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Abstract
Background Serum iron biomarkers are disordered on the progression of obesity and its associated metabolic 
syndrome (MetS). However, limited evidence is explored the interactions between serum iron biomarkers and the 
incidence of MetS. Thus, the purpose of this study is to discuss whether epigenetic modifications of nuclear and 
mitochondrial DNA (mtDNA) are associated with the disturbance of serum iron biomarkers among the metabolically 
unhealthy obesity (MUO) school-age children.

Methods A representative cross-sectional study was performed using the data from 104 obesity school-age 
children, while the subjects without obesity were as controls (n = 65). Then, the 104 obesity subjects were defined 
as metabolically healthy obesity (MHO, n = 60) and MUO (n = 44) subgroups according to whether they were 
accompanied with MetS. Their serum metabolic indicators, transferrin receptor 1 (TFR1), transferrin (TF) and genome-
wide methylation were determined by the Elisa method. Moreover, the methylation levels of TFR1 and TF were 
measured by the Bisulfite sequencing PCR (BSP-PCR). Furthermore, the copy number (mtDNA-CN) and methylation of 
mtDNA were detected by the RT-PCR, while the semi-long RT-PCR was then used to estimate the lesions of mtDNA.

Results Compared with the control and MHO groups, the levels of MetS related indicators, anthropological 
characteristics and 8-OHdG were higher, and the concentrations of CAT, GSH-Px, TF, TFR1 and genome-wide 
methylation were lower in the MUO group in a BMI-independent manner (P < 0.05). Then, the contents of serum 
iron were lower in both the MHO and MUO groups than those in the control group (P < 0.017). Moreover, they were 
positively related with the contents of serum CAT and GSH-Px, and negatively with 8-OHdG, TF and TFR1 (P < 0.05). 
Furthermore, the methylation patterns on the TF, TFR1 and mtDNA were higher in the MUO group than those in the 
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Background
Childhood obesity, as an excessive adipose tissue accu-
mulation, has become one of the public health prob-
lems to induce the adverse effects on the occurrences 
of several metabolic syndrome (MetS), namely abdomi-
nal obesity, arterial hypertension, dyslipidemia, insulin 
resistance, abnormal lipid and glucose metabolism and 
so on, in which over 35% obese children present at least 
one above MetS [1, 2]. Meanwhile, existing researches 
also confirm that there are differently significant impacts 
on children’s health, which depends on whether the obe-
sity participants have the MetS [1]. Thus, it should be 
given the primary importance to clearly identify the dif-
ferent types of obesity such as the metabolically healthy 
(MHO) and unhealthy obesity (MUO) to provide the 
related personalized prevention and treatment strategies 
[3]. Recently, most studies mainly focus on the roles of 
dietary macro-nutrients during the progression of MUO, 
such as the types and/or compositions of fats and carbo-
hydrates. Otherwise, less is known about the related roles 
of micro-nutrients, including the iron [1–3].

As an essential element for almost every living organ-
ism, iron deficiency is still the most common disorder 
according to the data from the World Health Organiza-
tion (WHO) [4]. There are multiple physiological func-
tions on the development of obesity, in which it can be 
involved in the proliferation and differentiation of adipo-
cytes, DNA synthesis and etc by acting as an important 
co-factor for the antioxidant enzymes like the catalase 
(CAT), cytochromes, hemoglobin, myoglobin and the 
other non-heme proteins [5, 6]. Meanwhile, iron can 
also lead to the formations of toxic oxygen free radi-
cals through the Fenton’s oxidative reaction to regulate 
the mitochondrial bio-genesis and dynamics [7]. Thus, 
appropriate iron intake is considerable to avoid the pro-
gressions of obesity, including the MHO and MUO. 
Recently, many findings highlight that the risks of iron 
deficiency are consistently increased among the obesity 
children in a BMI-dependent manner [8]. Otherwise, 
more detailed hierarchical analysis also demonstrated 
that the prevalence of iron deficiency was not increased 
along the process of obesity due to low-grade chronic 

inflammation [9]. Moreover, Suárez-Ortegón et al. also 
proved that there were significantly increased iron stores 
among the MetS population [10]. So it is still inconsistent 
of the correlations between serum iron and incidence of 
MHO/MUO. In this condition, our objective was to dis-
cuss the associations between serum iron biomarkers 
and occurrence of obesity among the MHO and MUO 
school-age children.

It is widely known that there are two different forms of 
serum iron on their transforming processes, as the fer-
rous (Fe2+) and ferric iron (Fe3+) [11–13]. Therefore, these 
disturbances of iron metabolism can generate a large 
amount of ROS to cause much damages on the nuclear 
and mitochondrial DNA (mtDNA) to result in a series of 
health problems, such as the MUO and MHO [14–16]. In 
this physiological process, many proteins are involved in 
the iron uptake, storage and efflux, such as the transfer-
rin receptor 1 (TFR1), transferrin (TF) and etc [11–16]. 
Exactly, two Fe3 + atoms can bind with the TF to form the 
saturation states and transport to the cell surface, which 
is incorporated with the TFR1 mediated endocytosis. 
Then, the TFR1 could form a complex with the hemo-
chromatosis proteins to serve as a component of iron 
sensing machinery [17, 18]. As mentioned, our previous 
researches already proved that there were disordered 
levels of methylation on the progression of obesity [19]. 
Wang Z et al. also confirmed that the results of present 
investigations unveiled the causality of iron overload 
on the acceleration of epigenetic clocks for the poten-
tial interventions including the TF, TFR1 and etc [20]. 
Moreover, the disorders of methylation and hydroxy-
methylation of mtDNA had also been found in the ani-
mal models and human tissues from the cancer, obesity, 
diabetes cardiovascular and neurodegenerative diseases 
and so on [21]. However, the relationships between these 
altered DNA methylation of iron-metabolism genes as 
the TF, TFR1 and mtDNA are still needed to be further 
verified, so we conducted this representative cross-sec-
tional study to evaluate the epigenetic modifications of 
nuclear DNA and mtDNA, and then discuss their asso-
ciations with the disturbance of iron biomarkers among 
the school-age MUO children.

MHO and control groups (P < 0.017), which were negatively correlated with their serum contents (P < 0.05). Meanwhile, 
the ratio of methylated/unmethylated mtDNA was significantly associated with their mtDNA-CN and lesions (P < 0.05).

Conclusions Our findings suggested that the impairments on the epigenetic modifications of nuclear (genome-
wide DNA, TF and TFR1) and mtDNA were associated with the disturbance of serum iron biomarkers to involve in the 
pathophysiology of MetS among the school-age MUO children.

Trial registration This study was approved by the Ethics Committee of Beijing Children’s Hospital affiliated to Capital 
Medical University (No. IEC-C−006-A04-V.06), which was also registered at the website of  h t t p  : / /  w w w .  c h  i c t  r . o  r g . c  n /  s h o  
w p r  o j . a  s p  x ? p r o j = 4 6 7 3 (No: ChiCTR-OCH−14004900).
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Materials and methods
Subjects
A representative cross-sectional study was conducted to 
select 104 obesity school-age children as the experimen-
tal subjects by the classification systems of body mass 
index (BMI) basing on the age and gender from the Cen-
ters for Disease Control and Prevention (CDC), while 65 
participants with the normal BMI were as the controls by 
matching the age, gender and etc [22]. All above subjects 
were carried out at the Department of Clinical Nutrition 
in the Beijing Children’s Hospital from July 2019 to April 
2022 according to the strict inclusion and exclusion cri-
teria. Specifically, the including subjects were 7–12 year 
healthy school-age children without obvious endocrine, 
autoimmune and genetic metabolic diseases. Conversely, 
the participants were excluded if they were previously 
diagnosed as the genetic syndrome coexisting with obe-
sity, Cushing’s syndrome, other secondary causes of obe-
sity, chronic somatic diseases (heart failure, encephalitis 
disseminate dementia and so on) and severe mental dis-
orders. Meanwhile, they were also excluded with the lack 
of written informed consents from the participants and 
their guardians. Moreover, the subjects could be actively 
withdrew if they were loss of interests, follow-up records 
and the other unknown reasons.

This study was approved by the Ethics Committee of 
Beijing Children’s Hospital affiliated to Capital Medical 
University (No. IEC-C−006-A04-V.06), which was also 
registered at the website of  h t t p  : / /  w w w .  c h  i c t  r . o  r g . c  n /  s h 
o  w p r  o j . a  s p  x ? p r o j = 4 6 7 3 (No. ChiCTR-OCH−14004900). 
Meanwhile, all the subjects and their guardians were 
granted the written informed consents after they were 
clearly informed the significance of this survey by the 
trained investigators.

Measurement of body compositions
The basic characteristics of the included subjects was 
collected by the trained pediatricians at the Department 
of Clinical Nutrition in the Beijing Children’s Hospital 
through the face to face method. The individuals’ height 
(Seca 213, Germany) and weight (H-key 350, see-higher, 
China) were recorded with three repeated measure-
ments to determine the values of BMI, length for age Z 
score (LAZ), weight for age Z score (WAZ) and BMI for 
age Z score (BMIZ). Meanwhile, their body compositions 
including the body fat, muscle mass, visceral fat area 
(VFA) and waist hip ratio were obtained by the bio-elec-
trical impedance analyses (BIA) using the whole-body 
impedance (H-key 350, Haikang, China) under the fast-
ing state.

Collection of blood samples
The peripheral blood samples (about 2mL) were conse-
quently obtained from each participant between 8 am 

and 9 am after the detection of body compositions by 
the trained professional researchers under the strict uni-
form protocols. Then, their serum samples were collected 
under the 3000r/min for 20min at the room temperature 
as soon as possible to divide into two EP pipes, in which 
one was left at the Department of Clinical Laboratory in 
the Beijing Children’s Hospital to determine the concen-
trations of biochemical indicators, while the others were 
immediately preserved at -20 °C until use.

Determination of serum biological indicators
The serum biological indicators, such as triglyceride 
(TG), total cholesterol (TC), high density lipoprotein 
cholesterol (HDL-C), low density lipoprotein choles-
terol (LDL-C), very low density lipoprotein cholesterol 
(VLDL-C), fasting blood glucose (FBG), alanine amino-
transferase (ALT) and aspartate aminotransferase (AST), 
were measured by the Coulter 5821 automatic biochemi-
cal analyzer (Beckman, USA). Then, the fasting insulin 
(FINS) was detected by the instruments of immunohis-
tochemical chemiluminescence immunoassay (Siemens, 
Germany) and calculated the indicators of homeostasis 
model assessments for β-cells function (HOMA-β) and 
insulin resistance (HOMA-IR) to evaluate the functions 
of β-cells. Moreover, the serum glycosylated hemoglobin 
(HbA1c) was tested by the high-performance liquid chro-
matography (HPLC, Bio-Rad Variant II Turbo, USA).

Definition of MUO and MHO subgroups
Among the 104 obesity school-age children, the MHO 
(n = 60) and MUO (n = 44) subgroups were respectively 
defined according to the pediatric criteria for the compo-
nents of MetS by the de Ferranti et al. [23], including the 
TG ≥ 110  mg/dL, HDL-C < 50  mg/dL, FBG ≥ 100  mg/dL, 
ALT ≥ 30U/L or AST ≥ 24U/L.

Evaluation of serum oxidative enzyme activity
The contents of serum superoxide dismutase (SOD) 
(Nanjing Jiancheng Bioengineering Institute, China, 
no. A001-3), CAT (mlbio. Co., Ltd, Shanghai, China, 
no.ml095171) and glutathione peroxidase (GSH-Px) 
(mlbio. Co., Ltd, Shanghai, China, no.ml09526) were 
evaluated using the commercial kits according to the 
manufacturer’s instructions.

Determination of serum iron, TF and TFR1
The concentrations of serum iron were detected by the 
inductively coupled plasma mass spectrometer (ICP-
MS), while the contents of serum TF (mlbio. Co., Ltd, 
Shanghai, China, no. ml092732) and TFR1 (mlbio. Co., 
Ltd, Shanghai, China, no. ml063113) were measured by 
the commercial assay kits according to the manufactur-
er’s instructions.
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DNA extraction and detection of 
8-hydroxydeoxyguanosine (8-OHdG)
Within the strictly controlled workplace, DNA samples 
of all the enrolling subjects (n = 169) were extracted from 
the peripheral blood (approximately 200uL) using the 
TIANamp Blood Clot DNA kits (TIANGEN. Co., Ltd, 
China, no. DP335-02). The quantity of purified DNA was 
evaluated by the NanoDrop 2000 C (Thermo Fisher Sci-
entific, CN). Then, the oxidized DNA injuries as 8-OHdG 
were measured using the Elisa kits (CUSABIO, China, 
no.CSB-E10140h). Exactly, the DNA samples were incu-
bated with the diluted 8-OHdG antibody for 30  min at 
37  °C, followed by washing three times and incubated 
with HRP-conjugated streptavidin for 30  min at 37  °C. 
Finally, the assay was stopped with the TMB and ana-
lyzed at 450 nm using the Micro-plate Reader.

Genome-wide methylation and hydroxymethylation
The DNA samples (about 100ng) were used to deter-
mine the levels of genome-wide methylation (Methyl-
Flash Methylated DNA Quantification Kits, Epigentek 
Co. Ltd, USA, no. P-1034-96) and hydroxymethylation 
(MethylFlash Global DNA Hydroxymethylation (5-hmC) 
Elisa Easy Kit, Epigentek Co. Ltd, USA, no. P-1032-96) 
by the related Elisa kits according to the manufacturer’ 
instructions.

Methylation patterns of CpG sites in the TF and TFR1
The DNA samples were bisulfite-converted to determine 
the methylation levels by the EZ DNA Methylation kits 
(Zymo Research, Irvine, CA, USA, no. D5002) according 
to the manufacturer’ instructions. The target sequences 
of CpG islands in the TF (Forward:  T T A T T T T T A G G A 
A A A G G T T T G G T T T T, Reverse:  C C T T C T A T A A C C T T 
C A A A A C C C T C T) and TFR1 (Forward-out:  T T T T T T T 
G T A T T T T T G A G G T T G T A A AATAT, Forward-in:  T T T 
G A G G T T G T A A A A T A T A T T T T T A T A A G A and Reverse:  
C T T C C T C C A C C C T A A T A A C C T A A C) were obtained 
using the NCBI Gen-Bank Database (http://www.ncbi.
nlm.nih.gov). Their  m e t h - p r i m e r s were designed basing 
on the sequences of target regions by the Meth-Primer  
(   h t  t p :  / / w w  w .  u r o g e n e . o r g /     m e t h p r i m e r ) . Meanwhile, the 
spans CpG sites were shown in the Fig. 1. Then, the above 
bisulfite converted DNA samples were determined by the 
Beijing Genomics Institute (Sangon Biotech (Shanghai) 
Co., Ltd), in which the PCR reactions were as 95℃ for 
10 min, (95℃ for 30 s, 55℃-30 s, 72℃-50 s) × 40 cycles 
and 72℃ for 5 min.

Evaluation of the contents and damages of mtDNA
The contents of mtDNA were determined using the 
quantitative real-time polymerase chain reaction (RT-
PCR), which was measured by the ratio of MTF3212/
R3319 (F:  C A C C C A A G A A C A G G G T T T G T, R:  T G G C C 
A T G G G T A T G T T G T T A A) and ND1 (F:  A T G G C C A A C 
C T C C T A C T C C T, R:  C T A C A A C G T T G G G G C C T T T), 
with the control gene as the RPLP0 (F:  C A G C A A G T G G 
G A A G G T G T A A T C C, R: CCCATT  C T A T C A T C A A C G G 
G T A C A A).

The mtDNA lesions were employed by a semi-long run 
RT-PCR technique, in which the DNA lesions were on 
a template strand to block DNA polymerase and result 
in the decreased amplification of target sequences [24]. 
Only DNA templates without any DNA damages were 
amplified. Therefore, the numbers of mtDNA lesions per 
fragment were calculated basing on the Poisson distribu-
tion using the modified equation as Number of mtDNA 
lesions=-ln(2▲Ctshort−▲Ctlong). The primers in the above 
reactions were as ND1-long-F:  A T G G C C A A C C T C C T A 
C T C C T, ND1-long-R:  G A T G A G T G T G C C T G C A A A G 
A, ND1-short-F: CCTAA  A A C C C G C C A C A T C T A and 
ND1-short-R:  G C C T A G G T T G A G G T T G A C C A. Then, 
the above reactions were run in the duplicate and per-
formed as 95℃ 3 min, (95℃ for 30 s, 65℃ for 30 s, 72℃ 
for 45 s) × 42 cycles and 72℃ for 5 min.

Detection of methylation levels of mtDNA
The methylation levels were determined by the ratios of 
estimated amounts for the methylated (F:  T A G G A A T T A 
A A G A T A G A T A T T G C G A, R:  A C T C T C C A T A C A T T T A 
A T A T T T T C G T C) and unmethylated mtDNA (F:  G G T A 

Fig. 1 CpGs sites and sequences in the TF and TFR1. Note: A: TF, B: TFR1. TF: 
transferrin, TFR1: transferrin receptor 1
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G G A A T T A A A G A T A G A T A T T G T G A, R:  A C T C T C C A T 
A C A T T T A A T A T T T T C A T C) in the D-loop [24, 25].

Statistical analysis
The statistical analyses were performed using the SPSS 
21.0. Exactly, the normality of data was assessed by the 
Kolmogorov-Smirnov-Goodness-of-Fit test, in which 
the continuous descriptive variables were expressed as 
Mean ± Standard error (SE) and categorical data was 
expressed as percentage (%) when they were followed the 
normal distributions. Otherwise, the inter-quartile range 
(IQR) was chosen to demonstrate the non-normal dis-
tributed variables. Besides, the log-transformation was 
used to determine the methylated/unmethylated mtDNA 
and contents of mtDNA, because they were not nor-
mally distributed. Then, the comparisons of continuous 
and categorical parameters were respectively performed 
using the multiple tests of One-way analysis of vari-
ance (ANOVA) and Chi-square tests, and the significant 
comparisons were conducted using the Bonferroni’s test 
to compare the differences between every two groups. 
Meanwhile, the Mann-Whitney U non-parametric test 
was chosen to determine the differences among the 

different groups when the data was not normally distrib-
uted. Moreover, the coefficients of Spearman correlation 
were assessed the relationships between the methylation 
levels and their related enzymes, biological indicators, 
growth outcome and body compositions by adjusting the 
sex, age and the other confounding factors. Furthermore, 
the residual standard error and semi standardized coef-
ficients were comprehensively evaluated the sensitivity 
of special values. A two-sided P < 0.05 was considered as 
the statistical significance, while the P < 0.017 was chosen 
as the significant differences under the Bonferroni’s cor-
rection tests. Meanwhile, we assumed the means of DNA 
methylation levels (or mtDNA copy numbers) among the 
MHO, MUO, and control groups, along with the related 
standard deviation, type 1 error of 0.017, and with cur-
rent sample size, we could ultimately choose more than 
80% power to identify their mean differences.

Results
Basic characteristics of the participants among the 
different groups
The baseline characteristics of included participants in 
the different groups were summarized in the Table  1. 

Table 1 Basic characteristics of the subjects in different groups
Variables Control group

(n = 65)
MHO group
(n = 60)

MUO group
(n = 44)

F/χ2$ P

Subjects Characteristics
Age 10.37 ± 1.43 9.56 ± 1.75 9.32 ± 2.63 0.117 0.733
Gender (Boy, %) 38 (58.46) 35 (58.33) 27 (61.37) 0.119 0.942
Height (cm) 150.34 ± 9.98 153.32 ± 12.61 153.54 ± 12.01 0.073 0.942
Weight (kg) 54.02 ± 6.34 64.03 ± 7.53 70.57 ± 6.69* 4.251 0.033
BMI (kg/m2) 23.68 ± 1.76 26.67 ± 2.57* 29.01 ± 2.35* 4.869 0.005
Z scores
 LAZ 1.29 ± 0.34 1.81 ± 1.17 2.14 ± 1.46 1.225 0.224
 WAZ 1.49 ± 0.51 7.76 ± 3.31* 9.85 ± 3.64* 4.429 0.018
 BMI Z 1.08 ± 0.024 2.06 ± 0.29* 2.32 ± 0.27* 5.406 < 0.001
Body composition
 Body fat (kg) 18.31 ± 2.54 25.15 ± 5.67* 28.91 ± 7.44*# 29.012 < 0.001
 Muscle mass (kg) 37.05 ± 8.12 36.53 ± 10.52 39.19 ± 12.76 0.829 0.438
 Body fat (%) 32.19 ± 3.36 39.21 ± 4.72* 40.77 ± 4.75* 61.460 < 0.001
 Muscle mass (%) 64.01 ± 3.18 57.13 ± 4.45* 55.73 ± 4.49* 64.821 < 0.001
 Visceral fat area (%) 101.09 ± 12.08 128.73 ± 17.74* 144.79 ± 26.13*# 3.746 0.045
 Waist hip ratio 0.86 ± 0.047 0.89 ± 0.064* 0.91 ± 0.092* 4.709 0.011
Maternal characteristics
 Height (cm) 161.52 ± 4.39 160.33 ± 4.35 160.81 ± 4.87 0.161 0.689
 Weight (kg) 64.07 ± 9.64 63.15 ± 10.36 62.12 ± 9.96 0.163 0.688
 BMI (kg/m2) 24.56 ± 3.19 24.56 ± 3.85 24.01 ± 3.54 0.358 0.552
Paternal characteristics
 Height (cm) 175.83 ± 4.57 172.82 ± 4.96 173.74 ± 6.23 2.294 0.061
 Weight (kg) 77.73 ± 13.14 78.00 ± 11.87 82.47 ± 14.16 1.407 0.249
 BMI (kg/m2) 25.15 ± 3.98 26.07 ± 3.48 27.29 ± 4.35 3.032 0.052
Note$The percent of gender was shown as (%) and analyzed by χ2 test among the three different groups, while the other variables were shown as mean ± standard 
deviation (SD) and analyzed by Bonferroni’s correction test after the one-way analysis of variance (ANOVA). MHO: metabolically healthy obesity, MUO: metabolically 
unhealthy obesity, BMI: body mass index, LAZ: length for age Z scores, WAZ: weight for age Z scores, BMI Z: BMI for age Z scores. *Compared with the control group, 
P < 0.017, #Compared with the MHO group, P < 0.017
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Of the 169 individuals, 60 (35.50%), 44 (26.04%) and 
65 (38.46%) subjects were respectively definted as the 
MHO, MUO and control groups. Among these three 
groups, the age, sex, height, LAZ, muscle mass, mater-
nal (height, weight and BMI) and paternal characteristics 
(height, weight and BMI) were not significantly different 
(P > 0.05). Obviously, comparing with the control group 
(Tables  1 and 2), the weight, BMI, WAZ, BMIZ, body 
fat, waist hip ratio, VFA, hemoglobin, FINS, HOMA-β, 
HOMA-IR, TG, TC, LDL-C, ALT and AST were signifi-
cantly higher in the MUO and MHO groups (P < 0.017), 
while the body fat and VFA were more serious in the 
MUO group than those in the MHO group (P < 0.017).

Oxidative indicators were related with the biomarkers of 
serum iron in the different groups
Comparing with the control group, the values for serum 
iron (Fig. 2A) and hemoglobin (Fig. 2B) were significantly 
lower in the MHO and MUO groups (P < 0.017). More-
over, they were much higher in the MUO than that in the 
MHO group (P < 0.017). Furthermore, there were posi-
tive associations between the biomarkers of serum iron 
and indicators of weight, BMI, BMIZ, WAZ, body com-
positions, glucose (HbA1c, FBG, FINS, HOMA-β and 
HOMA-1R) and lipid profile (TC, TG and LDL-C), and 
hepatic function (AST and ALT) (Fig. 2C, P < 0.05).

Obviously, the oxidative indicators (CAT and GSH-
Px) were significantly lower (Fig.  3B) and contents of 
8-OHdG (Fig.  3A) were higher in the MHO and MUO 

Table 2 Biochemical indicators among the subjects in different groups
Indicators Control group

(n = 65)
MHO group
(n = 60)

MUO group
(n = 44)

P

Glucose metabolism
 HbA1c (%) 5.02 ± 0.32 5.31 ± 0.27 5.48 ± 0.33* 0.047
 Fasting glucose (mM) 4.55 ± 0.21 4.99 ± 0.47 4.95 ± 0.40 0.817
 Fasting insulin (µIU/mL) 21.59 ± 5.15 27.91 ± 7.42 40.64 ± 8.21*# 0.008
 HOMA-β 854.13 ± 145.24 706.72 ± 108.52 565.22 ± 112.05*# < 0.001
 HOMA-IR 5.09 ± 2.14 6.27 ± 2.33 9.12 ± 3.97*# < 0.001
Lipid metabolism
 TG (mM) 1.03 ± 0.16 1.12 ± 0.28 1.36 ± 0.26* 0.043
 TC (mM) 4.02 ± 0.34 4.23 ± 0.62 4.71 ± 0.59* 0.031
 HDL-C (mM) 1.62 ± 0.13 1.32 ± 0.25 1.34 ± 0.37 0.542
 LDL-C (mM) 2.12 ± 0.34 2.43 ± 0.47 2.84 ± 0.18* 0.032
 VLDL-C (mM) 0.21 ± 0.0098 0.22 ± 0.13 0.27 ± 0.13 0.875
Liver function
 ALT (U/L) 16.25 ± 4.02 20.54 ± 3.78 52.46 ± 6.18*# < 0.001
 AST (U/L) 19.05 ± 2.06 22.27 ± 3.06 37.71 ± 5.07*# < 0.001
Note All above variables were shown as mean ± standard deviation (SD) and analyzed by Bonferroni’s correction test after the one-way analysis of variance (ANOVA). 
MHO: metabolically healthy obesity, MUO: metabolically unhealthy obesity, HbA1c: glycosylated hemoglobin, HOMA-β: homeostasis model assessment of β cell 
function, HOMA-IR: homeostasis model assessment of insulin resistance, TG: triglyceride, TC: total cholesterol, HDL-C: high density lipoprotein cholesterol, LDL-C: 
low density lipoprotein cholesterol, VLDL-C: very low density lipoprotein cholesterol, ALT: alanine amino transferase, AST: aspartate transaminase. *Compared with 
the control group, P < 0.017, #Compared with the MHO group, P < 0.017

Fig. 2 Identification of serum iron biomarkers and their correlations with the metabolic related indicators. Note: A: Concentrations of iron, B: Concentra-
tions of hemoglobin, C: β-coefficients and 95% CIs of the regression models between the contents of serum iron and metabolic related indicators. All 
related indicators were analyzed by the Bonferroni’s correction tests after the One-way analysis of variance (ANOVA). *Compared with the control group, 
P < 0.017
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groups than those in the control group (P < 0.017). Oth-
erwise, there were no significant differences on the con-
tents of SOD. Further compositions demonstrated that 
the contents of CAT and GSH-Px were much lower and 
8-OHdG were higher in the MUO group than those in 
the MHO group(P < 0.017). Among those, the disorders 
of serum iron exhibited an upward trend with the con-
tents of 8-OHdG (r = 0.240) and a downward with the 
increasing levels of CAT (r=-0.224) and GSH-Px (r=-
0.308) (Fig. 3C and D, P < 0.05). Otherwise, the negative 
correlations were shown between the concentrations of 
hemoglobin and SOD ( P < 0.05).

Identification of iron related enzymes and their 
correlations with the levels of serum iron in the different 
groups
Comparing with the control group, the concentrations 
of serum TF and TFR1 were lower in the MHO and 
MUO groups (Fig. 4A and C, P < 0.017). As expected, it 
had much significantly lower TF and TFR1 in the MUO 
group than those in the MHO group (P < 0.017). Then, 
the linear regression analysis was performed to assess the 
correlations between the contents of serum TF/TFR1 and 
iron, in which there were significantly negative correla-
tions (TF: Fig. 4B, r=-0.233; TFR1: Fig. 4D, r=-0.262).

Fig. 4 Identification of significant iron related enzymes and their correlations with serum iron biomarkers in the different groups. Note: A: Contents of 
serum TF, B: Correlations between the contents of serum TF and iron, C: Contents of serum TFR1, D: Correlations between the contents of serum TFR1 
and iron. TF: transferrin, TFR1: transferrin receptor 1. The concentrations of serum TF and TFR1 were analyzed by the Bonferroni’s correction tests after the 
One-way analysis of variance (ANOVA). *Compared with the control group, P < 0.017, #Compared with the MHO group, P < 0.017

 

Fig. 3 Concentrations of oxidative indicators and their correlations with serum iron biomarkers. Note: A: 8-OHdG, B: CAT, SOD and GSH-Px, C: Correla-
tions between the contents of serum iron/hemoglobin and related oxidative indicators; D: β-coefficients and 95% CIs of the above regression models. All 
indicators were analyzed by the Bonferroni’s correction tests after the One-way analysis of variance (ANOVA). *Compared with the control group, P < 0.017, 
*It displayed that the regression equations were significantly different in the Figure 3D, P < 0.05. #Compared with the MHO group, P < 0.017
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Methylation patterns on the wide-genome and CpG sites 
in the iron related genes among the participants in the 
different groups
To comprehensively assess the whole-genomic meth-
ylation in the Fig.  5A, the patterns of wide-genome 
methylation and hydroxymethylation were lower in the 
MHO and MUO groups than those in the control group 
(P < 0.017). Then, we obtained a total of 6 CpG units in 
the TF (Fig. 5B) and 5 CpG units in the TFR1 (Fig. 5C) 
for further analysis. Comparing with the control group, 
the methylation levels in these above CpG sites were 
appeared higher in the MHO and/or MUO groups 
(P < 0.017). Further comparisons between the MHO and 
MUO subgroups showed that the methylation levels on 
the CpG 1, CpG 2 and average of TF, and CpG 1 and CpG 
5 of TFR1 were much higher, while the methylation con-
tents of CpG 2 and CpG 3 in the TFR1 were lower in the 
MUO group than those in the MHO group (P < 0.017). 
The above significant differences of these examined CpGs 
showed there were strong inter-correlations between the 

methylation levels and their contents (Fig.  5D and G), 
in which the CpG sites in the TF (P < 0.05, Fig. 2H and J, 
CpG 1: r=-0.289, CpG 2: r=-0.283, CpG 3:: r=-0.258, CpG 
4: r=-0.264, CpG 6: r=-0.252 and average: r=-0.301) and 
TFR1 (P < 0.05, Fig.  2I and K, CpG 1: r=-0.306, CpG 3:: 
r=-0.262) were negatively correlated with their related 
enzymes.

Assessment of mtDNA-CN and damages of mtDNA among 
the different obesity subjects
As shown in the Fig. 6A and B, the significant increases 
of mtDNA-CN (ND1 and MTF3212/R3319) were 
shown in the MHO and MUO groups than those in the 
control group (P < 0.017). Moreover, they were much 
higher in the MUO group than those in the MHO group 
(P < 0.017). Otherwise, the significant differences were 
not found on the lesions of mtDNA among the con-
trol, MHO and MUO groups (P > 0.05, Fig.  6C). How-
ever, these parameters were negatively correlated with 

Fig. 5 Methylation patters on the genome-wide DNA, TF and TFR1, and their correlations with their expressions in the different obesity groups. Note: 
A: Methylation levels in the genome-wide DNA, B: Hydroxymethylation levels in the genome-wide DNA, C: Methylation levels of CpGs sites in the TF, D: 
Methylation levels of CpGs sites in the TFR1, E and F: Correlations between the methylation levels of different CpGs sites in the TF/TFR1 and their contents 
respectively. G and H: β-coefficients and 95% CIs of the above regression models. TF: transferrin, TFR1: transferrin receptor 1. All indicators were analyzed 
by the Bonferroni’s correction tests after the One-way analysis of variance (ANOVA). *Compared with the control group, P < 0.017. *It displayed that the 
regression equations were significantly different in the Fig. 5D, P < 0.05. #Compared with the MHO group, P < 0.017
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mtDNA-CN (ND1: r=-0.257 and MTF3212/R3319: r=-
0.213) (P < 0.05, Fig. 6D and G).

Methylation in the D-loop region and their correlations 
with mtDNA-CN
Compared with the control group, both the MHO and 
MUO groups had a higher DNA methylation ratio in 
the D-loop region (P < 0.017). Then, further comparisons 
showed that the methylation in the D-loop region was 
much higher in the MUO group than that in the MHO 
group (P < 0.017, Fig.  6H). Meanwhile, the patterns of 
DNA methylation in the D-loop region were positively 
correlated with the mtDNA-CN (P < 0.05, Fig.  6I, ND1: 
r = 0.270 and MTF3212/R3319: r = 0.259). However, there 

was no significant correlation between the methylation in 
the D-loop region and mtDNA lesions (P > 0.05, Fig. 6J).

Discussions
As previously mentioned, there was lower iron absorp-
tion and transportation on the progression of obesity, 
which could be triggered through the increasing contents 
of hormone hepcidin and inflammation, and lower con-
centrations of serum TF and TFR1. Then, it could pre-
cisely reduce the contents of serum circulating iron [25]. 
Both Zhao and Del Giudice et al. proved that there were 
lower concentrations of serum iron and TF among the 
obesity population [26, 27]. Meanwhile, Manios et al. also 
found that there was a negative correlation between TF 

Fig. 6 Assessment of differential copy numbers, lesions and methylation levels of mtDNA among the different obesity groups. Note: A: Relative expres-
sions of ND1, B: Relative expressions of MTF3212/R3319; C: mtDNA lesions; D; β-coefficients and 95% CIs of the regression models between the expres-
sions of ND1/MTF3212/R3319 and mtDNA lesions; E: Correlations between the expressions of ND1 and MTF3212/R3319; F: Correlations between the 
expressions of ND1 and mtDNA lesions; G: Correlations between the expressions of MTF3212/R3319 and mtDNA lesions; H: Methylation levels in the 
D-loop region; I: Correlations between the methylation levels of mtDNA and expressions of ND1/MTF3212/R3319 and mtDNA lesions. All above indica-
tors were analyzed by the Bonferroni’s correction tests after the One-way analysis of variance (ANOVA). *Compared with the control group, P < 0.017, # 
Compared with the MHO group, P < 0.017
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saturation and adiposity [28]. Otherwise, Sal et al. dem-
onstrated there were no significant differences on the 
concentrations of serum ferritin and iron [29]. So the 
contents of serum iron were significantly various under 
the different degrees of obesity with the inconsistent 
conclusions [29]. Conversely, as the development of obe-
sity with MetS especially the hepatic injury, it could be 
resulted in the disorder of ferritin releases into the blood-
stream to increase the contents of serum iron, which was 
induced the oxidative environment to cause the occur-
rences of insulin resistance and necrotic signals among 
the obesity subjects to aggravate more severe hepatic 
damages. Besides, nearly one-third of MetS patients were 
suffered from the hyperferritinemia, as accompanying 
by the dysmetabolic iron overload syndrome [30]. These 
profound alterations on the energy homeostasis were 
closely linked to the distinct changes of iron homeo-
stasis [31]. Our results in this study were in agreement 
with the above researches, in which the iron levels were 

lower in the MHO and MUO groups than those in the 
control group among the school-age children. Other-
wise, comparing with the MHO group, it was higher in 
the MUO group. Moreover, there were positively cor-
relations between the serum iron and concentrations of 
CAT and GSH-Px, while they were negatively correlated 
with the contents of ALT, AST, TF and TFR1 using the 
linear models independently of the age, sex and the other 
confounding factors (P < 0.05). Therefore, the disturbance 
of serum iron might present with two sides facing oppo-
site directions with the obesity-related iron deficiency, in 
which the MHO was on one side and MUO was on the 
other.

Recently, there were many genes involving in the iron 
absorption and transportation, especially the TF and 
TFR1. They could be regulated by the genetic, hormonal, 
epigenetic and environmental factors, in which the epi-
genetic mechanisms could reversibly inhibit the gene 
expressions on the patters of DNA methylation [32–34]. 

Fig. 7 Obesity related epigenetic modifications on the nuclear DNA and mtDNA could cause the disturbance of serum iron biomarkers to induce the 
occurrence of MetS. The MHO was adaptive with the abnormal epigenetic modifications of nuclear (whole-genome, TF and TFR1) and mtDNA to result in 
the decreases of iron related biomarkers in a BMI-independent manner. Then, it might conversely affect the oxidative stress to aggravate the occurrence 
of MetS with the increasing serum iron biomarkers
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Our study also indicated that the levels of genome-wide 
methylation and hydroxymethylation were lower in the 
MHO and MUO groups than those in the control group. 
Meanwhile, the hydroxymethylation levels were much 
lower on the progression of MUO. Moreover, comparing 
with the control group, the methyaltion levels in many 
CpG sites in the TF and TFR1 were appeared higher 
both in the MHO and/or MUO groups. Furthermore, 
the methylation levels on the CpG 1, CpG 2 and aver-
age in the TF and CpG 1 and CpG 5 in the TFR1 were 
much higher in the MUO group than those in the MHO 
group, while the other CpG units (CpG 2 and CpG 3 of 
the TFR1) were appeared with the lower methylation 
levels. Totally, the above significant differences of these 
examined CpGs showed they were strongly correlated 
with the expressions of related enzymes. Therefore, the 
occurrence of obesity as MHO could cause the disorder 
of whole genome methylation and lead a decrease on 
the gene homeostasis to affect the expressions of TF and 
TFR1, which then could exacerbate the occurrences of 
obesity with MetS as in the MUO group. Meanwhile, the 
disorders of Fe2 + and Fe3+, as the co-factor of multitude 
enzymes, were resided both in the cytosol and mitochon-
drial matrix. Then, they could directly catalyze the free 
radical formation via the Fenton’s oxidative reaction to 
mediate the lipid peroxide generation [32–36]. Thus, the 
iron import, export, storage, and turnover could have sig-
nificant impacts on the glucose and lipid metabolisms. As 
a consequence, the iron metabolism mainly leads to the 
disorders of DNA damages as the 8-OHdG and mtDNA 
to further aggravate the hepatic damages among the 
obesity school-age children with MetS, which could be 
proved by our study. In our results, there were significant 
increases of 8-OHdG, mtDNA-CN and mtDNA methyla-
tion on the D-loop region in the MUO group than those 
in the MHO group, which were positively correlated with 
the indicators on the hepatic injury such as ALT and 
AST. Nevertheless, there were many limitations in this 
research. Firstly, the sample size was small, which could 
decrease our power to find the significant differences. 
Therefore, our conclusions still need to be further con-
firmed by many studies with much larger samples in the 
future. Secondly, the whole blood was used to study the 
DNA methylation and their associations with metabolic 
outcomes. This can not exclude the potential issues aris-
ing from the tissue specificity nature in the iron metabo-
lism. Finally, it was lack of data on the gene expressions 
such as TF and TFR1 in this study due to the shortages of 
whole blood samples.

In summary (Fig.  7), our findings suggested that obe-
sity could affect the impairments on the epigenetic modi-
fications of nuclear DNA (such as whole-genome, TF, 
TFR1 and etc.) and mtDNA to cause the disturbance of 
serum irons in a BMI-independent manner, which might 

conversely affect the oxidative stress to aggravate the pro-
gression of MetS among the school-age obesity children. 
Moreover, it also emphasized the importance of individu-
ally clinical treatments with the iron dysfunction at the 
different obesity degrees.

Abbreviations
MetS  Metabolic Syndrome
mtDNA  mitochondrial DNA
mtDNA-CN  mtDNA Copy Numbers
MHO  Metabolically Health Obesity
MUO  Metabolically Unhealthy Obesity
CAT  Catalase
DMT1  Divalent Metal Transporter 1
TFR1  Transferrin Receptor 1
TF  Transferrin
FPN  Ferroportin
BMI  Body Mass Index
VFA  Visceral Fat Area
BIA  Bio-Electrical Impedance Analyses
UA  Uric Acid
ALT  Alanine Aminotransferase
AST  Aspartate Aminotransaminase
TG  Triglyceride
TC  Total Cholesterol
HDL-C  High Density Lipoprotein Cholesterol
LDL-C  Low Density Lipoprotein Cholesterol
VLDL-C  Very Low Density Lipoprotein Cholesterol
FBG  Fasting Blood Glucose
FINS  Fasting Insulin
HbA1c  Hemoglobin
HOMA-β  Homeostasis Model Assessment for β Cell Function
HOMA-IR  Homeostasis Model Assessment for Insulin Resistance

Acknowledgements
We express our thanks to J.Y. for the collection of biological samples and all 
the subjects for their participation in this study.

Author contributions
LLX, XL, YQL and PL were responsible for the study design and data accuracy. 
LLX and JY collected the biological samples. XYJ and WLY performed the 
statistical analysis. KMQ and PL revised the whole manuscript. All the authors 
reviewed and approved the final manuscript.

Funding
This study was supported by the National Natural Science Foundation of 
China (No. 82173524), Beijing Municipal Natural Science Foundation (No. 
7174302) and Funding for Reform and Development of Beijing Municipal 
Health Commission.

Data availability
No datasets were generated and/or analyzed in the current study.

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Beijing Pediatric 
Research Institution, Beijing Children’s Hospital affiliated to Capital Medical 
University, which was registered at the website as  h t t p :   /  / w w  w . c  h i c  t  r .  o  r g  .  c  
n / s  h o w  p  r o  j .  a  s p x ?  p r o j = 4 6 7 3 (No: ChiCTR-OCH-14004900). The details of all 
subjects had been removed from their clinical case descriptions to ensure the 
anonymity. Meanwhile, the informed consents were obtained both from the 
participants and their guardians.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

http://www.chictr.org.cn/showproj.aspx?proj=4673
http://www.chictr.org.cn/showproj.aspx?proj=4673


Page 12 of 12Xia et al. Nutrition Journal           (2025) 24:51 

Author details
1Laboratory of Nutrition and Development, Key Laboratory of Major 
Diseases in Children’s Ministry of Education, Beijing Children’s Hospital, 
Beijing Pediatric Research Institute, Capital Medical University, National 
Center for Children’s Health, No.56 Nan-li-shi Road, Beijing 100045, China
2Department of Clinical Nutrition, Beijing Children’s Hospital, Capital 
Medical University, National Center for Children’s Health, Beijing  
100045, China

Received: 16 October 2024 / Accepted: 26 February 2025

References
1. Bussler S, Penke M, Flemming G, Elhassan YS, Kratzsch J, Sergeyev E, et al. 

Novel insights in the metabolic syndrome in childhood and adolescence. 
Horm Res Paediatr. 2017;88(3–4):181–93.

2. Weihe P, Weihrauch-Blüher S. Metabolic syndrome in children and adoles-
cents: diagnostic criteria, therapeutic options and perspectives. Curr Obes 
Rep. 2019;8(4):472–9.

3. Iacobini C, Pugliese G, Blasetti Fantauzzi C, Federici M, Menini S. Metabolically 
healthy versus metabolically unhealthy obesity. Metabolism. 2019;92:51–60.

4. Pasricha SR, Tye-Din J, Muckenthaler MU, Swinkels DW. Iron deficiency. 
Lancet. 2021;397(10270):233–48.

5. Chopra VK, Anker SD. Anaemia, iron deficiency and heart failure in 2020: facts 
and numbers. ESC Heart Fail. 2020;7(5):2007–11.

6. Kalra PR, Cleland JGF, Petrie MC, Thomson EA, Kalra PA, Squire IB, et al. Intra-
venous ferric derisomaltose in patients with heart failure and iron deficiency 
in the UK (IRONMAN): an investigator-initiated, prospective, randomised, 
open-label, blinded-endpoint trial. Lancet. 2022;400(10369):2199–209.

7. Park E, Chung SW. ROS-mediated autophagy increases intracellular iron levels 
and ferroptosis by ferritin and transferrin receptor regulation. Cell Death Dis. 
2019;10(11):822.

8. Malden S, Gillespie J, Hughes A, Gibson AM, Farooq A, Martin A, et al. Obesity 
in young children and its relationship with diagnosis of asthma, vitamin D 
deficiency, iron deficiency, specific allergies and flat-footedness: A systematic 
review and meta-analysis. Obes Rev. 2021;22(3):e13129.

9. Teng IC, Tseng SH, Aulia B, Shih CK, Bai CH, Chang JS. Can diet-induced 
weight loss improve iron homoeostasis in patients with obesity: A systematic 
review and meta-analysis. Obes Rev. 2020;21(12):e13080.

10. Suárez-Ortegón MF, Echeverri I, Prats-Puig A, Bassols J, Carreras-Badosa G, 
López-Bermejo A, et al. Iron status and metabolically unhealthy obesity in 
prepubertal children. Obes (Silver Spring). 2019;27(4):636–44.

11. Kawabata H. Transferrin and transferrin receptors update. Free Radic Biol Med. 
2019;133:46–54.

12. McCarthy RC, Sosa JC, Gardeck AM, Baez AS, Lee CH, Wessling-Resnick M. 
Inflammation-induced iron transport and metabolism by brain microglia. J 
Biol Chem. 2018;293(20):7853–63.

13. Xie J, Lv H, Liu X, Xia Z, Li J, Hong E, et al. Nox4-and Tf/TfR-mediated peroxida-
tion and iron overload exacerbate neuronal ferroptosis after intracerebral 
hemorrhage: involvement of EAAT3 dysfunction. Free Radic Biol Med. 
2023;199:67–80.

14. Pannunzio NR, Watanabe G, Lieber MR. Nonhomologous DNA end-joining for 
repair of DNA double-strand breaks. J Biol Chem. 2018;293(27):10512–23.

15. Brestoff JR, Wilen CB, Moley JR, Li Y, Zou W, Malvin NP, et al. Intercellular 
mitochondria transfer to macrophages regulates white adipose tissue 
homeostasis and is impaired in obesity. Cell Metab. 2021;33(2):270–e2828.

16. Beaulant A, Dia M, Pillot B, Chauvin MA, Ji-Cao J, Durand C, et al. Endoplasmic 
reticulum mitochondria miscommunication is an early and causal trigger of 
hepatic insulin resistance and steatosis. J Hepatol. 2022;77(3):710–22.

17. Liang D, Minikes AM, Jiang X. Ferroptosis at the intersection of lipid metabo-
lism and cellular signaling. Mol Cell. 2022;82(12):2215–27.

18. Ahmed U, Latham PS, Oates PS. Interactions between hepatic iron and lipid 
metabolism with possible relevance to steatohepatitis. World J Gastroenterol. 
2012;18(34):4651–8.

19. Li P, Yan K, Chang X, Chen X, Wang R, Fan X, et al. Sex-specific maternal cal-
cium requirements for the prevention of nonalcoholic fatty liver disease by 
altering the intestinal microbiota and lipid metabolism in the high-fat-diet-
fed offspring mice. Gut Microbes. 2020;11(6):1590–607.

20. Wang Z, Liu Y, Zhang S, Yuan Y, Chen S, Li W, et al. Effects of iron homeostasis 
on epigenetic age acceleration: a two-sample Mendelian randomization 
study. Clin Epigenetics. 2023;15(1):159.

21. Stoccoro A, Coppedè F. Mitochondrial DNA methylation and human diseases. 
Int J Mol Sci. 2021;22(9):4594.

22. Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard definition 
for child overweight and obesity worldwide: international survey. BMJ. 
2000;320(7244):1240–3.

23. de Ferranti SD, Gauvreau K, Ludwig DS, Neufeld EJ, Newburger JW, Rifai N. 
Prevalence of the metabolic syndrome in American adolescents: findings 
from the third National health and nutrition examination survey. Circulation. 
2004;110(16):2494–7.

24. Czarny P, Seda A, Wielgorski M, Binczyk E, Markiewicz B, Kasprzak E, et al. 
Mutagenesis of mitochondrial DNA in Fuchs endothelial corneal dystrophy. 
Mutat Res. 2014;760:42–7.

25. Slywitch E, Savalli C, Duarte ACG, Escrivão MAMS. Iron deficiency in vegetar-
ian and omnivorous individuals: analysis of 1340 individuals. Nutrients. 
2021;13(9):2964.

26. Zhao L, Zhang X, Shen Y, Fang X, Wang Y, Wang F. Obesity and iron deficiency: 
a quantitative meta-analysis. Obes Rev. 2015;16(12):1081–93.

27. Del Giudice EM, Santoro N, Amato A, Brienza C, Calabrò P, Wiegerinck ET, 
et al. Hepcidin in obese children as a potential mediator of the asso-
ciation between obesity and iron deficiency. J Clin Endocrinol Metab. 
2009;94(12):5102–7.

28. Manios Y, Moschonis G, Chrousos GP, Lionis C, Mougios V, Kantilafti M, et al. 
The double burden of obesity and iron deficiency on children and adoles-
cents in Greece: the healthy growth study. J Hum Nutr Diet. 2013;26(5):470–8.

29. Sal E, Yenicesu I, Celik N, Pasaoglu H, Celik B, Pasaoglu OT, et al. Relationship 
between obesity and iron deficiency anemia: is there a role of Hepcidin?? 
Hematology. 2018;23(8):542–8.

30. Aigner E, Feldman A, Datz C. Obesity as an emerging risk factor for iron 
deficiency. Nutrients. 2014;6(9):3587–600.

31. Straub LG, Efthymiou V, Grandl G, Balaz M, Challa TD, Truscello L, et al. 
Antioxidants protect against diabetes by improving glucose homeostasis 
in mouse models of inducible insulin resistance and obesity. Diabetologia. 
2019;62(11):2094–105.

32. Ye J, Wang Z, Chen X, Jiang X, Dong Z, Hu S, et al. YTHDF1-enhanced 
iron metabolism depends on TFRC m6A methylation. Theranostics. 
2020;10(26):12072–89.

33. Mash DC, Pablo J, Buck BE, Sanchez-Ramos J, Weiner WJ. Distribution and 
number of transferrin receptors in Parkinson’s disease and in MPTP-treated 
mice. Exp Neurol. 1991;114(1):73–81.

34. Teng C, Gladwell W, Raphiou I, Liu E. Methylation and expression of the lacto-
ferrin gene in human tissues and cancer cells. Biometals. 2004;17(3):317–23.

35. Protchenko O, Baratz E, Jadhav S, Li F, Shakoury-Elizeh M, Gavrilova O, et al. 
Iron chaperone Poly rC binding protein 1 protects mouse liver from lipid 
peroxidation and steatosis. Hepatology. 2021;73(3):1176–93.

36. Xing G, Meng L, Cao S, Liu S, Wu J, Li Q, et al. PPARα alleviates iron overload-
induced ferroptosis in mouse liver. EMBO Rep. 2022;23(8):e52280.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Epigenetic modifications of nuclear and mitochondrial DNA are associated with the disturbance of serum iron biomarkers among the metabolically unhealthy obesity school-age children
	Abstract
	Background
	Materials and methods
	Subjects
	Measurement of body compositions
	Collection of blood samples
	Determination of serum biological indicators
	Definition of MUO and MHO subgroups
	Evaluation of serum oxidative enzyme activity
	Determination of serum iron, TF and TFR1
	DNA extraction and detection of 8-hydroxydeoxyguanosine (8-OHdG)
	Genome-wide methylation and hydroxymethylation
	Methylation patterns of CpG sites in the TF and TFR1
	Evaluation of the contents and damages of mtDNA
	Detection of methylation levels of mtDNA
	Statistical analysis

	Results
	Basic characteristics of the participants among the different groups
	Oxidative indicators were related with the biomarkers of serum iron in the different groups
	Identification of iron related enzymes and their correlations with the levels of serum iron in the different groups
	Methylation patterns on the wide-genome and CpG sites in the iron related genes among the participants in the different groups
	Assessment of mtDNA-CN and damages of mtDNA among the different obesity subjects
	Methylation in the D-loop region and their correlations with mtDNA-CN

	Discussions
	References


