need to be sought, high 

quality studies given more weight 

Dose-response relationship are a strong indication of causality; absence not necessarily is evidence 

against; decline of risk after cessation of exposure supports causal interpretation 

Specificity adds plausibility to causality, but toxicants may act upon more than one target 

Randomized Controlled Trials are rarely available for risk factors for diseases, though they offer 

particularly strong evidence for causality 

 

 


