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Abstract 
The tremendous increase in childhood obesity prevalence over the last few decades cannot merely be explained by genetics and evolutionary changes in the genome, implying that gene-environment interactions, such as epigenetic modifications, likely play a major role. This systematic review aims to summarize the evidence of the association between epigenetics and childhood obesity. 
A literature search was performed via Pubmed and Scopus engines using a combination of terms related to epigenetics and pediatric obesity. Articles studying the association between epigenetic mechanisms (including DNA methylation and hydroxymethylation, non-coding RNAs, chromatin and histones modification) and obesity and or overweight (or any related anthropometric parameters) in children (0-18 years) were included. The risk of bias was assessed with a modified Newcastle–Ottawa Scale for non-randomized studies.
121 studies explored epigenetic changes related to childhood obesity. DNA methylation was the most widely investigated mechanism (N=101 studies), followed by non-coding RNAs (N=19 studies) with evidence suggestive of an association with childhood obesity for DNA methylation of specific genes and miRNAs. One study, focussing on histone modifications, was identified.
Heterogeneity of the findings may have hindered more insights into the epigenetic changes related to childhood obesity. Gaps and challenges that future research should face are herein described.


Abbreviations: PRISMA= Preferred Reporting Items for Systematic Reviews and Meta-Analyses; PECO= Population, Exposure, Comparators and Outcomes; NOS= Newcastle–Ottawa scale; miRNA= microRNA; EWAS= epigenome wide association studies; HDAC4= histone deacetylase 4; PRLHR = prolactin releasing hormone receptor; TNXB= tenascin XB; PRDM16=PR domain containing 16; LINE-1= long interspersed nucleotide elements; MEST= mesoderm-specific transcript homolog protein; IGF2= insulin-like growth factor 2; LEP= leptin; HIF3A= hypoxia-inducible factor-3 alpha; RPH3AL = Rabphilin 3A Like; DMR= differentially methylated region; CDKN2A= cyclin-dependent kinase inhibitor 2A; KLF13= Kruppel-like factor 13; IOTF= International Obesity Task Force; WHO= World Health Organization

Introduction 
An estimated 40 million children under the age of five  and 340 million children and adolescents aged five to 19 years were overweight or obese in 20161. This global epidemic of childhood overweight and obesity poses serious threats to health from childhood throughout the entire life-course. 
Childhood overweight and obesity are the direct consequence of sustained positive energy balance, which finds its proximal determinants in the complex interplay between genetic make-up, lifestyle factors, obesogenic environment and social determinants2. Despite studies documenting childhood obesity heritability, the tremendous increase in the prevalence of obesity in children over the last few decades cannot merely be explained by evolutionary changes in the genome, implying that gene-environment interaction likely drives the childhood obesity epidemic2-5. Mitotically inheritable changes in gene function not explained by changes in the DNA sequence, referred to as epigenetics, are one of the primary molecular mechanisms underlying gene-environment interaction. It has been hypothesized that, during development, epigenetics is particularly vulnerable to modifications in response to environmental influences, and may program developmental and metabolic pathways towards obesity6-11. Epigenetics includes as major mechanisms: DNA modification (DNA methylation and hydroxymethylation), non-coding RNAs gene regulation and chromatin and histones modification. These mechanisms dynamically interplay, with changes at one epigenetic layer reflecting the others, although it is unclear if they follow a hierarchical order16. Moreover, epigenetics may have a role in childhood obesity aetiology10 but epigenetic modifications may also be a consequence of metabolic changes related to obesity 17
Previous reviews summarizing the evidence of epigenetic changes related to childhood obesity were narrative12-15, or systematic but focused on one single epigenetic mechanism16 and body size changes in early life (in children under 12 years of age)17. No systematic review of multiple epigenetic mechanisms in association with childhood obesity has been performed. Therefore, this systematic review aims to summarize the epigenetic changes related to obesity in children. A greater understanding of the mechanisms underpinning childhood obesity may contribute to informing the development of new interventions and treatments to prevent childhood obesity.

Methods
This registered systematic review (CRD42020207282) was reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement18.
Search strategy
The literature search was performed via Pubmed and Scopus engines using a combination of words related to children, obesity and epigenetics as detailed in Table S1. The last search was run on the 4th of January 2021. Manual search, using the snowballing technique, was performed to retrieve additional relevant references. References of the identified articles were imported and duplicates were removed using Revtool package in R. Two researchers (RA and MP) independently screened titles and abstracts and assessed eligibility based on full text of the articles, with disagreements resolved by the involvement of a third independent researcher (OR).
Eligibility criteria
[bookmark: _Hlk32999812][bookmark: _Hlk47690397][bookmark: _Hlk32855104][bookmark: _Hlk47690857][bookmark: _Hlk44004977][bookmark: _Hlk45180128]Eligibility criteria were defined, following the Population, Exposure, Comparators and Outcomes (PECO) statement components, as follows: (P) the study population is made up of human children; (E and O) the association between epigenetics (including DNA methylation and hydroxymethylation, non-coding RNAs and chromatin and histones modifications) measured in children and obesity and or overweight (and or anthropometric parameters related to obesity and or overweight including BMI, weight, waist circumference, adiposity, fat mass, waist-to-hip ratio, weight gain) in childhood are analysed; and (C) the levels of the epigenetic markers are compared between obese and or overweight and non-obese and or non-overweight children (or with continuous and or categorical variation of anthropometric parameters). Additional eligibility criteria were: (1) the paper’s full-text is available, (2) the paper is written in English, (3) the paper is an original article published in a peer-reviewed journal, (4) the data described in the paper have not been described by another article included in the systematic review (the most detailed and recent paper is preferred for inclusion), (5) the paper’s study design is observational or experimental, (6) the paper is not an in vitro or in silico study.
Data extraction
[bookmark: _Hlk33002511]Two researchers (RA and MP) independently extracted from identified articles the following information: study authors, year, country, study design, study population characteristics and size, details on anthropometric parameters and epigenetic marker, main findings, confounders, and validation or replication of the findings. A summary table has been structured by epigenetic measures, within which studies are ordered by the most recent publication placing the untargeted studies at the beginning, to increase the prominence of the most trustworthy evidence.
Risk of bias 
As no assessment tool has been validated for molecular epidemiology studies, the risk of bias of included studies was assessed with a modified Newcastle–Ottawa Scale (NOS) for non-randomized studies (Table S2), considering as low bias articles awarding six or more stars.

Results
DNA Methylation
As depicted in Figure 1, the systematic review included 101 studies on DNA methylation, among which 23 investigated DNA methylation using an epigenome-wide approach, 17 studied repetitive elements and imprinted regions, five investigated epigenetic age acceleration and 60 studied specific candidates (Table S3).
Epigenome-wide association studies
Methylation was analysed with different techniques in the 23 epigenome-wide association studies (EWASs). Illumina arrays were the most widely used technique (N studies=17 out of 23 studies), while a few studies used enzyme digestion–based tagging assay19,20, reduced representation bisulfite sequencing21, chromatin immunoprecipitation combined with DNA microarray22, targeted bisulfite sequencing23 and methylated DNA immunoprecipitation sequencing24. Peripheral blood was the most analysed sample type (N=15 studies), while a few studies used cord blood (N=4 studies)22,25-27, saliva or buccal cells (N=4 studies)23,28-30, neonatal blood spots samples (N=1 study)31, and placenta (N=1 study)32. The sample size of studied populations varied from seven to 4133 children, which in most cases were European (N=11) or from North America (N=8), with low representation of other countries (N=2 studies took place in Australia and 2 in China). Case-control was the most widely used design (N=10 studies), followed by cross-sectional (N=6 studies) and longitudinal (N=6 studies). More than half of the studies (N=12) considered important confounders (age, sex and white blood cell composition) in the analyses. Overall, 19 studies out of 23 found an association between childhood anthropometric parameters with at least one methylated CpG site or region (no significant epigenome-wide association at all were found in just four studies21,30,33,34). The main outcomes investigated included obesity (N=10), BMI (N=9), skinfold thickness (N=1), fat mass (N=2) in children over one year, while one study examined catch-up growth at 12 months26. All the studies, except one35, were rated at low risk of bias. 
Overall, methylation at only four genes, histone deacetylase 4 (HDAC4), prolactin-releasing hormone receptor (PRLHR), tenascin XB (TNXB) genes and PR domain containing 16 (PRDM16), was associated with obesity-related outcomes by more than one EWAS study. 
Repetitive elements and imprinted regions
Three studies analysed long interspersed nucleotide element 1 (LINE-1). Two prospective studies found an inverse association between LINE-1 methylation in blood spots at birth with obesity onset in preschool children36 and LINE-1 in peripheral blood of adolescents with changes of waist circumference, BMI, waist circumference and skinfold thickness over 30-weeks follow-up, in boys but not in girls.37 While another study did not find any cross-sectional association with LINE-1 in saliva and obesity or anthropometric parameters in adolescents.38 Two37,38 out of the three studies were rated at high risk of bias, and each study considered different sets of confounders.
16 studies analysed methylation at imprinted regions. The insulin-like growth factor 2 (IGF2) and the neighbouring H19 gene region were the most studied (N=12 studies). Out of the ten studies focusing on IGF2 only four did find an association with child anthropometrics39-42, and out of the nine studies focusing on H19, similarly, only three did find an association with child anthropometrics41,43,44. Five out of the ten studies investigating IGF2 methylation, and three out of nine studies investigating H19 methylation were at high risk of bias. Among the other imprinted regions, only one region at the mesoderm-specific transcript homolog protein (MEST) promoter was associated with obesity-related measures by two different studies45,46 On the contrary, another study did not find an association between cord blood MEST methylation and infant fat mass47.
Epigenetic age acceleration
Five studies analysed epigenetic age acceleration in cord48,49 and peripheral blood50-52 in relation to child weight or BMI. Population size was substantial (785-1145 children) in all the studies except one, in which only 94 girls participated. Epigenetic age was measured using the Horvath49-52, Hannum50,51 method and gestational epigenetic age using the Bohlin methods48. Gestational epigenetic age acceleration was associated with higher weight after birth up to 9 months, this association attenuated over time and reversed at the age of ten years48. On the contrary, epigenetic age acceleration at birth was associated with a higher fat mass on average from seven up to 17 years49. In childhood, cross-sectional studies found that age acceleration was positively associated with BMI at six years50 and 17 years51. In girls, growth in childhood was not associated with peri-pubertal age acceleration52. All the studies were rated at low risk of bias.
	Candidate genes 
60 studies investigated methylation at candidate genes. Methylation was mainly measured in peripheral blood (N=37 studies) and cord blood or neonatal blood spots (N=21 studies), while a few studies investigated methylation in placenta (N=4 studies) and saliva (N=4 studies). Study population sizes varied from 14 to 1074 children which were primarily European (N=24 studies), but also American (N= 14 from the US, 2 from Mexico, 3 from Canada and 1 from Brazil) and Asian (N=11 studies), while just four studies investigated children in Australia and one in Egypt. Most of the candidate genes studies had longitudinal (N= 33 studies), fewer case-control (N= 11 studies) and cross-sectional (N= 13 studies) designs, and only three studies were trials (N= 3 studies53-55). Main outcomes investigated included BMI (N=28 studies), obesity (N=17 studies), body fat (N=5 studies), waist circumference (N=1 study) in children over one year, and infant obesity (N=1 study), weight (N=6 studies, in which rapid growth or weight gain were measured) and fat mass (N=1 study) during the first year of life. Fifteen out of 60 studies considered important confounders (age, sex and white blood cell composition) in the analyses and almost half (31 out 60 studies) were rated at low risk of bias. Nine studies56-64 did not find any association between methylation at candidate gene and childhood obesity or anthropometric parameters. Leptin (LEP) and hypoxia-inducible factor-3 alpha (HIF3A) genes were the most studied (N=10 and 4 studies, respectively). 
Out of the ten studies focused on LEP eight found an association with childhood anthropometric parameters 38,53,55,65-69. Four studies focused on the HIF4A gene, all finding an association with childhood anthropometric parameters70-73. 
Of interest, one candidate study found that BMI at ten years was predictive of changes in DNA methylation at the Rabphilin 3A Like (RPH3AL) gene between ten and 18 years74, and this association was later confirmed in an EWAS, which found methylation at this same gene was higher in children with obesity compared to controls by an EWAS35. 
In total methylation at 314 genes was found by at least one study included in the review to be associated with obesity or anthropometric parameters in infancy and childhood (Figure 2A and Table S4).
Non-coding RNA
A summary of the 19 studies on non-coding RNAs included in our systematic review is reported in Table S3. Most of the studies (N=11) analysed non-coding RNAs using untargeted approaches. Peripheral blood was the most analysed sample type (N=16 studies), while just a few studies used cord blood75, adipose tissue76 and placenta77. The sample size of the studied populations varied from eight to 250 children which in most cases were European (N=9) and Asian (N=7) and with poor representation of other parts of the world (N= 2 studies took place in the United States and 1 in Chile). Case-control was the most used design (N=15 studies), a longitudinal set-up was applied twice75,77 and one study was cross-sectional78. One study was a quasi-randomized controlled before-and-after intervention79. Few studies (N=5) considered important confounders (age and sex) in the analyses, while the rest did not adjust for any confounder at all. Most of the studies were nevertheless rated at low risk of bias (N= 12 out of 19). All the studies analysed childhood obesity or BMI, two studies analysed catch-up growth and weight gain and one subcutaneous abdominal tissue thickness. Two studies did not find any significant association between non-coding RNAs and childhood anthropometric parameters80,81. Most of the studies were at low risk of bias (N=12) (Fig. S1).
One untargeted study analysed long non-coding RNA expression profile in adipose tissue finding a large amount of long non-coding RNAs linked to childhood obesity, among which six were further validated using quantitative reverse transcription PCR (qRT-PCR)76. 
Ten untargeted studies profiled miRNA expression and all found child anthropometrics related at least to one miRNA75,77,78,82-88. Interestingly, ten miRNAs were associated with child anthropometrics by more than one untargeted study: miR-19184,87, miR-12278,82,85, miR-12578,85, miR-13084,85, miR-19778,83, mi-R22178,85, miR-22283,85,87, miR‐42382,85, miR-48682,85 and miR-53282,85. Among the eight studies investigating candidate miRNAs all, except two80,81, found some associations with child anthropometrics. Two candidate studies confirmed associations from untargeted miRNAs studies: Al-Rawaf et al89 found 10 miRNAs associated with childhood obesity, five of which were found related to obesity in childhood by untargeted miRNA studies (miR-13084,85, miR-14285, miR-14683, miR-22283,85; and mi-R42378,82,85); and Thompson et al90 found 16 miRNAs differentially expressed in obese children affected by non-alcoholic fatty liver disease, with four miRNAs common to untargeted miRNA studies (miR-12278,82,85, miR-1583, miR-19184,87, miR-19984, miR-22283,85). Interestingly, the association of one miRNA (miR-142) with BMI found by an untargeted analysis85, was later confirmed in a candidate study91.
[bookmark: _Hlk75880427]In total 65 non-coding RNAs were found by at least one study included in the review to be associated with obesity or anthropometric parameters in infancy and childhood (Figure 2B and Table S5).
Histone modification
The only study on histone modification we identified (Figure 1) found higher levels of H2AX histone phosphorylation, measured via immunofluorescence, in overweight and obese than in normal weighted prepuberal children (Table S3) and was overall rated at low risk of bias92.
Risk of bias
[bookmark: _Hlk60847676]Most of the studies were at low risk of bias (64 out of 101 for DNA methylation, 12 out of 19 for non-coding RNAs studies and the only one study for histones modification) (Table S6). The domain with the highest risk of bias in both DNA methylation and non-coding RNAs studies was the one related to comparability (Fig. S1).

Discussion
In one decade, more than one hundred studies explored epigenetic associations with childhood obesity which testifies the great interest of the scientific community on this topic.
DNA methylation 
DNA methylation was the most studied mechanism as an epigenetic determinant of childhood obesity. The candidate-based approach was the most recurring methodology to investigate DNA methylation. In most cases, there was evidence of an association with childhood obesity, for example LEP and HIF3A genes were consistently associated with multiple anthropometric parameters. However, the findings of candidate studies were generally not confirmed by the EWASs and need careful interpretation since the selection of candidates mainly was based on previous literature on adult obesity93,94, and positive publication bias cannot be excluded.
On the other side, EWASs did identify hundreds of sites differentially methylated with different child anthropometric parameters, with overlaps between multiple studies at four genes: HDAC495,96, PRLHR24,25, TNXB31,96 and PRDM1627,96. These genes warrant further investigation, particularly considering that PRLHR and TNXB have been associated with multiple outcomes in children (Figure 2) and HDAC4, TNXB and PRDM16 could be involved in obesity in adults97-99. Lack of overlap between EWASs findings could be due to the different techniques used to measure methylation or the threshold used to account for statistical significance. Furthermore, population size surpassed one thousand participants in only two studies27,100. Consortia, such as pregnancy and childhood epigenetics consortium (PACE), using more than eight thousand children found weight at birth is associated with widespread differences in DNA methylation101, while only a few epigenetic signatures have been associated with BMI and obesity in childhood27. Finally, while most of the studies analysed methylation at single CpG sites, the findings of several DMRs22,23,25,31 related to childhood obesity suggest that regulation of epigenetics underlying obesity in childhood could be a more complex event in which multiple CpG sites act simultaneously. 
Evidence for the association of DNA methylation at the global level, at imprinted regions and epigenetic age acceleration with childhood obesity is still scarce. Findings mostly suggest an inverse association of LINE-1, a surrogate marker for global methylation levels, with child anthropometrics. As lower global DNA methylation is associated with increased genomic instability and chromosomal rearrangements, future studies should clarify its link with childhood obesity. Studies investigating imprinted regions focused mainly on IGF2 and H19. Few reports did find an association, while most of the evidence pointed toward a lack of significant association with children anthropometrics. However, investigation of other imprinted regions may provide a better understanding of the non-genomic transgenerational inheritance of childhood obesity. Available evidence shows an association between epigenetic gestation age acceleration and obesity-related measures, although the direction of this association is still debated. There is no clear evidence for association with epigenetic age acceleration in childhood. This inconsistency in findings could be attributed to the use of different methods to measure epigenetic acceleration. Further research is needed, using the most appropriate method for the sample type analysed. Other molecular markers of aging, such as telomeres, have been already associated with childhood obesity and even prenatal maternal factors, such as pre-pregnancy BMI102103. 
Non-coding RNAs
The most studied non-coding RNAs were the miRNAs, while only one study focused on long non-coding RNAs. Most of the miRNA studies analysed child obesity and or BMI, while fewer studies also analyzed other anthropometric parameters, which may explain most of the overlaps between miRNAs associated with BMI and obesity (Figure 2).
Untargeted approaches have been preferred over candidate studies, and both suggested an association with mi-RNAs. Among the findings, miR-122, miR-222 and miR-423, were found associated with child anthropometrics by at least four different studies (two of which being untargeted) 78,82,83,85,89,90. Untargeted studies were based on a small sample size of populations (max N participants= 18), but candidate studies with larger sample sizes corroborated these results (max N participants= 250)89,90, indicating future research should prioritize their investigation. Some of these miRNAs (eg. miR-122, miR-222 and miR-423) have also been previously found to be associated with obesity in adults104,105. 
[bookmark: _Hlk75785934]Causal relationships: epigenetics is a cause or a consequence?
[bookmark: _Hlk76142908][bookmark: _Hlk76218543][bookmark: _Hlk76218629][bookmark: _Hlk76143677][bookmark: _Hlk76148123]Epigenetics has been postulated to represent a bridge between nutrition during pregnancy and early life and childhood obesity.9,106 Beyond nutrition, many other prenatal and early life factors may influence childhood obesity phenotype via epigenetics, including maternal pre-pregnancy overweight and obesity, gestational diabetes, and even paternal socioeconomic status.107-109 The effect of these exposures on epigenetics can be direct or mediated via other omic layers (e.g. via the microbiome110). However, very few studies formally investigated the exact chain of events leading to childhood obesity in a causal framework. For example, despite that breastfeeding and childhood obesity were associated with LEP methylation by multiple studies,56,66,69 no indirect effect via methylation was detected when formal mediation was tested.69 Further, epigenetic changes may fade but still impact anthropometric measures indirectly, as demonstrated by Junge et al. that found that methylation at MEST promotor in cord blood did not modify BMI of children at six years directly, but indirectly through changes of BMI at one year.45 Finally, the temporal sequence between epigenetic changes and the onset of childhood obesity is uncertain because epigenetics may be altered by a wide range of stimuli, including metabolic changes associated with obesity itself. Most of the studies included in the review used a cross-sectional design, making it impossible to disentangle the temporal sequence of events. Some DNA methylation studies employed longitudinal designs or statistical techniques, such as Mendelian randomization, to disentangle this relationship. In the ALSPAC cohort, childhood BMI was associated with methylation at HIF3A gene in adolescence, but childhood methylation was not robustly associated with BMI in adolescence, and based on Mendelian randomization HIF3A methylation did not play a causal role on BMI.72 In the same cohort, causal relationships between DNA methylation score and BMI were assessed using cross-lagged and longitudinal models finding that the DNA methylation score was a poor predictor of future BMI. At the same time, Mendelian randomisation analysis supported that BMI was predictive of later DNA methylation, although the evidence was weak111. Another possible indication of the temporal sequence of BMI-epigenetic association derives from the study of Shah et al., which found that DNA methylation score could predict BMI better in adolescent individuals when the effect sizes used for generating the score were derived from a younger cohort than when they were derived from older individuals112. The authors speculated that the more robust effects seen on methylation could be due to reverse causation and the difference could be attributable to the fact that older individuals are exposed to adiposity phenotype for a longer time. A similar pattern of BMI being predictive of later life methylation was also in longitudinal studies, for example, Han et al. found that BMI at ten years was predictive of changes in Rabphilin 3A Like (RPH3AL) gene methylation between ten and 18 years74. 
Although based on a few observations, the available evidence supports adiposity in childhood leading to changes in methylation, rather than the other way around, consistently with findings in adults113,114. This has important implications in the prevention of obesity-related diseases as epigenetic may be an intermediate biomarker between obesity and obesity-related diseases. If obesity causes epigenetic changes, then epigenetics may fall on the causal pathway between obesity and obesity-related outcomes, as already demonstrated in children111 and adult studies115. Future research should further investigate the causality of the biomarkers identified to be associated with obesity in childhood.
The interplay between the three epigenetic mechanisms and with other biological layers
We found some indication pointing towards a possible cross-talk between epigenetics markers related to childhood obesity. Two different studies found an association between methylation at two different sites of the HDAC4 gene, a member of the histone deacetylase family, and obesity in childhood, although with opposite direction of the association, which could be explained by the different position of the identified CpGs in the gene (at 5′UTR in one study and the gene body in the other study)95,96. Furthermore, one of the two studies also found differential methylation in children with obesity compared to controls at the HIST1H2BG gene, encoding for a histone member of the histone H2B family96. Whether the identified methylation changes are reflected in differential chromatin regulation is not known. In adults, a study found that after an exercise intervention, HDAC4 methylation decreased in adipose tissue, which correlated with expression levels116. No study has yet investigated histone deacetylation in relation to childhood obesity, however higher levels of H2AX histone phosphorylation were reported in children with overweight and obesity compared to controls.92 
A possible interplay between methylation and non-coding RNA targets related to childhood obesity is suggested by the finding from several studies that methylation of genes putatively encoding for long non-coding RNAs (nc886,31 LOC101929268,117 LOC254559, LOC100133991,96 LOC102723493 and LOC10004971625) and miRNAs23,118,119 were associated with children anthropometric parameters. Despite DNA methylation theoretically affecting gene expression, none of these studies provide evidence of such an association through measurement of circulating levels of the corresponding RNAs. However, among the genes identified as differentially methylated, two (one gene putatively associated with miR-27118 and the MIRLET7BHG host gene119) encoded miRNAs that were found to be differentially expressed in children with obesity compared to control84,90,120. Further, one study found that miRNA expression levels in the placenta were correlated with methylation levels at an imprinted gene (C19MC), which was associated with the offspring’s anthropometry at six years, supporting the hypothesis of a close cross-talk between methylation and miRNAs121. Finally, one study identified BMI in girls of five years was associated with lower levels of promoter methylation at DNMT3B gene122, which encodes a DNA methyltransferase, whose recruitment is regulated by numerous mechanisms, including chromatin modifications and non-coding RNAs.123
[bookmark: _Hlk76218496][bookmark: _Hlk76132705]Finally, epigenetics represents only a tiny part of the many biological molecules interacting in our body. Mechanisms through which environmental exposures in early life shape the risk of obesity in childhood may involve many other biological layers. For example, the microbiome may induce epigenetic changes involved in the development of obesity via metabolic products such as short-chain fatty acids110. Multi-omics studies,124 investigating multiple omic layers, and holo-omics studies,125 investigating the interactions between the multiple omic layers of the host organisms and their associated microbiome, may provide a better understanding of the developmental programming of childhood obesity. Since there are well-known genetic predispositions to obesity in children, future studies should also incorporate genetic data in their analysis and testing gene-gene interactions126,127.
Gaps and constraints
Heterogeneity of findings, mainly attributable to lack of comparability between the studies (Fig S1), may have hindered more insights into the epigenetic changes related to childhood obesity, and future research should try to overcome the limitations summarized in Figure 2C. 
Childhood obesity prevalence differs by country as a result of both genetic and epigenetic factors128. Most of the studies analysed in the review were conducted in European or American populations, while the representation of Asian and Australian populations was much lower. Despite that North Africa is one of the regions with the highest rate of childhood obesity prevalence, only one African study population was included3,53. Only four studies investigated the relationship between epigenetics and childhood obesity through pooling populations (mostly European) from different countries or via meta-analytical approaches27,87,100,117. Future research should assess the generalizability of the findings available in different ethnic groups. 
There is no single measure of adiposity that can be used across infancy, childhood and adolescence periods. In the reviewed studies, the definition of overweight or obesity was based: on the weight in infants below two years (apart from one study that used weight for adolescents59), and on BMI in children at later ages. A variety of references, including standard references of the International Obesity Task Force (IOTF) or the World Health Organization (WHO), country-specific growth chart references or setting specific reference values were used. Using different references may lead to different classifications of children as being overweight and obese, explaining the heterogeneity of the findings. In addition, it is uncertain if in children BMI reflects increases in lean or fat mass and which is the best measure of adiposity to use129,130. To overcome this issue, some studies also investigated other anthropometric parameters (e.g. calculating weight gain across infancy, using fat mass and skinfold thickness or waist and hip circumferences), and found that some epigenetic marks were related to multiple outcomes (Figure 2). 
Further, not all the studies adjusted analyses for the same set of confounders. One-third of the studies performed their analysis adjusting at least for sex and age (and white blood cells for DNA methylation studies), which are known sources of variation of children’s anthropometrics and epigenetics. In contrast, another third did not adjust for any factor at all, although in most cases age and sex-specific anthropometric measures were calculated. It could be interesting to investigate sexual dysmorphism, as sex-specific associations between DNA methylation and epigenetics have also been reported using longitudinal design46,131,132. Further, paternal influences on epigenetics and childhood obesity have been considered in just a few papers, testifying that the father's role is underrepresented in this field of research, although recent evidence suggest could be of importance107,133. Cell composition within a tissue represents an additional source of potential confounding of DNA methylation patterns134. Only 30% of the studies adjusted for cell-type composition, mainly using established bioinformatic correction methods. However, multicollinearity between cell estimates themselves may have a tremendous impact on results. Barton et al.135 demonstrated that, after adjustment for cell types composition, the association of CDKN2A methylation with BMI was no longer significant and had inverse direction compared to not adjusted results22. Future research should consider assessing possible multicollinearity and applying new strategies to minimize it.
[bookmark: _Hlk76218449]Most of the studies in this review analysed peripheral and cord blood, while fewer studies analysed saliva, placenta and neonatal blood spots. Epigenetics is tissue-specific136,137 and is subjected to dramatic changes during development in childhood138. In adults, studies reported a degree of correlation between methylation in blood and adipose tissue139, and epigenetic changes associated with obesity in blood were found to mirror those found in adipose tissue140,141, but whether it is the same also for children is not yet known. Only one study used adipose tissue to validate the association with childhood obesity obtained in peripheral blood in children. Interestingly, this study found that differential DNA methylation patterns in the KLF13 gene, that have been previously related to adult BMI93, were present in blood, pre-adipocytes and pancreatic islet cells, suggesting that blood samples could be used as a surrogate for representing epigenetic changes in cells related to childhood obesity142. Moreover, only circulating non-coding RNAs were studied in relation to childhood obesity. Non-coding RNAs can be released from cells directly in the circulation and packaged in extracellular vesicles. Extracellular vesicles, including exosomes, modulating via their miRNA cargos the metabolic processes, have been reported to be linked to adult obesity, but their role in childhood obesity remains poorly understood143.
[bookmark: _Hlk76214097][bookmark: _Hlk75958118]Heterogeneity of the findings could be attributed to different techniques used to measure the epigenetics (especially for studies of DNA methylation as represented in Fig S1) and to small sample size populations (especially for studies of miRNAs as represented in Fig S1), which may increase the risk of both false positive and negative results. In this regard, although we did not test publication bias formally, results of the present systematic review should be carefully interpreted since most of the included articles reported at least one significant association with obesity/overweight or any other related anthropometrics in childhood, and most of them have a small sample size. This issue should be seriously considered, especially for DNA methylation studies, that analysed mostly candidate CpGs sites for which a negative finding would be difficult to find a place in peer review journals. Future research should put more effort into investigating larger size children populations or implementation of power calculations144. Using a non-invasive matrix such as saliva may be an opportunity to collect samples in larger-scale children-based population studies145. 

Conclusions
Several studies showed evidence that childhood obesity is linked to epigenetic changes. Most of the identified epigenetic signatures have not yet been replicated, indicating that a childhood epigenetics obesity signature is at least complex to unravel, and further investigation is warranted. Based on the identified studies, epigenetics seems to be a more plausible biomarker of childhood obesity rather than its cause, nevertheless, caution is needed because cross-sectional studies were most represented. Interaction between the different epigenetic layers is still based on assumptions rather than solid scientific evidence. 

2


References
1.	Global Nutrition Report: Shining a light to spur action on nutrition. In. Bristol, UK2018.
2.	Rhee KE, Phelan S, McCaffery J. Early Determinants of Obesity: Genetic, Epigenetic, and In Utero Influences. International Journal of Pediatrics. 2012;2012:463850.
3.	Worldwide trends in body-mass index, underweight, overweight, and obesity from 1975 to 2016: a pooled analysis of 2416 population-based measurement studies in 128·9 million children, adolescents, and adults. Lancet. 2017;390(10113):2627-2642.
4.	Qasim A, Turcotte M, de Souza RJ, et al. On the origin of obesity: identifying the biological, environmental and cultural drivers of genetic risk among human populations. Obes Rev. 2018;19(2):121-149.
5.	Eisenmann JC. Insight into the causes of the recent secular trend in pediatric obesity: Common sense does not always prevail for complex, multi-factorial phenotypes. Prev Med. 2006;42(5):329-335.
6.	Kappil M, Wright RO, Sanders AP. Developmental Origins of Common Disease: Epigenetic Contributions to Obesity. Annu Rev Genomics Hum Genet. 2016;17:177-192.
7.	Amatruda M, Ippolito G, Vizzuso S, Vizzari G, Banderali G, Verduci E. Epigenetic Effects of n-3 LCPUFAs: A Role in Pediatric Metabolic Syndrome. Int J Mol Sci. 2019;20(9):2118.
8.	Isganaitis E. Developmental Programming of Body Composition: Update on Evidence and Mechanisms. Curr Diab Rep. 2019;19(8):60.
9.	Marousez L, Lesage J, Eberlé D. Epigenetics: Linking Early Postnatal Nutrition to Obesity Programming? Nutrients. 2019;11(12):2966.
10.	Manco M, Dallapiccola B. Genetics of pediatric obesity. Pediatrics. 2012;130(1):123-133.
11.	Bianco-Miotto T, Craig JM, Gasser YP, van Dijk SJ, Ozanne SE. Epigenetics and DOHaD: from basics to birth and beyond. J Dev Orig Health Dis. 2017;8(5):513-519.
12.	Lima RS, de Assis Silva Gomes J, Moreira PR. An overview about DNA methylation in childhood obesity: Characteristics of the studies and main findings. J Cell Biochem. 2019.
13.	Demetriou CA, van Veldhoven K, Relton C, Stringhini S, Kyriacou K, Vineis P. Biological embedding of early-life exposures and disease risk in humans: a role for DNA methylation. Eur J Clin Invest. 2015;45(3):303-332.
14.	Fischer-Posovszky P, Roos J, Kotnik P, et al. Functional Significance and Predictive Value of MicroRNAs in Pediatric Obesity: Tiny Molecules with Huge Impact? Horm Res Paediatr. 2016;86(1):3-10.
15.	Iacomino G, Siani A. Role of microRNAs in obesity and obesity-related diseases. Genes Nutr. 2017;12:23.
16.	Oses M, Margareto Sanchez J, Portillo MP, Aguilera CM, Labayen I. Circulating miRNAs as Biomarkers of Obesity and Obesity-Associated Comorbidities in Children and Adolescents: A Systematic Review. Nutrients. 2019;11(12).
17.	Maddock J, Wulaningsih W, Fernandez JC, et al. Associations between body size, nutrition and socioeconomic position in early life and the epigenome: A systematic review. PLoS One. 2018;13(8):e0201672.
18.	Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. 2009;6(7):e1000097.
19.	Rastogi D, Johnston AD, Nico J, et al. Functional Genomics of the Pediatric Obese Asthma Phenotype Reveal Enrichment of Rho-GTPase Pathways. Am J Respir Crit Care Med. 2020;202(2):259-274.
20.	Rastogi D, Suzuki M, Greally JM. Differential epigenome-wide DNA methylation patterns in childhood obesity-associated asthma. Sci Rep. 2013;3(1):2164.
21.	He F, Berg A, Imamura Kawasawa Y, et al. Association between DNA methylation in obesity-related genes and body mass index percentile in adolescents. Sci Rep. 2019;9(1):2079.
22.	Lillycrop K, Murray R, Cheong C, et al. ANRIL Promoter DNA Methylation: A Perinatal Marker for Later Adiposity. EBioMedicine. 2017;19:60-72.
23.	Rounge TB, Page CM, Lepistö M, Ellonen P, Andreassen BK, Weiderpass E. Genome-wide DNA methylation in saliva and body size of adolescent girls. Epigenomics. 2016;8(11):1495-1505.
24.	Ding X, Zheng D, Fan C, et al. Genome-wide screen of DNA methylation identifies novel markers in childhood obesity. Gene. 2015;566(1):74-83.
25.	Kresovich JK, Zheng Y, Cardenas A, et al. Cord blood DNA methylation and adiposity measures in early and mid-childhood. Clin Epigenetics. 2017;9(1):86.
26.	Quilter CR, Cooper WN, Cliffe KM, et al. Impact on offspring methylation patterns of maternal gestational diabetes mellitus and intrauterine growth restraint suggest common genes and pathways linked to subsequent type 2 diabetes risk. FASEB J. 2014;28(11):4868-4879.
27.	Vehmeijer FOL, Küpers LK, Sharp GC, et al. DNA methylation and body mass index from birth to adolescence: meta-analyses of epigenome-wide association studies. Genome Medicine. 2020;12(1):105.
28.	Kaufman J, Montalvo-Ortiz JL, Holbrook H, et al. Adverse Childhood Experiences, Epigenetic Measures, and Obesity in Youth. J Pediatr. 2018;202:150-156.e153.
29.	Geraghty AA, Sexton-Oates A, O'Brien EC, Saffery R, McAuliffe FM. Epigenetic Patterns in Five-Year-Old Children Exposed to a Low Glycemic Index Dietary Intervention during Pregnancy: Results from the ROLO Kids Study. Nutrients. 2020;12(12).
30.	Henriksson P, Lentini A, Altmäe S, et al. DNA methylation in infants with low and high body fatness. BMC Genomics. 2020;21(1):769.
31.	van Dijk SJ, Peters TJ, Buckley M, et al. DNA methylation in blood from neonatal screening cards and the association with BMI and insulin sensitivity in early childhood. Int J Obes (Lond). 2018;42(1):28-35.
32.	Gagné-Ouellet V, Breton E, Thibeault K, et al. Placental Epigenome-Wide Association Study Identified Loci Associated with Childhood Adiposity at 3 Years of Age. Int J Mol Sci. 2020;21(19).
33.	Samblas M, Milagro FI, Mansego ML, Marti A, Martinez JA. PTPRS and PER3 methylation levels are associated with childhood obesity: results from a genome-wide methylation analysis. Pediatr Obes. 2018;13(3):149-158.
34.	Eriksson A, Williams MJ, Voisin S, et al. Implication of coronin 7 in body weight regulation in humans, mice and flies. BMC Neuroscience. 2015;16(1):13.
35.	Cao-Lei L, Elgbeili G, Szyf M, Laplante DP, King S. Differential genome-wide DNA methylation patterns in childhood obesity. BMC Res Notes. 2019;12(1):174.
36.	Perng W, Mora-Plazas M, Marín C, Rozek LS, Baylin A, Villamor E. A prospective study of LINE-1DNA methylation and development of adiposity in school-age children. PLoS One. 2013;8(4):e62587.
37.	Kochmanski J, Goodrich JM, Peterson KE, Lumeng JC, Dolinoy DC. Neonatal bloodspot DNA methylation patterns are associated with childhood weight status in the Healthy Families Project. Pediatr Res. 2019;85(6):848-855.
38.	Dunstan J, Bressler JP, Moran TH, et al. Associations of LEP, CRH, ICAM-1, and LINE-1 methylation, measured in saliva, with waist circumference, body mass index, and percent body fat in mid-childhood. Clin Epigenetics. 2017;9(1):29.
39.	Bouwland-Both MI, van Mil NH, Stolk L, et al. DNA methylation of IGF2DMR and H19 is associated with fetal and infant growth: the generation R study. PLoS One. 2013;8(12):e81731.
40.	Do EK, Zucker NL, Huang ZY, et al. Associations between imprinted gene differentially methylated regions, appetitive traits and body mass index in children. Pediatr Obes. 2019;14(2):e12454.
41.	Huang R-C, Galati JC, Burrows S, et al. DNA methylation of the IGF2/H19 imprinting control region and adiposity distribution in young adults. Clin Epigenetics. 2012;4(1):21.
42.	Ács O, Péterfia B, Hollósi P, Luczay A, Török D, Szabó A. Methylation Status of CYP27B1 and IGF2 Correlate to BMI SDS in Children with Obesity. Obes Facts. 2017;10(4):353-362.
43.	Bowman A, Peterson KE, Dolinoy DC, et al. Phthalate Exposures, DNA Methylation and Adiposity in Mexican Children Through Adolescence. Frontiers in Public Health. 2019;7(162).
44.	Perkins E, Murphy SK, Murtha AP, et al. Insulin-like growth factor 2/H19 methylation at birth and risk of overweight and obesity in children. J Pediatr. 2012;161(1):31-39.
45.	Junge KM, Leppert B, Jahreis S, et al. MEST mediates the impact of prenatal bisphenol A exposure on long-term body weight development. Clin Epigenetics. 2018;10(1):58.
46.	Gonzalez-Nahm S, Mendez MA, Benjamin-Neelon SE, et al. DNA methylation of imprinted genes at birth is associated with child weight status at birth, 1 year, and 3 years. Clin Epigenetics. 2018;10(1):90.
47.	Thakali KM, Faske JB, Ishwar A, et al. Maternal obesity and gestational weight gain are modestly associated with umbilical cord DNA methylation. Placenta. 2017;57:194-203.
48.	Bright HD, Howe LD, Khouja JN, Simpkin AJ, Suderman M, O’Keeffe LM. Epigenetic gestational age and trajectories of weight and height during childhood: a prospective cohort study. Clin Epigenetics. 2019;11(1):194.
49.	Simpkin AJ, Howe LD, Tilling K, et al. The epigenetic clock and physical development during childhood and adolescence: longitudinal analysis from a UK birth cohort. Int J Epidemiol. 2017;46(2):549-558.
50.	Shiau S, Wang L, Liu H, et al. Prenatal gestational diabetes mellitus exposure and accelerated offspring DNA methylation age in early childhood. Epigenetics. 2020:1-10.
51.	Huang R-C, Lillycrop KA, Beilin LJ, et al. Epigenetic Age Acceleration in Adolescence Associates With BMI, Inflammation, and Risk Score for Middle Age Cardiovascular Disease. J Clin Endocrinol Metab. 2019;104(7):3012-3024.
52.	Binder AM, Corvalan C, Mericq V, et al. Faster ticking rate of the epigenetic clock is associated with faster pubertal development in girls. Epigenetics. 2018;13(1):85-94.
53.	El Sayed S, Khairy E, Basheer AR, Zaki WS, Ahmad GF, Kassim SK. Evaluation of leptin and MMP2 genes methylation in childhood obesity. Gene Reports. 2018;11:79-86.
54.	Moleres A, Campión J, Milagro FI, et al. Differential DNA methylation patterns between high and low responders to a weight loss intervention in overweight or obese adolescents: the EVASYON study. FASEB J. 2013;27(6):2504-2512.
55.	Gallardo-Escribano C, Buonaiuto V, Ruiz-Moreno MI, et al. Epigenetic approach in obesity: DNA methylation in a prepubertal population which underwent a lifestyle modification. Clin Epigenetics. 2020;12(1):144.
56.	Pauwels S, Symons L, Vanautgaerden EL, et al. The Influence of the Duration of Breastfeeding on the Infant's Metabolic Epigenome. Nutrients. 2019;11(6).
57.	Anguita-Ruiz A, Mendez-Gutierrez A, Ruperez AI, et al. The protein S100A4 as a novel marker of insulin resistance in prepubertal and pubertal children with obesity. Metabolism. 2020;105:154187.
58.	Jakubek-Kipa K, Potocka N, Skrzypa M, Dembinski Ł, Zawlik I, Mazur A. Methylation status of leptin receptor gene promoter in obese children. Pediatr Pol. 2020;95(2):86-91.
59.	Loid P, Pekkinen M, Reyes M, et al. GNAS, PDE4D, and PRKAR1A Mutations and GNAS Methylation Changes Are Not a Common Cause of Isolated Early-Onset Severe Obesity Among Finnish Children. Front Pediatr. 2020;8:145.
60.	Carobin NV, Rubatino FV, Freitas ML, et al. Methylation profile of SNRPN gene and its correlation with weight and chronological age. Genet Mol Res. 2015;14(4):13791-13798.
61.	Davé V, Yousefi P, Huen K, Volberg V, Holland N. Relationship between expression and methylation of obesity-related genes in children. Mutagenesis. 2015;30(3):411-420.
62.	Sharp GC, Lawlor DA, Richmond RC, et al. Maternal pre-pregnancy BMI and gestational weight gain, offspring DNA methylation and later offspring adiposity: findings from the Avon Longitudinal Study of Parents and Children. Int J Epidemiol. 2015;44(4):1288-1304.
63.	Yoo JY, Lee S, Lee HA, et al. Can proopiomelanocortin methylation be used as an early predictor of metabolic syndrome? Diabetes Care. 2014;37(3):734-739.
64.	Kim J, Bhattacharjee R, Khalyfa A, et al. DNA methylation in inflammatory genes among children with obstructive sleep apnea. Am J Respir Crit Care Med. 2012;185(3):330-338.
65.	García-Cardona MC, Huang F, García-Vivas JM, et al. DNA methylation of leptin and adiponectin promoters in children is reduced by the combined presence of obesity and insulin resistance. Int J Obes (Lond). 2014;38(11):1457-1465.
66.	Obermann-Borst SA, Eilers PHC, Tobi EW, et al. Duration of breastfeeding and gender are associated with methylation of the LEPTIN gene in very young children. Pediatr Res. 2013;74(3):344-349.
67.	Mansell T, Ponsonby AL, Collier F, et al. Methylation of the LEP gene promoter in blood at 12 months and BMI at 4 years of age-a population-based cohort study. Int J Obes (Lond). 2020;44(4):842-847.
68.	Gagné-Ouellet V, Breton E, Thibeault K, et al. Mediation Analysis Supports a Causal Relationship between Maternal Hyperglycemia and Placental DNA Methylation Variations at the Leptin Gene Locus and Cord Blood Leptin Levels. Int J Mol Sci. 2020;21(1):329.
69.	Sherwood WB, Bion V, Lockett GA, et al. Duration of breastfeeding is associated with leptin (LEP) DNA methylation profiles and BMI in 10-year-old children. Clin Epigenetics. 2019;11(1):128.
70.	Mansell T, Burgner D, Ponsonby A-L, et al. HIF3A cord blood methylation and systolic blood pressure at 4 years – a population-based cohort study. Epigenetics. 2020:1-9.
71.	Pan H, Lin X, Wu Y, et al. HIF3A association with adiposity: the story begins before birth. Epigenomics. 2015;7(6):937-950.
72.	Richmond RC, Sharp GC, Ward ME, et al. DNA Methylation and BMI: Investigating Identified Methylation Sites at HIF3A in a Causal Framework. Diabetes. 2016;65(5):1231-1244.
73.	Wang S, Song J, Yang Y, Zhang Y, Wang H, Ma J. HIF3A DNA Methylation Is Associated with Childhood Obesity and ALT. PloS one. 2015;10(12):e0145944-e0145944.
74.	Han L, Zhang H, Kaushal A, et al. Changes in DNA methylation from pre- to post-adolescence are associated with pubertal exposures. Clin Epigenetics. 2019;11(1):176.
75.	Mas-Parés B, Xargay-Torrent S, Bonmatí A, et al. Umbilical Cord miRNAs in Small-for-Gestational-Age Children and Association With Catch-Up Growth: A Pilot Study. J Clin Endocrinol Metab. 2019;104(11):5285-5298.
76.	Liu Y, Ji Y, Li M, et al. Integrated analysis of long noncoding RNA and mRNA expression profile in children with obesity by microarray analysis. Sci Rep. 2018;8(1):8750-8750.
77.	Carreras-Badosa G, Bonmatí A, Ortega F-J, et al. Dysregulation of Placental miRNA in Maternal Obesity Is Associated With Pre- and Postnatal Growth. J Clin Endocrinol Metab. 2017;102(7):2584-2594.
78.	Lin H, Tas E, Børsheim E, Mercer KE. Circulating miRNA Signatures Associated with Insulin Resistance in Adolescents with Obesity. Diabetes Metab Syndr Obes. 2020;13:4929-4939.
79.	Donghui T, Shuang B, Xulong L, et al. Improvement of microvascular endothelial dysfunction induced by exercise and diet is associated with microRNA-126 in obese adolescents. Microvasc Res. 2019;123:86-91.
80.	Duarte L, García-Díaz DF, Pérez-Bravo F. Body fat composition and miR-378 expression profiling in patients with type 1 diabetes. Ann Pediatr Endocrinol Metab. 2020;25(2):118-125.
81.	Ahmadpour F, Nourbakhsh M, Razzaghy-Azar M, et al. The association of plasma levels of miR-34a and miR-149 with obesity and insulin resistance in obese children and adolescents. Acta Endocrinol (Buchar). 2018;14(2):149-154.
82.	Marzano F, Faienza MF, Caratozzolo MF, et al. Pilot study on circulating miRNA signature in children with obesity born small for gestational age and appropriate for gestational age. Pediatr Obes. 2018;13(12):803-811.
83.	Cui X, You L, Zhu L, et al. Change in circulating microRNA profile of obese children indicates future risk of adult diabetes. Metabolism. 2018;78:95-105.
84.	Ouyang S, Tang R, Liu Z, Ma F, Li Y, Wu J. Characterization and predicted role of microRNA expression profiles associated with early childhood obesity. Mol Med Rep. 2017;16(4):3799-3806.
85.	Prats-Puig A, Ortega FJ, Mercader JM, et al. Changes in Circulating MicroRNAs Are Associated With Childhood Obesity. J Clin Endocrinol Metab. 2013;98(10):E1655-E1660.
86.	Masotti A, Baldassarre A, Fabrizi M, et al. Oral glucose tolerance test unravels circulating miRNAs associated with insulin resistance in obese preschoolers. Pediatr Obes. 2017;12(3):229-238.
87.	Iacomino G, Russo P, Marena P, et al. Circulating microRNAs are associated with early childhood obesity: results of the I.Family Study. Genes Nutr. 2019;14(1):2.
88.	Iacomino G, Russo P, Stillitano I, et al. Circulating microRNAs are deregulated in overweight/obese children: preliminary results of the I.Family study. Genes Nutr. 2016;11:7-7.
89.	Al-Rawaf HA. Circulating microRNAs and adipokines as markers of metabolic syndrome in adolescents with obesity. Clin Nutr. 2019;38(5):2231-2238.
90.	Thompson MD, Cismowski MJ, Serpico M, Pusateri A, Brigstock DR. Elevation of circulating microRNA levels in obese children compared to healthy controls. Clin Obes. 2017;7(4):216-221.
91.	Cabiati M, Randazzo E, Salvadori C, Peroni D, Federico G, Del Ry S. Circulating microRNAs associated with C-type natriuretic peptide in childhood obesity. Peptides. 2020;133:170387.
92.	Scarpato R, Verola C, Fabiani B, Bianchi V, Saggese G, Federico G. Nuclear damage in peripheral lymphocytes of obese and overweight Italian children as evaluated by the γ-H2AX focus assay and micronucleus test. FASEB J. 2011;25(2):685-693.
93.	Dick KJ, Nelson CP, Tsaprouni L, et al. DNA methylation and body-mass index: a genome-wide analysis. Lancet. 2014;383(9933):1990-1998.
94.	Houde A-A, Légaré C, Biron S, et al. Leptin and adiponectin DNA methylation levels in adipose tissues and blood cells are associated with BMI, waist girth and LDL-cholesterol levels in severely obese men and women. BMC Med Genet. 2015;16:29-29.
95.	Li Y, Zhou Y, Zhu L, et al. Genome-wide analysis reveals that altered methylation in specific CpG loci is associated with childhood obesity. Journal of Cellular Biochemistry. 2018;119(9):7490-7497.
96.	Fradin D, Boëlle P-Y, Belot M-P, et al. Genome-Wide Methylation Analysis Identifies Specific Epigenetic Marks In Severely Obese Children. Sci Rep. 2017;7(1):46311.
97.	Abu-Farha M, Tiss A, Abubaker J, et al. Proteomics analysis of human obesity reveals the epigenetic factor HDAC4 as a potential target for obesity. PloS one. 2013;8(9):e75342-e75342.
98.	Benton MC, Johnstone A, Eccles D, et al. An analysis of DNA methylation in human adipose tissue reveals differential modification of obesity genes before and after gastric bypass and weight loss. Genome Biol. 2015;16(1):8-8.
99.	Liu L, Chen Y, Chen J, et al. The relationship between PRDM16 promoter methylation in abdominal subcutaneous and omental adipose tissue and obesity. Clin Nutr. 2020.
100.	Cadiou S, Bustamante M, Agier L, et al. Using methylome data to inform exposome-health association studies: An application to the identification of environmental drivers of child body mass index. Environ Int. 2020;138:105622.
101.	Küpers LK, Monnereau C, Sharp GC, et al. Meta-analysis of epigenome-wide association studies in neonates reveals widespread differential DNA methylation associated with birthweight. Nature Communications. 2019;10(1):1893.
102.	Clemente DBP, Maitre L, Bustamante M, et al. Obesity is associated with shorter telomeres in 8 year-old children. Sci Rep. 2019;9(1):18739.
103.	Martens DS, Plusquin M, Gyselaers W, De Vivo I, Nawrot TS. Maternal pre-pregnancy body mass index and newborn telomere length. BMC Med. 2016;14(1):148.
104.	Wang R, Hong J, Cao Y, et al. Elevated circulating microRNA-122 is associated with obesity and insulin resistance in young adults. Eur J Endocrinol. 2015;172(3):291-300.
105.	Ortega FJ, Mercader JM, Catalán V, et al. Targeting the circulating microRNA signature of obesity. Clin Chem. 2013;59(5):781-792.
106.	Prescott SL. Early Nutrition as a Major Determinant of 'Immune Health': Implications for Allergy, Obesity and Other Noncommunicable Diseases. Nestle Nutr Inst Workshop Ser. 2016;85:1-17.
107.	Milliken-Smith S, Potter CM. Paternal origins of obesity: Emerging evidence for incorporating epigenetic pathways into the social determinants of health framework. Soc Sci Med. 2021;271:112066.
108.	Ma RC, Tutino GE, Lillycrop KA, Hanson MA, Tam WH. Maternal diabetes, gestational diabetes and the role of epigenetics in their long term effects on offspring. Prog Biophys Mol Biol. 2015;118(1-2):55-68.
109.	Heerwagen MJ, Miller MR, Barbour LA, Friedman JE. Maternal obesity and fetal metabolic programming: a fertile epigenetic soil. Am J Physiol Regul Integr Comp Physiol. 2010;299(3):R711-722.
110.	Sharma M, Li Y, Stoll ML, Tollefsbol TO. The Epigenetic Connection Between the Gut Microbiome in Obesity and Diabetes. Front Genet. 2019;10:1329.
111.	Reed ZE, Suderman MJ, Relton CL, Davis OSP, Hemani G. The association of DNA methylation with body mass index: distinguishing between predictors and biomarkers. Clin Epigenetics. 2020;12(1):50.
112.	Shah S, Bonder MJ, Marioni RE, et al. Improving Phenotypic Prediction by Combining Genetic and Epigenetic Associations. Am J Hum Genet. 2015;97(1):75-85.
113.	Sun D, Zhang T, Su S, et al. Body Mass Index Drives Changes in DNA Methylation: A Longitudinal Study. Circ Res. 2019;125(9):824-833.
114.	Wahl S, Drong A, Lehne B, et al. Epigenome-wide association study of body mass index, and the adverse outcomes of adiposity. Nature. 2017;541(7635):81-86.
115.	Campanella G, Gunter MJ, Polidoro S, et al. Epigenome-wide association study of adiposity and future risk of obesity-related diseases. Int J Obes (Lond). 2018;42(12):2022-2035.
116.	Rönn T, Volkov P, Davegårdh C, et al. A six months exercise intervention influences the genome-wide DNA methylation pattern in human adipose tissue. PLoS Genet. 2013;9(6):e1003572.
117.	Rzehak P, Covic M, Saffery R, et al. DNA-Methylation and Body Composition in Preschool Children: Epigenome-Wide-Analysis in the European Childhood Obesity Project (CHOP)-Study. Sci Rep. 2017;7(1):14349.
118.	Mansego ML, Garcia-Lacarte M, Milagro FI, Marti A, Martinez JA, members G. DNA methylation of miRNA coding sequences putatively associated with childhood obesity. Pediatr Obes. 2017;12(1):19-27.
119.	Lin X, Lim IY, Wu Y, et al. Developmental pathways to adiposity begin before birth and are influenced by genotype, prenatal environment and epigenome. BMC Med. 2017;15(1):50.
120.	Can U, Buyukinan M, Yerlikaya FH. The investigation of circulating microRNAs associated with lipid metabolism in childhood obesity. Pediatr Obes. 2016;11(3):228-234.
121.	Prats-Puig A, Xargay-Torrent S, Carreras-Badosa G, et al. Methylation of the C19MC microRNA locus in the placenta: association with maternal and chilhood body size. Int J Obes (Lond). 2020;44(1):13-22.
122.	Gardner KR, Sapienza C, Fisher JO. Genetic and epigenetic associations to obesity-related appetite phenotypes among African–American children. Pediatr Obes. 2015;10(6):476-482.
123.	Gagliardi M, Strazzullo M, Matarazzo MR. DNMT3B Functions: Novel Insights From Human Disease. Front Cell Dev Biol. 2018;6(140).
124.	Alfano R, Chadeau-Hyam M, Ghantous A, et al. A multi-omic analysis of birthweight in newborn cord blood reveals new underlying mechanisms related to cholesterol metabolism. Metabolism. 2020;110:154292.
125.	Nyholm L, Koziol A, Marcos S, et al. Holo-Omics: Integrated Host-Microbiota Multi-omics for Basic and Applied Biological Research. iScience. 2020;23(8):101414.
126.	Gasmi A, Noor S, Menzel A, Doşa A, Pivina L, Bjørklund G. Obesity and Insulin Resistance: Associations with Chronic Inflammation, Genetic and Epigenetic Factors. Curr Med Chem. 2021;28(4):800-826.
127.	Tessier F, Fontaine-Bisson B, Lefebvre JF, El-Sohemy A, Roy-Gagnon MH. Investigating Gene-Gene and Gene-Environment Interactions in the Association Between Overnutrition and Obesity-Related Phenotypes. Front Genet. 2019;10:151.
128.	Di Cesare M, Sorić M, Bovet P, et al. The epidemiological burden of obesity in childhood: a worldwide epidemic requiring urgent action. BMC Med. 2019;17(1):212.
129.	Maynard LM, Wisemandle W, Roche AF, Chumlea WC, Guo SS, Siervogel RM. Childhood body composition in relation to body mass index. Pediatrics. 2001;107(2):344-350.
130.	Freedman DS, Wang J, Maynard LM, et al. Relation of BMI to fat and fat-free mass among children and adolescents. Int J Obes (Lond). 2005;29(1):1-8.
131.	Choi Y-J, Lee YA, Hong Y-C, et al. Effect of prenatal bisphenol A exposure on early childhood body mass index through epigenetic influence on the insulin-like growth factor 2 receptor (IGF2R) gene. Environment International. 2020;143:105929.
132.	Clark J, Martin E, Bulka CM, et al. Associations between placental CpG methylation of metastable epialleles and childhood body mass index across ages one, two and ten in the Extremely Low Gestational Age Newborns (ELGAN) cohort. Epigenetics. 2019;14(11):1102-1111.
133.	Raad G, Hazzouri M, Bottini S, Trabucchi M, Azoury J, Grandjean V. Paternal obesity: how bad is it for sperm quality and progeny health? Basic Clin Androl. 2017;27:20-20.
134.	Jaffe AE, Irizarry RA. Accounting for cellular heterogeneity is critical in epigenome-wide association studies. Genome Biol. 2014;15(2):R31.
135.	Barton SJ, Melton PE, Titcombe P, et al. In Epigenomic Studies, Including Cell-Type Adjustments in Regression Models Can Introduce Multicollinearity, Resulting in Apparent Reversal of Direction of Association. Front Genet. 2019;10(816).
136.	Byun HM, Siegmund KD, Pan F, et al. Epigenetic profiling of somatic tissues from human autopsy specimens identifies tissue- and individual-specific DNA methylation patterns. Hum Mol Genet. 2009;18(24):4808-4817.
137.	Ludwig N, Leidinger P, Becker K, et al. Distribution of miRNA expression across human tissues. Nucleic Acids Research. 2016;44(8):3865-3877.
138.	Alisch RS, Barwick BG, Chopra P, et al. Age-associated DNA methylation in pediatric populations. Genome Res. 2012;22(4):623-632.
139.	Huang Y-T, Chu S, Loucks EB, et al. Epigenome-wide profiling of DNA methylation in paired samples of adipose tissue and blood. Epigenetics. 2016;11(3):227-236.
140.	Crujeiras AB, Diaz-Lagares A, Sandoval J, et al. DNA methylation map in circulating leukocytes mirrors subcutaneous adipose tissue methylation pattern: a genome-wide analysis from non-obese and obese patients. Sci Rep. 2017;7:41903-41903.
141.	Heneghan HM, Miller N, McAnena OJ, O'Brien T, Kerin MJ. Differential miRNA expression in omental adipose tissue and in the circulation of obese patients identifies novel metabolic biomarkers. J Clin Endocrinol Metab. 2011;96(5):E846-850.
142.	Koh I-U, Lee H-J, Hwang J-Y, Choi N-H, Lee S. Obesity-related CpG Methylation (cg07814318) of Kruppel-like Factor-13 (KLF13) Gene with Childhood Obesity and its cis-Methylation Quantitative Loci. Sci Rep. 2017;7(1):45368.
143.	Maligianni I, Yapijakis C, Bacopoulou F, Chrousos G. The Potential Role of Exosomes in Child and Adolescent Obesity. Children (Basel). 2021;8(3).
144.	Kok MGM, de Ronde MWJ, Moerland PD, Ruijter JM, Creemers EE, Pinto-Sietsma SJ. Small sample sizes in high-throughput miRNA screens: A common pitfall for the identification of miRNA biomarkers. Biomol Detect Quantif. 2017;15:1-5.
145.	Vriens A, Provost EB, Saenen ND, et al. Children's screen time alters the expression of saliva extracellular miR-222 and miR-146a. Sci Rep. 2018;8(1):8209-8209.


[bookmark: _Hlk52532267]Figure legends
Figure 1. Flow diagram of the study selection, following the PRISMA Statement guidelines.
N= number
[bookmark: _Hlk76395975]Figure 2. Venn diagram summarize epigenetics findings (A differentially methylated genes and B differentially expressed non-coding RNAs) grouped by children - above the age of one year - anthropometric measures distinguished in: BMI related which includes BMI and weight; obesity which includes overweight, obesity and extreme obesity; body fat related which includes body fat percentage and body fat mass, visceral adiposity, subcutaneous adiposity, subscapular skinfold thickness and triceps skinfold thickness; and waist circumference related which includes waist circumference, waist-to-hip ratio and hip circumference; and infant - below the age of one year – anthropometrics related measures which include BMI, weight, fat mass, obesity and triceps skinfold thickness. C Conclusions and limitations of the available evidence are summarized.



