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ARTICLE INFO ABSTRACT

Keywords: Background and aims: The mechanisms occur in children with obesity after lifestyle intervention
Weight 1955 remain poorly explained. Here, we investigated the serum proteomes and metabolomes of chil-
Obese children dren with obesity who had undergone 30 days of weight loss intervention.

ﬁgf:sglfme Methods and results: Serum samples and clinical parameters were collected before and after life-

style alteration interventions. Proteomic and metabolomic profiling was used to identify the
differentially expressed proteins and differentially abundant metabolites in response to weight
loss intervention. Lifestyle alteration interventions significantly decreased BMI, waist circum-
ference, hip circumference and body fat, total cholesterol (TC), triglyceride (TG), low-density
lipoprotein cholesterol (LDL) and high non-HDL cholesterol, but not TG and high-density lipo-
protein cholesterol (HDL), in children with obesity. By comparing the multiomics data, we
identified 43 proteins and 165 metabolites that were significantly differentially expressed in
children with obesity before and after lifestyle alteration interventions. Using integrated -omics
analysis, we obtained 7 KEGG pathways that were organically integrated based on the correla-
tions between differentially expressed proteins (DEPs) and metabolites (DMs). Further interaction
analysis identified 7 proteins as candidate DEPs and 9 metabolites as candidate DMs. Interest-
ingly, we found that some of these candidate DEPs and candidate DMs were significantly
correlated with clinical parameters.

Conclusion: Our results provide valuable proteome and metabolome data resources for better
understanding weight loss-associated responses in children with obesity. In addition, we analyzed
the number of significantly differentially expressed proteins and metabolites, shed new light on
weight loss pathogenesis in children with obesity, and added potential therapeutic agents for
obese children.

1. Introduction

Obesity and overweight are defined as abnormal or excessive accumulation of fat tissue in the body, which may result in an un-
healthy body shape and disease. The prevalence of obesity is increasing in children, adolescents and adults worldwide [1]. The World
Health Organization (WHO) reported that the prevalence of overweight and obesity significantly increased from 4 % to 18 % in
children and adolescents from 1975 to 2016. In addition, there were more than 340 million overweight or obese children in 2016 [2].
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The incidence of obesity in children increases the risk of additional comorbidities, such as hypertension, dyslipidemia, diabetes, and
other cardiovascular diseases, in adulthood [3].

Lifestyle alteration is the first-line approach to the prevention and treatment of obesity and overweight in children and adults [4].
Lifestyle alterations include diet modification and increased physical activity. Ryan et al. [5] found that moderate-intensity exercise
and high-intensity exercise interval training improved insulin sensitivity in adults with obesity. Moreover, emerging evidence has
demonstrated that exercise intervention can improve body composition in obese and overweight children [6]. Although recent studies
have explored the mechanism of weight loss following lifestyle alterations, the mechanism is not fully understood.

Blood acts as a fluid transport for circulating small molecules inside the body. These small molecules in serum are termed the serum
metabolome. Cropulence results in a significant disruption of the serum metabolome [7]. In addition, lifestyle alteration-based weight
loss interventions significantly change the serum metabolomic signatures in obese or overweight children and adolescents [8]. Proteins
perform most biological processes, such as metabolic liaisons of life, and the profound perturbation of the serum metabolome
commonly occurs with pathology onset and progression [9]. Studies have found that the levels of numerous proteins are significantly
different between normal weight and obese or overweight individuals [10,11]. More critically, numerous proteins have been
demonstrated to be differentially transported in the sera of individuals with obesity after weight loss intervention [9].

Research has investigated the proteomics and metabolomics of adipose tissue in obese rabbits that have experienced weight loss
[12]. No studies had specifically focused on examining the metabolites, proteomics, and their interactions in children with obesity both
prior to and following weight loss interventions. Consequently, the aim of this study is to focus a multiomics approach on the
metabolite and proteomics changes in children with obesity following weight loss interventions.

2. Methods and materials
2.1. Ethics and study design

This study was approved by the Ethical Committee of Guangzhou Sport University (No. 2018LCLL-008), and written informed
consent was signed by all the children and their parents. The investigation conforms with The Code of Ethics of the World Medical

Association. Serum samples from 6 children with obesity were collected before and after weight loss interventions. Metabolome and
proteome analyses were performed in this study (Fig. 1).

2.2. Participant inclusion criteria

From June 2022 to August 2022, 6 children with obesity aged 10-14 years were selected from the training camp (Shenzhen, China).
Children with obesity were defined as having a body mass index (BMI) that corresponded to the guidelines for obesity. All children
were free of heart disease, kidney disease, hepatitis B, and chronic illnesses and had no history of medication.

The children with obesity performed a 30-day weight loss intervention, including diet control and exercise in closed training camps.
To ensure effective interventions, dietary intake and exercise training volume and intensity were monitored and recorded. The details
of the diet control and exercise intervention were described in a previous study [13].

2.3. Clinical data collection and procedure

The clinical data were collected before and after the weight loss intervention. Height was measured by a standard height meter,
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Fig. 1. Study design and blood samples. Overview of serum samples collected from obese children before (n = 6) and after (n = 6) weight loss
interventions. The flowchart shows the process of proteomic and metabolomic analysis.
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weight was measured by a digital scale, and all measurements were rounded to the nearest 0.1 cm or 0.1 kg. Body mass index (BMI)
was determined by weight in kilograms divided by the height in meters squared. Waist and hip circumference were measured by a
plastic tape to the nearest 0.1 cm. Body fat was measured by a body composition analyzer (T-SCAN PLUS, Korea).

The concentrations of total cholesterol (TC), triglycerides (TGs), low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C) were analyzed by commercial enzyme assay kits. High non-HDL cholesterol was calculated by sub-
tracting TC from HDL-C.

2.4. Metabolomic analysis

Serum samples from children with obesity before and after weight loss intervention were subjected to liquid chromatography-mass
spectrometry (LC-MS) analysis. Take out the serum samples stored at —80 °C and thaw them at room temperature. Transfer 100 pL of
the serum sample into a 1.5 mL Eppendorf (EP) tube; Add 400 pL of protein precipitation reagent methanol-acetonitrile (V:V = 2:1,
containing L-2-chlorophenylalanine, 2 pg/mL), vortex for 1 min; Ultrasonic extraction in an ice-water bath for 10 min, stand at —40 °C
for 30 min; Centrifuge for 10 min (12000 rpm, 4 °C), use a syringe to aspirate 150 pL of the supernatant, filter it through a 0.22 pm
organic phase needle filter, and then transfer it to an LC injection vial, store at —80 °C until LC-MS analysis is performed. Quality
control samples (QC) are prepared by mixing equal volumes of all sample extracts. All extraction reagents should be precooled at
—20 °C before use.

The metabolic profiling of this work was performed by an ACQUITY UPLC-Class system (Waters Corporation, Milford, USA) fitted
with a Q Exactive mass spectrometer equipped with a heated electrospray ionization (ESI) source (Thermo Fisher Scientific, Waltham,
MA, USA). An ACQUITY UPLC HSS T3 column was used in both positive and negative modes. The details of the mass spectrum pa-
rameters are as follows. Spray voltage, 3800 V (+) and 3000 V (—); capillary temperature (°C), 320; aux gas heater temperature (°C),
350; sheath gas flow rate (Arb), 8; S-lens RF level, 50; mass range (m/z), 100-1200; full ms resolution, 70000; MS/MS resolution,
17500; NCE/stepped NCE, 10, 20, 40. Progenesis QI V2.3 software (Nonlinear, Dynamics, Newcastle, UK) was used to analyze the
original LC-MS data.

The identification of differentially abundant metabolites and bioinformatic analysis were performed using R studio software
packages, which include DESeq2, edgeR, and limma packages for statistical analysis to identify differentially abundant metabolites;
the ggplot2 package for visualization; the ropls package for multivariate data analysis; and the clusterProfiler package for enrichment
analysis. Additionally, the Biostrings and GenomicFeatures packages were used for integration with biological databases. Detailed
methods are available in the Supplemental Materials.

2.5. Proteomics analysis

2.5.1. Sample preparation

Twelve serum samples from children with obesity were utilized for proteomics analysis. The process began by diluting 60 pL of
serum with Binding Buffer to achieve a 10-fold concentration, resulting in a final volume of 540 pL. The blue cap on the column was
removed to eliminate the storage buffer that maintains the resin’s hydration. The column was then inverted on a paper towel to ensure
complete removal of the storage buffer. Subsequently, the column was placed into an appropriate buffer collection tube. A total of 0.85
mL of Binding Buffer was added to the column, allowing the liquid to pass through the resin bed by gravity flow. The diluted sample
was then transferred to the column and allowed to pass through by gravity flow. The flow-through, containing molecules that did not
bind to the resin, was collected. The column was then placed into a new buffer collection tube and washed with 600 pL of Binding
Buffer to remove any unbound or loosely bound substances. The wash solution was allowed to flow through the resin bed by gravity,
and the wash fraction was collected. This washing step was repeated once more with another 600 pL of Binding Buffer to ensure
thorough cleaning of the resin and to enhance the specificity of the binding. The combined fraction contained the albumin/IgG-
depleted sample. After vacuum freeze-drying, the sample was stored for future use. For resolubilization, 300 pL of SDS lysis buffer
was added to the freeze-dried samples. The solution was centrifuged at 12,000 rpm at room temperature for 10 min, and the super-
natant was collected. This centrifugation was repeated once more to ensure complete collection of the supernatant. The supernatant
represented the total protein solution of the sample. The protein concentration was measured and aliquots were prepared before
storage at —80 °C for future use.

The protein concentration of the sample was determined using the BCA (Bicinchoninic Acid) protein assay method. Following the
instructions provided with the BCA reagent kit, the coloring reagent was prepared by mixing Buffer A and Buffer B in a volume ratio of
50:1 (v/v). A portion of the protein solution to be tested was diluted with ultrapure water to prevent the concentration from being too
high, which could exceed the working range of the standard curve.

A clean 96-well plate was prepared, and a gradient of BSA standard protein solutions was added: 0, 1, 2, 4, 8, 12, 16, 20 pL. Ul-
trapure water was added to each well to bring the volume up to 20 pL. A diluted protein sample (2 pL) was added to the 96-well plate,
with three replicates for each sample, and the volume was adjusted to 20 pL with ultrapure water. A pre-prepared coloring reagent
(prepared fresh) was added to each well in a volume of 200 pL, and the plate was incubated at 37 °C for 30 min. Absorbance values
were measured using a microplate reader (wavelength 562 nm). The standard curve was calculated based on the known concentrations
and absorbance values of the standard protein solutions. The absorbance value of the sample was substituted into the standard curve to
determine the protein concentration.

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was performed on each sample, using 10 pg of protein and a 12 % gel for
separation. The separated gel was stained with Coomassie Brilliant Blue using an eStain LG protein staining instrument. The stained gel
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was imaged using a fully automated digital gel imaging system.

For trypsin digestion, 50 pg of protein was taken for each sample, diluted to a uniform concentration and volume using the lysis
buffer, and DTT was added to the protein solution to a final concentration of 5 mM. The mixture was then incubated at 55 °C for 30
min. After cooling the samples on ice and allowing them to reach room temperature, the appropriate volume of iodacetamide was
added to achieve a final concentration of 10 mM. The samples were mixed thoroughly and left in the dark at room temperature for 15
min. Proteins were precipitated by adding an equal volume of acetone, and the samples were placed at —20 °C for 4 h or overnight. The
samples were centrifuged at 4 °C at 8000xg for 10 min to collect the precipitate, and the acetone was evaporated for 2-3 min. One
hundred pL of TEAB (200 mM) was added to resuspend the precipitate, followed by the addition of 1/50 of the sample weight of 1 mg/
mL Trypsin-TPCK. The samples were digested overnight at 37 °C, and the digested samples were lyophilized and stored at —80 °C for
future use.

2.5.2. Protein digestion and labeling

Based on the measured protein concentration, 50 pg of protein is taken for each sample, and different group samples are diluted and
adjusted to the same concentration and volume using lysis buffer. Then, DTT (dithiothreitol) is added to the protein solution to achieve
a final concentration of 5 mM, mixed well, and incubated at 55 °C for 30 min. The sample is then cooled on ice until it reaches room
temperature (note: the solution should neither feel too cold nor too warm when touched by hand). Next, the appropriate volume of
iodacetamide is added to achieve a final concentration of 10 mM, mixed thoroughly, and left in the dark at room temperature for 15
min. Following this, six volumes of acetone are added to the solution to precipitate the proteins, and the mixture is placed at —20 °C for
more than 4 h or overnight. The precipitated proteins are collected by centrifugation at 4 °C at 8000 xg for 10 min. The acetone is then
evaporated for 2-3 min. The protein pellet is resuspended in 100 pL of TEAB (200 mM), and 1 mg/mL of Trypsin-TPCK is added at a
ratio of 1/50th the weight of the sample. The digestion is carried out overnight at 37 °C. After digestion, the samples are lyophilized
(freeze-dried) and stored at —80 °C for future use.

A ProteoExtract™ kit was used to remove the high abundance proteins in serum samples (Millipore, Billerica, MA, United States).
For tandem mass tag (TMT) labeling, the lyophilized samples were resuspended, and a TMTsixplex™ kit (Thermo Scientific, Massa-
chusetts, United States) was added to each sample for mixing. The samples were labeled as 126, 127 N, 127C, 128 N, 128C, 129 N,
129C, 130 N, 130C, 131 N, 131C and 132 N.

2.5.3. Chromatography and mass spectrometry

The sample was loaded onto the analytical column, an Acclaim PepMap RSLC (75 pm x 50 cm, RP-C18, Thermo Fisher Scientific),
at a flow rate of 300 nL/min for separation. The mobile phases were as follows: Mobile phase A consisted of a mixture of acetonitrile
(ACN), water (H20), and formic acid (FA) in a volume ratio of 99.9:0.1, respectively; mobile phase B was a mixture of acetonitrile,
water, and formic acid in a volume ratio of 80:19.9:0.1, respectively. The gradient elution program was set as follows: from 0 to 50 min,
the concentration of phase B increased from 2 % to 28 %; from 50 to 60 min, it increased from 28 % to 42 %; from 60 to 65 min, it
ramped up to 90 % B; and from 65 to 75 min, it was maintained at 90 % B.

The first-level MS mass resolution was set to 60,000, with the automatic gain control (AGC) target set to 3 x 106, and the maximum
injection time was 50 ms. The mass spectrometry scan was configured for a full scan mass-to-charge ratio (m/z) range of 350-1500.
MS/MS scans were performed on the 20 most intense peaks. All MS/MS spectra acquisitions were completed using data-dependent
high-energy collisional dissociation (HCD) in positive ion mode, with a collision energy set to 32. The MS/MS resolution was set to
45,000, with the AGC target set to 2 x 105, and the ion maximum injection time was 80 ms. The dynamic exclusion time was set to 30 s.

2.5.4. Data search and analysis

The data search sequence file was UniProt-Homo sapiens-9606-2023.2.1.fasta. The search parameters included the following
modifications: static modifications were TMT (N-term, K) and Carbamidomethyl (C); dynamic modifications were Oxidation (M) and
Acetyl (N-term). The digestion was performed using Trypsin, and the instrument used was a Q Exactive HF. The MS1 tolerance was set
at 10 ppm, and the MS2 tolerance was 0.02 Da, with a maximum of 2 missed cleavages.

Proteins were considered reliable if they had a Sequest HT score greater than 0, at least one unique peptide, and no null values in
their expression. Proteins with an absolute log2-fold change greater than 0.263 and a p-value less than 0.05 (as determined by a 2-
tailed Student’s t-test between the Pre group and Post group) were considered differentially expressed proteins (DEPs).

The process of identifying DEPs and conducting bioinformatics analysis was facilitated by the use of various R packages within R
Studio. These included the DESeq2, edgeR, and limma packages, which were instrumental in performing statistical analyses to identify
DEPs present in varying quantities. For graphical representation, the ggplot2 package was used. The ropls package was employed for a
comprehensive analysis of multivariate data, and the clusterProfiler package was essential for performing enrichment analysis.
Additionally, the integration with biological databases was achieved seamlessly through the Biostrings and GenomicFeatures
packages.

2.6. Statistical analysis
Data are presented as the mean + standard deviation (SD). Clinical data were compared between the Pre group and Post group

using paired Student’s t-test and the Wilcoxon matched-pairs signed rank test for nonnormally distributed data. The null hypothesis
was rejected at p < 0.05.
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3. Results
3.1. Clinical characteristics of children with obesity before and after weight loss intervention

The clinical characteristics of children with obesity are presented in Fig. 2 (A-I). As previously reported, weight loss intervention
significantly decreased BMI (Fig. 2A), waist circumference (Fig. 2B), hip circumference (Fig. 2C) and body fat (Fig. 2D) in the Post
group compared with the Pre group. In addition, we analyzed the biochemical indexes of children with obesity before and after weight
loss intervention. The results showed that weight loss intervention significantly decreased the levels of TC (Fig. 2E), LDL (Fig. 2I) and
high non-HDL cholesterol (Fig. 2H) but not TG (Fig. 2F) and HDL (Fig. 2G) in children with obesity. These results suggest that the
weight loss intervention was effective for children with obesity.

3.2. Weight loss intervention significantly changed the proteomic profile in children with obesity

To further explore the proteomic profile of weight loss intervention, TMT-labeled proteome analysis was performed in children
with obesity before and after weight loss intervention. There were 4,383 peptides identified from all serum samples of these two
groups. Based on this dataset, we identified 548 unique proteins, 43 of which were differentially expressed between the Pre and Post
groups in children with obesity (|log2fold change| > 0.263 and p value < 0.05). Of these, 15 proteins were upregulated and 28 proteins
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Fig. 2. Weight loss intervention decreased the multiclinical characteristics of obese children. A. Body mass index (BMI); B. Waist circumference; C.
Hip circumference; D. Body fat; E. Total cholesterol (TC); F. Total triglyceride (TG); G. High-density lipoprotein cholesterol (HDL); H. High non-
HDL; I. Low-density lipoprotein cholesterol (LDL). *p < 0.05 between corresponding groups. **p < 0.01 between corresponding groups.



X. Liu et al.

0,
o6 o°
o1, L
ot
p""“?tmu, ‘ soni%
sy

—

. Extracellular region

. Extracellular space Extracellular exosome
. Negative regulation of

activity .

[ serine-type endopeptidase innibitor actvity

i reticulum lumen
Protease binding

. Fibrinogen complex [ Acute-phase response

Serpin superfamily, domain 1 [IE
sorpn suporary
serpin family [
Serpin domain (I
Serpin superfamily, domain 2 [
Serpin, conserved site [
Alpha/Beta hydrolase fold [
Capen [
Lipocalin/eytosolic fatty-acid binding domain [
Lipocalin family conserved site [
N concanavalin A-like lectin/glucanase domain superfamily
N Fibrinogen, alphafbeta/gamma chain, C-terminal globular dom
N Fibrinogen-tike, C-terminal
N Fibrinogen, alphalbetalgamma chain, C~terminal globular, sub.
I Fibrinogen, conserved site

M oown
Hup

02

o1 ) o1 02
Percent

"7 Collagen-containing extracellular matrix

8-|H

-Log10(P Value)

BBPZ

TIN'

Heliyon 10 (2024) e31917

T T
Group k 1° SUN3
44 -1 1 1
* Down regulated: :SERP_INAS PRG4
not-significant ' °
. 1 1 CNDP1
Up-regulated ! !
39 LMH3— | PF4V1
o I 1 e
NRP11 "o, SEST
GSTA1 ILRAP 1 1+ RBP4
Ly 1 1,
e ! \cEP TIMP1
PR - FGL1, | PEYOXT
SERPINAfY o 1 °
b 7 Po
14
0_
45 40 05 00 05 10 15
log2(Fold Change)
= e smems
M Environmental Information 6
B Processing Human Diseases
W Cellular Processes 4

i iy
’;;;\’

PE=S

/ mnummofeenss\

[ P vprequetes
I Down-regulated I

\ [ Rich Factor [0-1) /
N /

s -~

_—

F9

AP
SHQ

SERPINA4

..
ITi

Degree
® 5
@
@
. 20

log; FoldChange

1.0

F’ . 05
0.0
AP’ I o

-10

SERIQ1

&

‘54 SER*1

LCAT

sERl’|
SERas

c8G

COL" 531

srm
‘FP

(caption on next page)



X. Liu et al. Heliyon 10 (2024) e31917

Fig. 3. Serum proteomic profile of obese children before and after weight loss intervention. A. Heatmap of 43 differentially expressed proteins
between the Pre and Post groups in obese children. B. Volcano plot representing 548 proteins and DEPs. C. GO-based enrichment analysis for DEPs
of the Pre and Post groups in obese children. D. KEGG-based enrichment analysis for DEPs of the Pre and Post groups in obese children. E. InterPro-
based enrichment analysis for DEPs of the Pre and Post groups in obese children. F. Protein-protein interaction (PPI) analysis network based on the
STRING database. Round node size represents the number of connections. Round node color represents DEPs (red represents upregulation, green
represents downregulation). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

were downregulated in the Post group compared with the Pre group of children with obesity (Fig. 3A and B).

Next, GO analysis was performed on the 43 differentially expressed proteins to better understand the mechanism involved in weight
loss in children with obesity. We chose listhits >2, and the top 10 items with the lowest p values were used to draw the GO enrichment
analysis chord diagram. The top ten GO items were extracellular region, extracellular space, negative regulation of endopeptidase
activity, serine-type endopeptidase inhibitor activity, fibrinogen complex, collagen-containing extracellular matrix, extracellular
exosome, endoplasmic reticulum lumen, protease binding and acute-phase response (Fig. 3C).

As another analysis, we performed KEGG pathway-based analysis on the differentially expressed proteins in children with obesity
before and after weight loss intervention. The top 20 significant pathways and their categories, p values, up- and downregulated
relationships and richness factors are shown in the KEGG enrichment analysis diagram (Fig. 3D).

In addition, InterPro enrichment analysis was performed based on the InterPro database. The top significantly enriched InterPro
terms are shown in Fig. 3E.

Furthermore, a protein—protein interaction (PPI) analysis network based on the STRING database was constructed. In this network,
the interaction of different proteins was calculated as the connectivity degree, as shown in Fig. 3F.

3.3. Weight loss intervention significantly changed the metabolomic profile in children with obesity

The metabolomic profile of children with obesity was analyzed as a nontargeted metabolome. Based on the orthogonal projection
to latent structures discriminant analysis (OPLS-DA) analysis, we found that there were great differences between the Pre group and
the Post group in children with obesity (Fig. 4 A). To confirm that the OPLS-DA model was stable and not accidental, 7-fold cross
validation and 200 response permutation tests were performed. The permutation plot confirmed that the OPLS-DA model was stable
(Fig. 4 B).

Next, based on the OPLS-DA results, we performed hierarchical clustering on the expression levels of all significant differentially
abundant metabolites and the top 50 significant differentially abundant metabolites ranked by variable weight values (VIP) (Fig. 4C).
In addition, using volcanoes to visualize p values, VIP values, and fold change values is beneficial for screening differentially abundant
metabolites in children with obesity before and after weight loss intervention. The volcano plots showed that 165 metabolites were
screened based on VIP >1, p < 0.05 and FC > 1 (Fig. 4 D).

In addition, correlation analysis was used to understand the correlation between differentially abundant metabolites. Correlation
analysis uses the Pearson correlation coefficient to measure the degree of linear correlation between two metabolites. We performed
correlation analysis of the top 20 significantly different metabolites sorted by VIP, which is shown in Fig. 4E.

In addition, to further explore the pathways of weight loss intervention in children with obesity, the KEGG database was used to
analyze the differentially abundant metabolites. The top 20 significant pathways and their categories, p values, up- and downregulated
relationships and richness factors are shown in the KEGG enrichment analysis diagram (Fig. 4F).

3.4. Integrated-omics analysis based on DEPs and DMs

To directly investigate the relationship between the serum proteomics and metabolomics findings, KGML network analysis was
performed. In this analysis, we found that some proteomic adjustments could be reflected by similar changes in the metabolome, and
they could be cogrouped in similar or related biochemical pathways to confirm known pathway models. Based on this interaction
analysis, 7 KEGG pathways were organically integrated based on the correlation of 7 DEPs and 9 DMs. Histidine metabolism
(hsa00340) and glycerophospholipid metabolism (hsa00564) were the high-degree KEGG pathways (Fig. 5A).

In the interaction analysis, we found 7 proteins to be candidate DEPs and 9 metabolites to be candidate DMs. Hierarchical clus-
tering of the 7 candidate DEPs and 9 candidate DMs led to a separation of the Pre group and Post group in children with obesity (Fig. 5B
and C).

3.5. Discriminant analyses to distinguish children with obesity before and after weight loss intervention

Based on the candidate DEPs and candidate DMs, we performed OPLS-DA to verify whether these candidates could distinguish
children with obesity who had undergone weight loss intervention. Our results showed that 7 candidate DEPs could distinguish
children with obesity who had undergone weight loss intervention (Fig. 6A). The permutation test confirmed that the OPLS-DA model
was reliable (Fig. 6B). Consistent with these results, we found that 9 candidate DMs could distinguish children with obesity who had
undergone weight loss intervention (Fig. 6C), and the OPLS-DA model was also found to be reliable (Fig. 6D).
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Fig. 4. Serum metabolome profile of obese children before and after weight loss intervention. A. Orthogonal projection to latent structures
discriminant analysis (OPLS-DA) plot; B. Permutation plot; C. Heatmap of differentially expressed metabolites. D. Volcano plot representing
candidate metabolites. Red represents upregulated metabolites (p < 0.05, VIP >1 and FC > 1), and blue represents downregulated metabolites (p <
0.05, VIP >1 and FC > 1). E. Correlation heatmap for the top 20 differentially expressed metabolites (based on the VIP). Red indicates a positive
correlation, blue indicates a negative correlation, and the larger the round node size is, the greater the correlation coefficient between the two
metabolites. F. KEGG-based enrichment analysis for differentially expressed metabolites of the Pre and Post groups in obese children. (For inter-
Bretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.6. Correlation analysis between candidate DEPs, DMs and clinical characteristics of children with obesity before and after weight loss
intervention

To investigate whether clinical characteristics, including BMI, body fat percentage, hip circumference, waist circumference, HDL,
LDL, TC, TG, and high non-HDL cholesterol, were mirrored in the candidate DEPs, DM correlation analysis was performed between
them. Remarkably, 4 candidate DEPs (glutathione S-transferase A1l (GSTA1), lysosomal Pro-X carboxypeptidase (PRCP), myosin-10
(MYH10), and carnosine dipeptidase 1 (CNDP1)) and 2 DMs (uric acid and 2-lysophosphatidylcholine) were significantly corre-
lated with BMI (Fig. 7A). In this analysis, we found that most classical clinical parameters were significantly correlated with DEPs and
DMs, except HDL (Fig. 7B-I). In addition, most DEPs and DMs were significantly associated with high non-HDL cholesterol. All the
results suggested that the clinical parameters were mirrored in the serum candidate DEPs and DMs.

4. Discussion

In the present study, we integrated the proteomics and metabolomics profiles of children with obesity before and after weight loss
intervention for the first time. We found that weight loss interventions significantly decreased BMI, waist circumference, hip
circumference, body fat, TC, high non-HDL cholesterol and LDL. In addition, we found that 4 weeks of weight loss intervention
significantly changed the proteomic and metabolomic profiles in children with obesity. We also found that 7 KEGG pathways were
organically integrated based on the correlation of 7 DEPs and 9 DMs in children with obesity after weight loss intervention.
Furthermore, we demonstrated that 7 candidate DEPs and 9 candidate DMs could distinguish children with obesity who had under-
gone weight loss intervention. Together, these data suggest that 4 weeks of lifestyle intervention could significantly decrease BMI by
modulating proteomic and metabolomic profiles.

Lifestyle intervention is the first recommended method for weight loss in children with obesity. In the present study, we found that
4 weeks of lifestyle intervention significantly decreased BMI, waist circumference, hip circumference, body fat, TC, high non-HDL
cholesterol and LDL. These results are consistent with previous studies [13,14].

To explore the mechanism involved in the effects of lifestyle intervention in children with obesity, proteomics and metabolomics
analyses were performed. The proteomics approach has been widely used in obesity studies [15]. Similar to previous reports [16], our
proteomics analysis revealed that lifestyle intervention significantly changes the proteomic profile in children with obesity. In
addition, several previous studies demonstrated that metabolites change after weight loss interventions [8,17]. For example, one study
showed that obese and overweight individuals showed unique blood metabolite signatures after energy-restricted diet weight loss
intervention for 12 weeks [17]. In addition, our previous study showed that weight loss intervention (exercise combined with dietary
control) significantly improved body composition and plasma metabolites [13]. Consistent with these results, we found that lifestyle
intervention significantly changes the metabolomics profiles of children with obesity.

To directly investigate the underlying mechanisms of serum proteomics and metabolomics, KGML network analysis was performed.
Seven KEGG pathways were organically integrated based on the correlation of 7 DEPs and 9 DMs. Histidine metabolism was found to
be one of the high-degree KEGG pathways in this analysis and may play an important role in the prevention of obesity [18]. Serum
histidine levels are lower in obese individuals [19], and histidine supplementation could significantly decrease inflammation,
oxidative stress, BMI, IR and body fat mass in obese individuals with metabolic syndrome [20]. In addition, we found that glycer-
ophospholipid metabolism was another high-degree KEGG pathway in this analysis. Glycerophospholipid metabolism plays a key role
in cellular membrane dynamics and lipid balance [21]. In addition, glycerophospholipid metabolism has been analyzed in many
metabolic disorders, such as IR and obesity [22]. Consistent with these reports, we found that weight loss intervention significantly
changed the glycerophospholipid metabolism pathway in children with obesity.

Based on the interaction analysis, we found 7 proteins as candidate DEPs and 9 metabolites as candidate DMs. Many of these
candidate DEPs and DMs could distinguish whether children with obesity had undergone weight loss intervention by OPLS-DA and
readily explain weight loss biology and physiology. For instance, the levels of lecithin cholesterol acyltransferase (LCAT), which is a
crucial enzyme for HDL metabolism [23,24], are significantly increased, mirroring IR and diet-induced obesity [25]. The levels of
MYH10 are increased in obese pregnant mice [26], and its interaction with insulin-dependent glucose transporter 4 (GLUT4) regulates
adipocyte function and adipogenesis [27]. The findings of these studies are conceptually consistent with our results that the levels of
MYH10 were significantly decreased in children with obesity who had undergone weight loss intervention and may play an important
role in weight loss. Uric acid has been associated with obesity, metabolic syndrome and prehypertension [28-30], and our results
found that uric acid levels significantly decreased in response to weight loss intervention in children with obesity.

Interestingly, we found that some candidate DEPs and DMs were significantly correlated with clinical parameters. For instance,
GSTAL1 plays a crucial role in protecting tissue from oxidative stress [31,32], and we found that GSTA1 was significantly negatively
correlated with BMI. CNDP1 is involved in pathological and physiological processes [33-35] and is associated with weight loss and
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Fig. 5. Integrated proteomics and metabonomics analysis of obese children before and after weight loss intervention. A. KGML network analysis of
proteomics and metabonomics profiles. KGML is a sublibrary of the KEGG database that includes both the relationships between graphical objects in
the KEGG pathway and the information of homologous genes in the KEGG GENES database, which provides information on the network relationship
between proteins and metabolites. The squares represent pathways, triangles represent proteins, and circles represent metabolites. Red represents
upregulated proteins or metabolites, while blue represents downregulated proteins or metabolites. Degree represents the number of connections
between them. B. Clustering heatmap of 7 differentially expressed proteins in obese children before and after weight loss interventions. C. Clustering
heatmap of 9 differentially expressed metabolites in obese children before and after weight loss interventions. (For interpretation of the references to
golor in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Discriminant analyses to distinguish obese children before and after weight loss intervention. A. OPLS-DA plot of 7 candidate proteins. B.
Permutation plot of 7 candidate proteins. C. OPLS-DA plot of 9 candidate metabolites. D. Permutation plot of 9 candidate metabolites.

cancer progression [36]. Consistent with these reports, we found that CNDP1 was significantly positively correlated with BMI. 2-Lyso-
phosphatidylcholines (1-acyl-glycero-3-phosphocholines) are involved in glucose homeostasis [37], which was positively correlated
with BMI in our study. However, correction analysis was performed between other candidate DEPs, DMs and clinical parameters.
These results suggested that some clinical parameters could be mirrored in the serum DEPs and DMs.

There are some limitations to our study. First, serum samples were used for analysis in this study, which may have small differences
between plasma samples. However, many studies have used serum samples to research the proteome and metabolome. Second, the
sample size was small in this weight loss intervention study. Another possible drawback of this study is that although we found some
DEPs and DMs, their specific roles in children’s weight loss need to be further investigated. In addition, whether these proteins and
metabolites can be targeted for clinical treatment should be further investigated.
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Fig. 7. The correction analysis between candidate DEPs, DMs and clinical characteristics of obese children before and after weight loss intervention.
A. Correlation of BMI with DEPs and DMs. B. Correlation of body fat with DEPs and DMs. C. Correlation of hip circumference with DEPs and DMs. D.
Correlation of waist circumference with DEPs and DMs. E. Correlation of HDL with DEPs and DMs. F. Correlation of LDL with DEPs and DMs. G.
Correlation of TC with DEPs and DMs. H. Correlation of TG with DEPs and DMs. I. Correlation of high non-HDL-cholesterol with DEPs and DMs.

5. Conclusions

Our study provides valuable proteomic and metabolomic data resources for better understanding weight loss-associated responses
in children with obesity. In addition, we analyzed the number of significantly differentially expressed proteins and metabolites, shed
new light on weight loss pathogenesis in children with obesity, and added to the list of potential therapeutic agents for obese and
overweight children.
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