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Abstract 

Purpose: To investigate the association between DNA methylation and childhood simple obesity.

Methods: Genome-wide analysis of DNA methylation was conducted on peripheral blood samples from 41 chil-
dren with simple obesity and 31 normal controls to identify differentially methylated sites (DMS). Subsequently, gene 
functional analysis of differentially methylated genes (DMGs) was carried out. After screening the characteristic DMGs 
based on specific conditions, the methylated levels of these DMS were evaluated and verified by pyrosequencing. 
Receiver operating characteristic (ROC) curve analysis assessed the predictive efficacy of corresponding DMGs. Finally, 
Pearson correlation analysis revealed the correlation between specific DMS and clinical data.

Results: The overall DNA methylation level in the obesity group was significantly lower than in normal. A total of 241 
DMS were identified. Functional pathway analysis revealed that DMGs were primarily involved in lipid metabolism, 
carbohydrate metabolism, amino acid metabolism, human diseases, among other pathways. The characteristic DMS 
within the genes Transcription factor A mitochondrial (TFAM) and Piezo type mechanosensitive ion channel compo-
nent 1(PIEZO1) were recognized as CpG-cg05831083 and CpG-cg14926485, respectively. Furthermore, the methyla-
tion level of CpG-cg05831083 significantly correlated with body mass index (BMI) and vitamin D.

Conclusions: Abnormal DNA methylation is closely related to childhood simple obesity. The altered methylation of 
CpG-cg05831083 and CpG-cg14926485 could potentially serve as biomarkers for childhood simple obesity.
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Introduction
Obesity is a chronic and complex disease caused by 
abnormal or excessive fat accumulation which has 
become a significant global public health concern. The 
prevalence of childhood obesity is increasing every year, 
and about 206 million children and adolescents aged 
5–19 worldwide are projected to have obesity by 2025 [1]. 

Childhood obesity could lead to various health compli-
cations, including vascular endothelial damage, vascular 
sclerosis, left ventricular diastolic dysfunction, insulin 
resistance, precocious puberty, kidney injury, asthma, 
etc. Additionally, childhood obesity could negatively 
impact cognitive functions such as memory and concen-
tration [2–7]. Overall, obesity has a profound impact on 
the physical and mental health of children. Moreover, 
childhood obesity will increase the risk of obesity-related 
complications in adulthood, such as hyperlipidemia, 
type 2 diabetes mellitus, hypertension, cardiovascular 
and cerebrovascular diseases, various cancers, and other 
diseases [8–10]. These conditions not only diminish the 
quality of life but also shorten life expectancy. Therefore, 

†Yi Ren and Peng Huang have contributed equally to the first author.

*Correspondence:  xiangwei8@163.com; liuliqun@csu.edu.cn; 
hexj7150@163.com
1 Department of Pediatrics, The Second Xiangya Hospital of Central South 
University, Changsha 410011, China
5 Hainan Women and Children’s Medical Center, Haikou 570100, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s13755-024-00275-w&domain=pdf


Page 2 of 10Ren et al. Health Information Science and Systems (2024) 12:26

early detection and intervention for childhood obesity 
are crucial to minimize potential complications.

Obesity is a multifactorial disease influenced by both 
genetic and environmental factors [11]. Epigenetics, as an 
essential interface of the gene-environment interaction, 
is closely related to obesity [12]. DNA methylation is the 
most common epigenetic modification, and abnormal 
DNA methylation contributes to the initiation and devel-
opment of multiple diseases, such as metabolic disorders, 
cardiovascular diseases, and cancer [13]. Previous stud-
ies have shown that the DNA methylation profile of chil-
dren with obesity exhibited hypomethylation compared 
to normal children [14, 15]. Furthermore, it has been 
observed that for every 1% increase in mean DNA meth-
ylation, the body mass index (BMI) increased by 0.33 kg/
m2, and the weight increased by 1.16 kg [15]. Compared 
to the offspring of mothers with a normal weight, the 
umbilical cord blood from the offspring of mothers with 
obesity exhibited numerous differential DNA methylated 
cytosine-phosphate-guanine (CpG) sites [16]. These find-
ings highlight a connection between obesity and DNA 
methylation and focus primarily on adult obesity. How-
ever, the DNA methylation profiles related to childhood 
obesity remain incompletely understood.

This study aimed to investigate the DNA methylation 
profile and its alterations in peripheral blood samples 
from children with simple obesity and normal-weight 
children. It identified differentially methylated sites 
(DMS) specifically associated with childhood simple 
obesity. The results of this study not only contribute to 
a better understanding of the relationship between DNA 
methylation and obesity but also could help to recognize 
potential diagnostic markers and therapeutic interven-
tion targets in childhood obesity.

Material and methods
Subjects
The subjects in this study were selected from children 
(6–14 years) who underwent routine physical examina-
tions at HK Hospital of the Maternal and Child Health 
from January 2020 to January 2021. The Body Mass Index 
(BMI) (kg/m2) was computed based on their measured 
body weight (kg) and height (cm).

Considering variations in ethnicity, age, and gender, 
this study utilized specific BMI thresholds for Chinese 
children. Children with a BMI ≥ 97th percentile for their 
age and sex were classified as obese, while those with a 
BMI between the 15th and 85th percentile were placed in 
the normal group [17]. Subjects with secondary obesity 
resulting from metabolic diseases, endocrine conditions, 
hereditary disorders, other diseases, and glucocorticoid 
treatment were excluded. Clinical data were collected 
from the selected subjects.

Genome‑wide DNA methylation analysis
About 3ml venous blood samples were collected from 
subjects after an overnight fasting of at least 8 h and 
stored at –  70  °C. Genomic DNA was extracted from 
peripheral blood lymphocyte samples utilizing a DNA 
purification kit (QIAGEN, USA) following the manu-
facturer’s instructions. The Illumina Infinium Methyla-
tionEPIC BeadChip (Illumina 850k, San Diego, CA) was 
applied for analyzing the whole-genome DNA methyla-
tion. The minfi R package was used to process the origi-
nal data and calculate the raw beta (β) value (β = the 
signal intensity of methylated probes divided by the over-
all signal intensity). Probes with a detection p-value < 0.01 
were retained.

To minimize differences within groups and improve 
data quality, color correction, background adjustment, 
and quantile normalization were performed. Subse-
quently, the normalized β value was extracted, and the 
delta β (indicating methylation difference) correspond-
ing to each methylated site was calculated by subtract-
ing the β value of the methylated site in the obesity group 
minus in the normal group. The student t-test was then 
applied to the data. Only sites with |delta β|> 0.1 and 
p-value < 0.05 were regarded as differentially methylated 
sites (DMS). A delta β < 0 indicates hypomethylation, 
while delta β > 0 means hypermethylation.

Distributions analysis of DMS regarding gene and CpG 
island regions
Based on the UCSC annotation, DMS were categorized 
into specific regions, including the promoter region 
(transcription start site (TSS) 200, TSS1500, 5′UTR, and 
1st Exon), Body, and 3′UTR. Additionally, the DMS was 
also annotated for CpG island (CGI), CpG shore (within 
2kb of CGI), and CpG shelf (within 2 kb-4 kb of CGI).

Functional pathway analysis of differentially methylated 
genes (DMG)
Using the ‘clusterprofile R package’ to carry out Gene 
ontology (GO) enrichment and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway analysis on DMGs 
corresponding to the identified DMS.

Screening of characteristic DMS and DMGs
To identify characteristic DMS, we established the fol-
lowing criteria: (i) the mean β value between the obe-
sity and normal group was ≥ 0.6; (ii) the DMS were in or 
around CGI region; (iii) the DMS were not located on 
sex chromosomes and were within intergenic regions. 
Eventually, a total of 18 DMS were recognized. However, 
due to unsuccessful amplification reactions, only 2 DMS 
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were successfully designed for primer amplification, spe-
cifically targeting gene TFAM (CpG-cg05831083), and 
PIEZO1 (CpG-cg14926485), respectively.

Pyrosequencing validation of characteristic DMS
The EZ DNA Methylation-Gold kit was applied to trans-
form and purify genomic DNA. Primers of each DMS 
were designed through PyroMark Assay Design 2.0.2 
software (QIAGEN, Inc). Supplementary Table  1 dis-
played the sequences of primers. The methylation levels 
of each DMS were calculated using the PyroMark Q48 
software (Version 10.6).

ROC curve analysis of characteristic DMS
To evaluate the predictive value of the characteristic 
DMS for childhood obesity, the area under the receiver 
operating characteristic (ROC) curve (AUC) was figured.

Clinical relevance analysis of characteristic DMS
The correlation between the methylation levels of the 
characteristic DMS and clinical variables was assessed 
using the Pearson correlation coefficient (r).

Statistical analysis
Statistical analysis was performed using SPSS version 
25.0 (IBM). Descriptive analysis was used for general 
data. The Mann–Whitney test was employed for con-
tinuous variables comparison, while categorical variables 
were summarized as frequencies and percentages. The 
χ2  test was used for categoric variables. A p-value < 0.05 
was considered statistically significant.

Results
Demographics and clinical features of two groups
A total of 72 subjects were included in the study, with 41 
in the obesity group and 31 in the normal. Table 1 pro-
vides a summary and comparison of the demographic 
and specific clinical data between the two groups. The 
results visualized that the body weight, height, BMI, tri-
glycerides (TG), and uric acid (UA) in the obesity group 
were significantly higher compared to the normal group, 
while vitamin D was significantly lower. However, there 
were no substantial differences between the two groups 
in terms of gender, age, total cholesterol (TC), low-
density lipoprotein (LDL),  Ca2+, fasting glucose (Glu), 
thyroid stimulating hormone (TSH), and parathyroid 
hormone (PTH).

Quality control results of samples and probes
After normalizing the raw data, the quality of all enrolled 
samples was assessed. Figure  1A shows that all samples 
were satisfied with the quality control standards. The 
PCA analysis indicated incomplete separation between 
the two sample groups. However, upon introducing age 
and gender as covariates in PCA analyses, respectively, it 
was observed that the two groups could be better distin-
guished (Fig.  1B and C). This observation suggests that 
there are some DMS between the obesity and normal 
groups and, age and gender might be important factors 
influencing DNA methylation levels in childhood obesity. 
Figure  1D indicates a good internal consistency within 
the two groups.

Table 1 Demographics and clinical features of two groups

CI confidence intervals, BMI body mass index, TG triglycerides, UA uric acid, Vit D Vitamin D, TC total cholesterol, LDL low-density lipoprotein, Glu fasting glucose, TSH 
thyroid stimulating hormone, PTH parathyroid hormone

Variables Obesity group Normal group Lower limit of 95% 
CI

Upper limit of 95% 
CI

P‑value

Gender (male/female) 20/21 14/17 – – 0.7607

Age (years) 8.54 ± 1.52 8.14 ± 1.58 − 0.33 1.14 0.2742

Body Weight (kg) 42.93 ± 9.68 27.38 ± 5.62 11.66 19.44  < 0.0001

Height (cm) 137.06 ± 10.90 130.35 ± 9.49 1.81 11.61 0.0079

BMI (kg/m2) 22.53 ± 2.44 15.91 ± 1.33 5.66 7.59  < 0.0001

TC (mmol/L) 4.63 ± 0.75 4.64 ± 0.89 − 0.40 0.37 0.9526

TG (mmol/L) 1.28 ± 0.68 0.85 ± 0.29 0.16 0.69 0.0018

LDL (mmol/L) 2.48 ± 0.66 2.22 ± 0.63 − 0.05 0.57 0.0958

Ca2+(mmol/L) 2.58 ± 0.20 2.56 ± 0.14 − 0.07 0.11 0.6453

Vit D (nmol/L) 84.56 ± 10.06 90.20 ± 11.57 − 10.73 − 0.54 0.0308

PTH (pmol/L) 1.97 ± 1.70 1.38 ± 0.67 − 0.05 1.24 0.0714

TSH (uIU/ml) 3.21 ± 1.59 3.20 ± 1.29 − 0.69 0.70 0.9812

UA (umol/L) 318.40 ± 66.77 253.90 ± 68.96 32.38 96.67 0.0002

Glu (mmol/L) 4.85 ± 0.62 4.83 ± 0.56 − 0.26 0.30 0.9028
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DNA methylation in children with obesity
A total of 865,721 methylated sites were identified in 
the two groups. The methylation levels in the obesity 
group and normal group displayed bimodal distribu-
tion (Fig.  2A). In comparison to the normal group, the 
number of unmethylated sites (0 < β ≤ 0.2) was greater in 
the obesity group, and the number of methylated sites 
(0.8 ≤ β ≤ 1) was lower (Fig. 2A). Importantly, the median 
β-value of the obesity group was lower than that of the 
normal group (p < 2e-16) (Fig.  2B), indicating a lower 
reduced genomic DNA methylation level in the obesity 
group compared to the normal group. Within the obesity 
group, the methylation level was lower in boys than in 
girls (p < 0.05) (Fig. 2C).

Among all the detected methylated sites, we identified 
241 differential methylated sites (DMS), comprising 118 
hypermethylated sites (delta β > 0.1, p-value < 0.05) and 
123 hypomethylated sites (delta β < − 0.1, p-value < 0.05) 
(Fig. 3A), which were associated with 132 genes referred 
to as differential methylated genes (DMGs). Furthermore, 
the majority of DMS were found on autosome 6 (Fig. 3B).

Distribution analysis of DMS in correlation with gene 
features and CpG island regions
To explore the potential impact of DMS on gene expres-
sion, we conducted a comprehensive examination of 
their distribution. Among the 241 identified DMS, 155 
were associated with gene features, including 78 hyper-
methylated sites and 77 hypomethylated sites, with 78 
found in genic regions and the remaining in intergenic 
regions. Figure 3B illustrates the distribution of DMS in 
relation to their genomic locations. Notably, within the 
annotated region, the majority of DMS were situated in 
the gene body region (Fig. 3C). Interestingly, despite an 
equal count of differentially hypermethylated and hypo-
methylated sites in the promoter region (encompassing 
TSS1500, TSS200, 5’UTR, and first exon regions), there 
was a discernible elevation in methylation levels (mean 
delta β of DMS in the region was 0.0075) as opposed to 
low methylation (Fig. 3C) (Supplementary Table 2). Fur-
thermore, there are a total of 79 DMS situated within 
CpG island (CGI) regions, consisting of 43 hypermethyl-
ated sites and 36 hypomethylated sites. Figure 3D shows 

Fig. 1 Quality control results of all samples and probes. A The horizontal axis represents the  log2 of methylation median intensity, and the vertical 
axis represents the  log2 of unmethylation median intensity. Each circle represents one sample, and the circles at the upper right of the dotted line 
meet the quality criterion. B and C represent PCA analysis results with age and gender as covariates, respectively. And the distance between circles 
reflects the degree of difference in methylation levels among the samples. D The violin plot displays the density and range of the standard devia-
tion of methylation level in each group

Fig. 2 Methylation level distribution. A displays the methylation density distribution plot, where the abscissa represents the β-value from 0 to 1, 
and the ordinate represents the frequency of a certain methylation level. B Methylation level distribution box plot. C Comparison of methylation 
levels between boys and girls in the obesity group
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the distribution of DMS in CGI regions, highlighting a 
notably elevated average methylation level within these 
genomic loci.

GO enrichment and KEGG pathway analysis
To gain deeper understand the functions of DMGs and 
the potential mechanistic pathways underlying the onset 
and progression of obesity, we performed GO enrich-
ment and KEGG pathway analyses. GO enrichment anal-
ysis revealed associations with 74 out of the 241 DMGs, 
with the predominant clusters of GO terms encompass-
ing binding, cell part, cell, cellular process, and organelle. 
Notably, the top 30 significantly enriched terms included 
functions such as ATPase activity and T-cell aggregation 
(Fig. 4A and B).

According to the KEGG pathway classification, a 
total of 51 DMGs were matched to 118 KEGG path-
ways. The top 3 KEGG pathways were “Environmental 

Information Processing, Signal transduction”, “Human 
disease, Cancers: Overview”, and “Organismal Sys-
tem, Endocrine”. Furthermore, KEGG pathway enrich-
ment analysis highlighted 14 pathways with significant 
enrichment, including Cell adhesion molecules, PI3K-
AKT signaling pathway, and FoxO signaling pathway 
(Fig. 4C and D).

Identification of the characteristic DMGs
According to our filter standards, just 2 DMS were 
recognized as characteristic: CpG-cg05831083 and 
CpG-cg14926485, corresponding to the genes TFAM 
and PIEZO1, respectively. And the methylation level 
of CpG-cg05831083 was significantly lower in the obe-
sity group, while CpG-cg14926485 showed significantly 
higher (Fig. 5A and B).

Fig. 3 The characteristics of differentially methylated sites in obesity. A illustrates the volcano plot of the differentially methylated sites (DMS) based 
on the DNA methylation differences (delta β) and the significance of the difference (p-value). Red circles represent differentially hypermethylated 
sites and blue circles represent differentially hypomethylated sites. B The distribution plot showing the locations of DMS on the chromosomes. C 
The distribution of DMS across annotations regardless to the genes. DThe distribution of DMS concerning CpG islands
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Fig. 4 Functional annotations of differentially methylated genes. A and C show the GO and KEGG classifications, respectively. The abscissa repre-
sents the number of genes, while the ordinate represents the categories of GO terms and KEGG pathways, respectively. B and D display the bubble 
plots of GO and KEGG enrichment analysis, respectively. The abscissa referring to the rich factors, and the ordinate representing the GO and KEGG 
items, respectively. The larger the rich factors and the smaller the p-value, the more significant the enrichment. A bigger bubble size indicates a 
higher number of enriched genes

Fig. 5 A and B depict the methylation levels of CpG-cg05831083 and CpG-cg14926485, respectively. The left side of the box plot shows the 
results from the Illumina 850k chip, while the right presents validation results from pyrosequencing. C and D illustrate the correlation between 
pyrosequencing and Illumina 850k chip results. “850k” refers to Illumina 850k chip, and “pyro” refers to pyrosequencing. “*” p-value < 0.05; “***” 
p-value < 0.001; “****” p-value < 0.0001. “r” represents the Pearson correlation coefficient
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Pyrosequencing results of characteristic DMS
To validate the methylation levels of characteristic dif-
ferentially methylated sites selected from Illumina 850K 
results, we randomly chose ten obesity cases and ten nor-
mal cases from two groups to for pyrosequencing. The 
results of pyrosequencing demonstrated a high degree 
of concordance in the methylation level of TFAM CpG-
cg05831083 and PIEZO1 CpG-cg14926485 with Illumina 
850K results (Fig. 5A and B). Although the observed dif-
ferences in the methylation levels of CpG-cg05831083 
and CpG-cg14926485 between the two groups in the 
pyrosequencing data were not statistically significant, 
possibly attributed to the limited sample size, the con-
sistent trends observed reinforce the validity of our find-
ings from another perspective. To further evaluate the 
reliability of the results, we conducted correlation analy-
ses between Illumina 850K chip data and pyrosequenc-
ing data. The correlation analysis revealed a significant 
positive correlation between the methylation levels of 
CpG-cg05831083 (r = 0.50, p-value < 0.05) and CpG-
cg14926485 (r = 0.62, p-value < 0.05) in pyrosequenc-
ing results and the corresponding Illumina 850K results 
(Fig.  5C and D). Considering age and gender as covari-
ates, we were able to clearly distinguish between the nor-
mal and obese groups. Consequently, utilizing age and 
gender as covariates, we separately examined the expres-
sion levels of differentially methylated sites. The results 
indicate that the expression trends of the two differen-
tially methylated sites in both groups align with those 
observed without covariates (Supplementary Fig. 1). This 
suggests that these two distinct methylated sites are min-
imally influenced by age and gender, possibly having little 
to no impact.

The AUC of characteristic DMS
ROC curve analysis based on methylation values reveals 
the potential value of TFAM CpG-cg05831083 and 

PIEZO1 CpG-cg14926485 in predicting childhood obe-
sity, with the AUC values of 67.6% and 65.2%, respectively 
(Fig.  6A and B). Specifically, TFAM CpG-cg05831083 
shows high specificity and low sensitivity, indicating its 
accuracy in excluding non-obese individuals but lower 
accuracy in identifying obese children. Conversely, 
PIEZO1 CpG-cg14926485 exhibits high sensitivity and 
low specificity, suggesting its accuracy in correctly iden-
tifying obesity. When considering both sites together, the 
AUC increases to 74%, with a significant enhancement in 
specificity to 96.8%, highlighting their synergistic effect 
(Fig. 6C).

Overall, these findings suggest that methylation pat-
terns of CpG-cg05831083 and CpG-cg14926485 could 
serve as potential biomarkers for childhood obesity, espe-
cially when considered jointly for improved predictive 
capability.

Correlations between characteristic DMS and clinical 
variables
The methylation level of TFAM CpG-cg05831083 was 
remarkably positively related to Vitamin D (r = 0.2643, 
p-value < 0.05) and inversely correlated with BMI 
(r = −  0.2822, p-value < 0.05). However, the methylation 
level of PIEZO1 CpG-cg14926485 showed no significant 
association with collected clinical indicators (Fig. 7).

Discussion
Obesity exhibits a strong genetic background, with an 
estimated heritability of approximately 75% [18]. Up 
to 60%–80% of the difference in body weight could be 
explained by heritable factors [18]. The modulation of 
gene expression crucial to the pathogenesis of childhood 
obesity, such as fatty acid synthase (Fasn), and fibroblast 
growth factor-21 gene (FGF21) [19, 20], is intricately 
linked to DNA methylation in specific genomic regions. 
Through genome-wide analyses, we found the global 

Fig. 6 A and B respectively represent the area under ROC curves (AUC) values for CpG-cg05831083 and CpG-cg14926485. C represents the com-
bined AUC when both are considered together
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DNA methylation level in peripheral blood cells was 
significantly lower in children with obesity compared to 
normal controls. Within this context, we identified 241 
methylated sites exhibiting differences exceeding 10% 
between the two groups. Strikingly, only 155 of these 
DMS were situated in genic regions, while the remain-
ing were distributed across intergenic regions. The 
human genome consists of intergenic and intragenic 
regions. During the occurrence and development of dis-
eases, changes in the DNA methylation status in these 
regions may influence gene expression through actively 
participating in transcriptional regulation [21–23]. Our 
research found that childhood obesity is mainly regu-
lated by the DNA methylation of genic regions. A pre-
vious study reported that DMS, associated with obesity 
and epigenetic changes induced by exercise intervention, 
are enriched in intergenic regions [24]. In our study, we 
discovered that more than one-third of DMS are in the 
intergenic region. This implies that many regulatory ele-
ments in the intergenic region, such as enhancers and 
insulators, might also play a role in regulating childhood 
obesity.

The previous study reported that chronic low-grade 
inflammation observed in obesity aligns with changes 
in immune-related pathways [25]. Our study also found 
the regulation of the innate immune response was high-
lighted in the GO enrichment analysis, supporting the 
connection between immune response and obesity. 
KEGG pathway analysis of DMG reveals that the patho-
genesis of obesity is not only related to lipid and carbohy-
drate metabolism but also to amino acids, cofactors, and 
vitamin metabolism, which are aspects often overlooked. 
Additionally, DMG might play a role in complications 
related to obesity through signaling pathways like PI3K-
AKT and FoxO, contributing to issues like insulin resist-
ance, type II diabetes, and cardiovascular disease.

Although genome-wide analysis has recognized 
numerous genes associated with obesity, the connec-
tion between the methylation alterations at specific CpG 
sites of these genes and obesity, as well as their diagnostic 

value for obesity remains unclear. This study successfully 
pinpointed two CpG loci (TFAM CpG-cg05831083 and 
PIEZO1 CpG-cg14926485) through pyrosequencing in 
individual samples. The analysis of the methylation lev-
els of CpG-cg05831083 and CpG-cg14926485 in both 
obese and normal groups will help us understand the role 
of epigenetic changes in TFAM and PIEZO1 in obesity. 
Furthermore, ROC curve analysis suggested that CpG-
cg05831083 and CpG-cg14926485 could provide better 
predictions for the occurrence of obesity.

TFAM gene is an extremely critical mitochondrial tran-
scription factor [26]. Koh et al. found that specific over-
expression of TFAM in mice muscles led to increased 
fatty acid β-oxidation, glycolysis, and mitochondrial 
metabolic rate in muscle tissues. This overexpression was 
accompanied by the reduction in high-fat diet-induced 
fat accumulation, insulin resistance, and obesity-induced 
[27]. Their findings indicate TFAM could play a role 
in regulating the occurrence of obesity. The impact of 
DNA methylation may depend on the genomic location, 
and methylation in the gene body tends to be associated 
with increased gene expression levels [28]. In our study, 
we identified differentially methylated sites, specifically 
CpG-cg05831083 located in the gene body region of 
TFAM. This site was significantly hypomethylated in the 
obesity group. This suggests that the methylation of CpG-
cg05831083 may promote TFAM expression. If this is the 
case, TFAM expression in obese children is exceedingly 
likely to be lower than in normal, potentially weakening 
the function of the TFAM gene and ultimately promot-
ing obesity. Our observation exemplifies this, showing a 
significant negative relationship between the methyla-
tion level of CpG-cg05831083 and BMI. Another concern 
is that the methylation level of CpG-cg05831083 is sig-
nificantly positively correlated with Vitamin D (Vit D). 
Vit D, a fat-soluble vitamin, regulates processes such as 
adipogenesis, immune response, and oxidative stress in 
mature adipocytes [29]. Increasingly studies have shown 
an association between Vitamin D deficiency and obe-
sity [29]. Further exploration of the relationship between 

Fig. 7 The heatmap represents the correlation between characteristic differentially methylated sites and clinical variables. The blue squares depict 
negative correlations, while the red squares designate positive ones. The color intensity indicates the strength of the correlations. “r” represents the 
Pearson coefficient. “*” p-value < 0.05
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CpG-cg05831083 methylation and Vitamin D could con-
tribute to a better understanding of the roles of TFAM 
and Vitamin D in the occurrence and progression of 
obesity.

PIEZO1 gene encodes the protein which acts as an ion 
channel, responding to mechanical stimulation by con-
verting it into electrical and chemical signals within cells. 
This enables cells to respond to changes in membrane 
tension [30, 31]. Wang et al. [31]. found that PIEZO1 is 
highly expressed in mature adipocytes. Knocking out 
PIEZO1 in mice fed a high-fat diet, resulted in issues 
with preadipocyte differentiation into mature adipo-
cytes, larger adipocyte volume, and enlarged inflamma-
tion in white adipose tissue. These findings suggested 
that PIEZO1-mediated mechanical signal transduction 
is involved in adipocyte remodeling and function. The 
CpG-cg14926485 site was significantly hypermethylated 
in the obesity group and located in the gene body region. 
This hypermethylation possibly increases the PIEZO1 
gene expression in childhood with obesity, contributing 
to its development. However, more studies are needed to 
uncover the potential mechanisms involved.

There were several limitations in this study. We only 
explored the DNA methylation profile of peripheral 
blood. Considering the significant tissue-specific charac-
teristics of DNA methylation, it is necessary to research 
the DNA methylation profile in other tissues, such as 
adipose tissue. Additionally, due to a lack of redundant 
samples, direct links between methylation and gene 
expression for TFAM and PIEZO1 in obesity and normal 
groups could not be established. Furthermore, the causal 
relationship between changes in DNA methylation and 
obesity remains unclear. Further studies are required to 
clarify these issues.

Conclusions
This study revealed the close connection between child-
hood obesity and DNA Methylation by examining the 
DNA methylation profile in blood samples from chil-
dren with simple obesity. The specific CpG sites, CpG-
cg05831083 within TFAM and CpG-cg14926485 within 
PIEZO1 may serve as the potential biomarkers for 
diagnosing, treating, and preventing childhood simple 
obesity.
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