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Abstract

Objective
To investigate the effects of a 4-week intensive lifestyle intervention on anthropometric measures, glucose and lipid
metabolism, and vasomotor homeostasis in adolescents with obesity. We also examined heterogeneity in metabolic
responses and mechanisms of endothelial adaptation according to the baseline leptin-to-adiponectin ratio (L/A ratio).

Methods
Forty adolescents with obesity completed a 4-week residential exercise and dietary intervention comprising regular
aerobic exercise and dietary control. Anthropometric measures, glucose and lipid metabolism, serum inflammatory
factors, and vascular endothelial markers were assessed before and after the intervention. Participants were stratified
into high- and low-risk groups according to baseline L/A ratio. Partial correlation analyses controlled for confounders
and examined associations between endocrine remodeling and endothelial repair.

Results
(1) After 4 weeks, body weight, body mass index (BMI), body fat percentage, and measures of central adiposity
decreased significantly. Circulating nitric oxide (NO) increased significantly, endothelin-1 (ET-1) decreased, and the nitric
oxide/endothelin-1 ratio (NO/ET-1 ratio) increased markedly. (2) Despite comparable reductions in body composition,
metabolic improvement was significantly greater in the high-risk group than in the low-risk group. Specifically, the high-
risk group showed greater improvement in the homeostatic model assessment for insulin resistance (HOMA-IR),
greater triglyceride clearance, and a larger reduction in tumor necrosis factor alpha (TNF-α). (3) After adjustment for
age, sex, and baseline BMI, changes in the L/A ratio remained positively correlated with changes in TNF-α. Changes in
high-sensitivity C-reactive protein (hs-CRP) were negatively correlated with changes in von Willebrand factor (vWF). The
biochemical clearance of hs-CRP appeared to precede the mechanical remodeling of the vascular endothelium reflected
by vWF, indicating a temporal lag in short-term adaptation.

Conclusion
The L/A ratio can serve as a biomarker for cardiometabolic risk stratification in adolescents with obesity. Beyond
broadly improving anthropometric outcomes, the intensive lifestyle intervention may preferentially promote deeper
metabolic remodeling and recovery of endothelial function in high-risk individuals.

Trial registration:
The study was approved by the Scientific Research Ethics Committee of Shanghai University of Sport (Approval No.
102772024RT158)

Introduction
In recent years, the prevalence of overweight and obesity among children and adolescents in China has continued to
rise. China now has the world's largest affected population, and its disease burden is rapidly approaching that of
developed countries [1, 2]. Clinical and epidemiological evidence indicates that childhood obesity directly impairs
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cardiovascular, respiratory, and endocrine function. It also substantially increases the risk of cardiovascular disease,
type 2 diabetes, and other chronic diseases in adulthood [3]. Pathophysiologically, obesity is often accompanied by
dyslipidemia and insulin resistance in peripheral tissues. Excess visceral adipose tissue acts as a dysfunctional
endocrine and immune organ. It markedly increases the release of tumor necrosis factor alpha (TNF-α), high-sensitivity
C-reactive protein (hs-CRP), and other proinflammatory factors, sustaining chronic low-grade inflammation [4]. If
unchecked, persistent inflammation and oxidative stress further injure vascular endothelial cells, increase intercellular
adhesion molecule expression, and accelerate the pathological progression of atherosclerosis [5, 6].

Despite these concerns, current intervention research and clinical translation for adolescents with obesity have two
important limitations. First, stratified studies based on endocrine markers remain scarce. Most intervention studies rely
on routine pre-post comparisons of macroscopic anthropometric measures and overlook pronounced individual
heterogeneity in the severity of metabolic dysfunction. Second, the temporal relationship between vascular endothelial
repair and the resolution of inflammation remains unclear.

Given marked individual differences in clinical metabolic and cardiovascular risk factors, we analyzed data from 40
adolescents with obesity. All participants attended a residential exercise and weight-loss summer camp, and stratified
analyses were used to characterize metabolic differences among subtypes. Our group's extensive experience with
residential exercise and weight-loss programs has generated several relevant findings. Four weeks of residential aerobic
exercise can reduce body weight, body fat percentage, and body circumferences, thereby improving anthropometric
status. It can also restore glucose and lipid metabolic balance and reduce serum proinflammatory factors [7]. Previous
work further showed improvements in vascular endothelial function and visceral fat deposition [8], with corresponding
benefits for cardiovascular and overall health.

Building on this work, the present study further examined individual metabolic heterogeneity during the exercise
intervention. We tracked conventional body-composition and glucose and lipid metabolic indices over 4 weeks. We also
introduced the baseline L/A ratio for molecular stratification and compared metabolic benefits between risk subtypes
with comparable fat loss. Finally, partial correlation models explored a potential temporal lag between acute
inflammation resolution, indexed by hs-CRP, and vascular endothelial activation, indexed by vWF.

Materials and Methods

1.1 Participants
Participants were adolescents with obesity aged 11–15 years who attended a weight-loss summer camp operated by
Shanghai Dianfeng Health Technology Co., Ltd. The study was approved by the Scientific Research Ethics Committee of
Shanghai University of Sport (Approval No. 102772024RT158). The present study was an exploratory secondary
analysis of data from the originally approved research project. The participants, exercise and dietary intervention,
sample collection, and measurements of glucose and lipid metabolism were all within the original approved protocol.
All participants and their legal guardians signed informed consent forms before the study began. This secondary
analysis introduced no new intervention, sample collection, or risk to participants.

The study included 40 participants, comprising 20 male and 20 female participants. Additional inclusion criteria were as
follows. (1) Before admission, participants completed a general medical examination and a laboratory-based graded
exercise test to exclude possible cardiovascular disease. (2) Participants did not smoke and had not taken weight-loss
medication during the preceding six months. (3) Participants had no renal or endocrine disease. (4) Participants did not
regularly engage in physical exercise. (5) Participants and their guardians were informed about and consented to the
study. General participant characteristics are presented in Table 1.
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Table 1
Baseline characteristics of adolescents with obesity (N = 40)

Variable Summary statistic Baseline value Unit

Age Mean ± SD 13.42 ± 2.04 years

Body weight Mean ± SD 75.52 ± 17.26 kg

BMI Mean ± SD 29.02 ± 3.95 kg/m²

Body fat percentage Mean ± SD 38.21 ± 7.16 %

PAI-1 Median (IQR) 24.88 (15.56, 36.00) ng/mL

sICAM-1 Median (IQR) 445.93 (384.95, 479.63) ng/mL

vWF Median (IQR) 1339.78 (1142.21, 1489.00) ng/mL

NO Median (IQR) 32.37 (23.02, 47.84) µmol/L

ET-1 Median (IQR) 18.61 (9.63, 29.81) pg/mL

sTNFR2 Median (IQR) 20.91 (17.65, 25.80) ng/mL

IL-6 Median (IQR) 193.42 (111.08, 348.83) pg/mL

TNF-α Median (IQR) 83.67 (50.61, 124.30) pg/mL

hs-CRP Median (IQR) 1.73 (1.09, 4.09) mg/L

Adiponectin Median (IQR) 1.04 (0.71, 1.52) µg/mL

Leptin Median (IQR) 4.62 (3.38, 5.73) ng/mL

1.2 Study Methods

1.2.1 Intervention Protocol
Participants were managed in a fully residential setting throughout the intervention. The exercise protocol comprised
the following components.

1. Participants completed a 4-week program of low- to moderate-intensity aerobic exercise.
2. Exercise intensity was monitored using heart rate. The target intensity was 60%-80% heart rate reserve (HRR),

calculated as follows: target heart rate = (220 - age - resting heart rate) × 60%-80% + resting heart rate. Polar heart
rate monitors were used for real-time telemetry, and exercise intensity was adjusted as needed.

3. Participants exercised six days per week, with one 1.5-hour session each morning and afternoon.
4. Each exercise session began with 15–20 minutes of preparatory activity to prevent injury. Participants completed

10–15 minutes of cool-down activity after exercise to facilitate recovery.
5. Activities primarily included simple ball games, walking in water, and aerobic fitness exercises, combined with

jogging, cycle ergometry, and elliptical training.
6. Exercise-intensity supervisors, coaches, and exercise medical supervisors had relevant professional backgrounds.

All completed the company's standardized training program.

A professional dietitian provided individualized meals based on resting metabolic rate. The amount of staple food was
allocated according to body weight, while all participants received the same dishes. The energy ratio across breakfast,
lunch, and dinner was 3:4:3. Dietary fiber was increased to prevent constipation, and vitamin and mineral intake was
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increased to maintain physiological homeostasis after exercise. Participants were prohibited from consuming snacks
to ensure the effectiveness of the intervention.

1.2.2 Outcome Measures and Methods
1) Anthropometric measures. Height, weight, and body fat percentage (FAT%) were measured using a TANITA TBF-
418B body fat analyzer. Waist circumference (WC) and hip circumference (HC) were measured using a flexible
measuring tape. All measurements were performed by specially trained assessors.

2) Blood pressure and heart rate. Heart rate and blood pressure were measured using an X64057.7 blood pressure and
pulse monitor manufactured in Japan. Participants first rested quietly in a seated position for 5–10 minutes. Three
measurements were obtained and averaged, and systolic blood pressure, diastolic blood pressure, and heart rate were
recorded.

3) Blood measures. In the morning after fasting, 3 mL of venous blood was collected from each participant, and serum
was separated for analysis. Triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) were measured by an oxidase method using a fully automated biochemical
analyzer. Fasting plasma glucose (FPG) was measured by the glucose oxidase method, and fasting insulin (FINS) was
measured by radioimmunoassay.

4) Derived measures. The derived measures were waist-to-hip ratio (WHR) = waist circumference/hip circumference,
the leptin-to-adiponectin ratio (L/A ratio), homeostatic model assessment for insulin resistance (HOMA-IR), and the
nitric oxide/endothelin-1 ratio (NO/ET-1 ratio). HOMA-IR, the L/A ratio, and the NO/ET-1 ratio were calculated before
statistical analysis for both pre-intervention and post-intervention data. HOMA-IR was calculated as (FPG × FINS)/22.5,
with FPG expressed in mmol/L and FINS in µU/mL. The L/A ratio was calculated by dividing serum leptin concentration
by serum adiponectin concentration, measured in ng/mL and µg/mL, respectively. The NO/ET-1 ratio was calculated by
dividing serum NO concentration by serum ET-1 concentration. NO and ET-1 were measured in µmol/L and pg/mL,
respectively. The two ratios were therefore calculated using the stated assay-unit conventions. The same calculation
rules were applied to pre-intervention and post-intervention measurements, and missing values were not imputed.

All measures were assessed once before admission and again after one day of rest following completion of the
exercise intervention.

1.2.3 Statistical Analysis
The Shapiro-Wilk test was used to assess the normality of all continuous variables.

1. Anthropometric variables, such as height, weight, and BMI, were normally distributed and are reported as mean ± 
standard deviation (Mean ± SD). Pre-intervention and post-intervention values were compared using paired-
samples t tests.

2. Adipokines and vascular inflammatory markers, including leptin, adiponectin, hs-CRP, and RBP4, showed
substantial interindividual variation and non-normal distributions (P < 0.05). These data are reported as the median
and interquartile range [Median (Q1, Q3)]. Pre-intervention and post-intervention values were compared using the
nonparametric Wilcoxon signed-rank test. Statistical significance was defined as P < 0.05 for all analyses.

Results

2.1 Overall intervention effects
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Table 2
Effects of the 4-week residential exercise and dietary intervention on anthropometric measures in adolescents with

obesity
Anthropometric
measure

Unit Pre-intervention, mean ± 
SD

Post-intervention, mean ± 
SD

t
statistic

P
value

Body weight kg 75.52 ± 17.09 69.04 ± 15.69 20.768 < 
0.001

BMI kg/m² 29.02 ± 3.88 26.41 ± 3.53 23.971 < 
0.001

Body fat percentage % 38.21 ± 7.26 32.29 ± 6.69 14.134 < 
0.001

Table 2 shows that the main anthropometric measures decreased significantly after the 4-week residential exercise and
dietary intervention. Body weight decreased from 75.52 ± 17.09 kg before the intervention to 69.04 ± 15.69 kg after the
intervention (P < 0.001). BMI decreased from 29.02 ± 3.88 kg/m² to 26.41 ± 3.53 kg/m² (P < 0.001). Body fat percentage
also decreased from 38.21 ± 7.26% to 32.29 ± 6.69% (P < 0.001).

Table 3
Effects of the 4-week residential exercise and dietary intervention on metabolic, inflammatory, and vascular

homeostasis measures in adolescents with obesity
Measure Unit or scale n Pre-intervention,

median (Q1, Q3)
Post-intervention,
median (Q1, Q3)

W
statistic

P
value

Leptin-to-adiponectin
ratio (L/A ratio)

Scale-
dependent
ratio

40 4.53 (2.91, 6.42) 0.73 (0.30, 1.16) 0.00 < 
0.001

HOMA-IR Index 40 4.03 (2.83, 5.38) 1.49 (1.15, 1.89) 0.00 < 
0.001

NO/ET-1 ratio Scale-
dependent
ratio

40 2.06 (1.10, 3.84) 7.77 (4.02, 11.05) 98.00 < 
0.001

Triglycerides (TG) mmol/L 40 1.35 (0.96, 2.11) 0.68 (0.55, 0.77) 11.50 < 
0.001

Low-density
lipoprotein cholesterol
(LDL-C)

mmol/L 40 2.94 (2.27, 3.26) 1.98 (1.79, 2.36) 4.00 < 
0.001

High-sensitivity C-
reactive protein (hs-
CRP)

mg/L 40 1.76 (1.10, 4.06) 0.13 (0.00, 0.36) 64.00 < 
0.001

Tumor necrosis factor
alpha (TNF-α)

pg/mL 40 84.35 (51.25,
130.82)

112.13 (64.28,
183.73)

228.00 0.063

Table 3 shows that HOMA-IR and the leptin-to-adiponectin ratio (L/A ratio) decreased significantly after the intervention
(P < 0.001). Triglycerides and LDL-C also decreased significantly from their pre-intervention levels (P < 0.001).

For inflammatory and vascular homeostasis markers, median hs-CRP decreased significantly from 1.76 before the
intervention to 0.13 afterward (P < 0.001). Overall TNF-α tended to increase, but the difference between pre-intervention
and post-intervention values was not statistically significant (P = 0.063). The NO/ET-1 ratio also increased significantly
after the intervention (P < 0.001), indicating improved vasodilation and endothelial homeostasis.

2.2 Subgroup analysis based on baseline L/A ratio
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To examine whether baseline adipose endocrine imbalance was associated with heterogeneity in the response, we
conducted an exploratory subgroup analysis. Participants were divided at the cohort median baseline L/A ratio of 4.64.
The high-risk group (L/A ratio > 4.64) comprised 20 participants, and the low-risk group (L/A ratio < 4.64) comprised 20
participants.

Table 4
Changes in anthropometric and body-composition measures by baseline metabolic risk group

Change score (Δ) Unit Low-risk group (n = 20),
mean ± SD

High-risk group (n = 20),
mean ± SD

t
statistic

P
value

Δ body weight kg -6.37 ± 2.19 -6.62 ± 10.54 -0.11 0.911

Δ BMI kg/m² -2.62 ± 0.71 -2.67 ± 1.66 -0.14 0.888

Δ body fat
percentage

% -6.52 ± 2.78 -5.97 ± 2.78 0.64 0.526

Δ waist
circumference

cm -13.20 ± 4.02 -12.42 ± 4.88 0.56 0.576

Δ hip circumference cm -9.50 ± 2.26 -9.17 ± 5.91 0.25 0.805

Δ upper-arm
skinfold

mm -5.69 ± 1.79 -4.98 ± 3.93 0.79 0.436

Δ subscapular
skinfold

mm -8.06 ± 3.85 -6.40 ± 3.65 1.39 0.173

As shown in Table 4, participants were classified as the high-risk group (n = 20) or low-risk group (n = 20) using the
median baseline L/A ratio (4.64). Independent-samples t tests showed no significant between-group differences in
anthropometric or body-composition improvements after the 4-week intervention (all P > 0.05).

Changes were highly consistent between groups for body weight (high-risk vs. low-risk: Δ body weight, -6.62 ± 10.54 kg
vs. -6.37 ± 2.19 kg; P = 0.911) and BMI (ΔBMI, -2.67 ± 1.66 kg/m² vs. -2.62 ± 0.71 kg/m²; P = 0.888). Body fat percentage
changed by -5.97 ± 2.78% in the high-risk group and − 6.52 ± 2.78% in the low-risk group (P = 0.526). Reductions in waist
and hip circumferences and subcutaneous fat thickness also followed similar, parallel patterns in both groups.

Table 5
Between-group comparison of intervention-related changes by baseline metabolic risk group

Change
score (Δ)

Unit or scale Low-risk group (n = 20),
median (Q1, Q3)

High-risk group (n = 20),
median (Q1, Q3)

U
statistic

P
value

ΔL/A ratio Scale-dependent
ratio

-2.48 (-3.20, -1.84) -5.92 (-8.89, -4.57) 4.0 < 
0.001

ΔHOMA-IR Index -2.45 (-3.06, -0.97) -3.13 (-5.31, -2.20) 119.0 0.048

ΔNO/ET-1
ratio

Scale-dependent
ratio

+ 3.10 (0.87, 5.94) + 5.65 (2.60, 7.46) 196.0 0.258

ΔTG mmol/L -0.53 (-0.85, -0.13) -1.18 (-1.78, -0.45) 110.0 0.025

ΔTNF-α pg/mL + 50.23 (2.23, 111.00) -9.89 (-30.99, 19.34) 91.0 0.006

Δhs-CRP mg/L -1.04 (-3.66, -0.18) -1.68 (-3.75, -1.33) 136.0 0.133

The groups achieved similar weight loss, but the magnitudes of improvement in metabolic and inflammatory markers
differed significantly (Table 5). Mann-Whitney U tests for independent samples indicated greater benefits across several
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molecular targets in the high-risk group than in the low-risk group.

For glucose and lipid metabolism and endocrine function, the L/A ratio decreased significantly more in the high-risk
group than in the low-risk group (median, -5.92 vs. -2.48; P < 0.001). The high-risk group also showed greater TG
clearance (ΔTG, -1.18 mmol/L vs. -0.53 mmol/L; P = 0.025). Its improvement in HOMA-IR was also significantly greater
(ΔHOMA-IR, -3.13 vs. -2.45; P = 0.048).

For systemic inflammation, the between-group difference was reflected in changes in TNF-α. After the intervention, the
low-risk group showed a compensatory slight increase in TNF-α (median, + 50.23). In contrast, the high-risk group
showed a decrease in inflammation (median, -9.89), with a highly significant between-group difference (P = 0.006). The
intervention-induced change in the NO/ET-1 ratio did not differ significantly between groups (P = 0.258). However, the
median increase was greater in the high-risk group (+ 5.65) than in the low-risk group (+ 3.10).

2.3 Correlations related to pathophysiological mechanisms
To examine potential pathways underlying metabolic improvements, we analyzed intervention-induced changes (Δ) in
key measures using Spearman rank correlations. These measures covered anthropometry, glucose and lipid
metabolism, adipokines, and vascular inflammation.

Scatterplot regression showed a significant positive correlation between ΔBMI and ΔTG (r = 0.408, P = 0.012; Fig. 1).
The magnitude of the intervention-associated decrease in BMI was significantly concordant with the magnitude of
improvement in lipid metabolism.

Analysis of adipose endocrine function and systemic inflammation showed a significant positive correlation between
ΔL/A ratio and ΔTNF-α (r = 0.377, P = 0.023; Fig. 2). This pattern indicated a close statistical association between
decreases in the L/A ratio and simultaneous decreases in TNF-α.

Analysis of systemic low-grade inflammation and endothelial function showed that Δhs-CRP correlated negatively with
ΔvWF, an endothelial injury and shedding marker (r = -0.362, P = 0.030; Fig. 3). During the 4-week intervention, decreases
in acute inflammatory markers were inversely associated with changes in circulating endothelial marker levels.

Marked individual heterogeneity in age, sex-related development, and baseline body weight was present among
adolescents with obesity. To reduce potential confounding by these baseline differences, we conducted multivariable-
adjusted Spearman partial rank correlation analyses (Table 6). The associations between changes in metabolic and
endothelial markers persisted after controlling for age, sex, and baseline BMI.

After accounting for baseline body weight and age, ΔL/A ratio remained significantly and independently positively
correlated with the reduction in TNF-α. This finding indicated that intervention-related clearance of systemic low-grade
inflammation was associated with an improved adipocyte paracrine microenvironment. Similarly, the negative
association between Δhs-CRP and ΔvWF remained significant after covariate adjustment.
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Table 6
Spearman partial rank correlations of changes (Δ) in core physiological and endothelial markers before and after

adjustment for baseline covariates (N = 40)
Analysis
domain

Variable
X

Variable
Y

Controlled
covariates

Zero-order
correlation
(r)

Partial
correlation
(r_partial)

t
statistic

P
value

Significance

Adipose
endocrine
and
inflammation
axis

ΔL/A
ratio

ΔTNF-α
(pg/mL)

Age, sex,
baseline
BMI

0.377 0.354 2.316 0.031 *

Systemic
inflammation
and
endothelial
remodeling
axis

Δhs-
CRP
(mg/L)

ΔvWF
(ng/mL)

Age, sex,
baseline
BMI

-0.362 -0.342 -2.228 0.038 *

Note

Δdenotes the change in each measure over the 4-week residential exercise and dietary intervention (post-intervention
value minus pre-intervention value). The zero-order correlation coefficient is the unadjusted Spearman rank correlation
coefficient. The partial correlation coefficient is the Spearman partial rank correlation coefficient adjusted for
chronological age, sex, and baseline BMI. P < 0.05 indicates statistical significance.

Discussion

3.1 Improvements in Anthropometric Measures and Body
Composition and Mobilization of Visceral Fat
The results showed marked improvements in anthropometric measures and body composition among the 40
adolescents with obesity after 4 weeks of aerobic exercise combined with dietary control. Across the full sample, mean
body weight decreased by 6.48 kg, BMI by 2.65 kg/m², and body fat percentage by 6.23% by the end of the intervention
(all P < 0.001). These findings are broadly consistent with recent clinical weight-loss studies in adolescents [9, 10].
Under a moderate-intensity exercise prescription monitored at 60%-80% of heart rate reserve and individualized energy
control, participants maintained a stable negative energy balance that may have promoted the use of peripheral adipose
tissue as an energy source.

Subgroup comparisons based on the median baseline L/A ratio showed no significant differences between the high-risk
group (L/A ratio > 4.64) and low-risk group in reductions in body weight (-6.62 kg vs. -6.37 kg), BMI (-2.67 kg/m² vs.
-2.62 kg/m²), or body fat percentage (-5.97% vs. -6.52%; all P > 0.5). These findings suggest that a moderate negative
energy balance may improve anthropometric outcomes across metabolic-risk subgroups. Over a short intervention
period, the rate of overall fat loss may not be strongly constrained by the initial severity of endocrine dysfunction [8].

However, reductions in body weight and total body fat do not fully explain the rapid improvements in lipid metabolism
and insulin sensitivity. Exercise may mobilize adipose tissue differently across anatomical regions. Visceral adipocytes
have a relatively high density of β-adrenergic receptors and a high glucocorticoid receptor content. Visceral fat may
therefore show greater lipolytic activity than subcutaneous fat in response to exercise-induced catecholamine
stimulation [11]. In the present study, waist circumference, an indicator of central obesity and visceral adiposity,
decreased markedly in both groups. The reductions were 12.42 cm in the high-risk group and 13.20 cm in the low-risk
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group. Previous evidence also suggests that visceral fat and ectopic lipid deposits in peripheral organs are preferentially
mobilized during the early phase of negative energy balance [11].

Preferential mobilization of visceral fat provides an anatomical basis for the decrease in serum triglycerides (TG). The
regression analysis showed a significant positive correlation between changes in BMI and TG (r = 0.408, P = 0.012;
Fig. 1). The visceral fat depot is directly connected to the liver through the portal circulation. In severe obesity, sustained
lipolysis of excess visceral fat delivers large amounts of free fatty acids to the liver through the portal vein. This process
contributes to increased very-low-density lipoprotein synthesis and hypertriglyceridemia [9, 12].

The association between reductions in body size and circulating lipids in Fig. 1 suggests that the 4-week intervention
reduced central adiposity and visceral fat accumulation. This anatomical change may have reduced free-fatty-acid
delivery to the liver and the lipotoxic burden on peripheral target organs [9]. Improved body composition and
mobilization of abdominal ectopic lipids may have contributed directly to triglyceride control. These changes may also
have created favorable conditions for restoring peripheral insulin sensitivity and establishing a less inflammatory
microenvironment.

3.2 Improvements in Glucose and Lipid Metabolism and
Restoration of Insulin Sensitivity
As body composition and abdominal obesity improved, indices of glucose and lipid metabolism also changed favorably.
At the end of the intervention, fasting plasma glucose (FPG), fasting insulin (FINS), and HOMA-IR were significantly
lower across the full sample. TG and LDL-C also decreased (all P < 0.001). These findings are broadly consistent with
recent network meta-analyses of interventions for childhood and adolescent obesity [13, 14]. Regular aerobic exercise
increases ATP consumption in skeletal muscle and raises the intracellular AMP-to-ATP ratio, thereby activating AMP-
activated protein kinase (AMPK) signaling [15]. This pathway can promote translocation of glucose transporter 4 to the
sarcolemma independently of insulin-receptor signaling. The resulting increase in muscular glucose uptake may reduce
the secretory burden on pancreatic β-cells and help alleviate hyperinsulinemia [13, 15].

Further subgroup analysis indicated that participants achieved similar reductions in body composition but differed in
the magnitude of improvement in insulin sensitivity. The high-risk group at baseline (L/A ratio > 4.64) tended to show
greater reductions in FINS and HOMA-IR than the low-risk group. Recent clinical studies have suggested that the L/A
ratio may be more sensitive to adipose-tissue dysfunction and peripheral insulin resistance than leptin or adiponectin
alone [16, 17]. A high baseline L/A ratio commonly indicates adipocyte hypertrophy and local secretory dysfunction.

Differences in the magnitude of improvement between the groups may reflect coordinated adaptation of adipose
paracrine function and skeletal-muscle metabolism. Regular aerobic exercise combined with energy restriction may
decrease leptin and increase adiponectin, thereby improving the circulating L/A ratio [14, 17]. Increased adiponectin can
bind to adiponectin receptor 1 on skeletal-muscle cells and activate AMPK and peroxisome proliferator-activated
receptor alpha pathways. These responses may accelerate free-fatty-acid β-oxidation [9] and reduce ectopic
accumulation of lipotoxic products, including ceramides and diacylglycerols, within skeletal muscle.

Excess accumulation of ceramides and diacylglycerols can activate protein kinase C and promote serine/threonine
phosphorylation of insulin receptor substrate 1. This abnormal phosphorylation inhibits canonical phosphoinositide 3-
kinase/protein kinase B insulin signaling [9, 15]. In children with more severe baseline secretory imbalance and insulin
resistance (L/A ratio > 4.64), the 4-week intervention may have acted through more than weight reduction. By improving
the L/A ratio and promoting clearance of intramuscular lipids, it may have reduced inhibitory phosphorylation of insulin
receptor substrate 1 and supported recovery of the phosphoinositide 3-kinase/protein kinase B pathway [14, 15].

3.3 Changes in Inflammatory Factors and Paracrine Regulation
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As insulin sensitivity improved and peripheral lipotoxic stress decreased, systemic chronic low-grade inflammation also
improved. After 4 weeks of aerobic exercise combined with dietary control, serum TNF-α increased slightly, whereas hs-
CRP decreased significantly (P < 0.001). The serum L/A ratio, which reflects adipose paracrine function, also improved
markedly. These endocrine and immune changes were broadly consistent with recent randomized trials and meta-
analyses of exercise interventions in adolescents with obesity [13, 14, 17, 18].

Exercise-related anti-inflammatory effects are commonly attributed to reductions in body weight or total body fat. In the
present multivariable partial-correlation analysis, the association between changes in the L/A ratio and TNF-α remained
significant after controlling for baseline age, sex, and BMI (partial r = 0.354, P = 0.031; Table 6 and Fig. 2). This finding
suggests that control of systemic inflammation may relate not only to macroscopic reductions in adipose-tissue
volume but also to changes in local adipose paracrine function [9, 16, 19].

Chronic low-grade inflammation in severe obesity is commonly accompanied by monocyte infiltration into adipose
tissue and differentiation into pro-inflammatory M1 macrophages [4, 19]. In this microenvironment, elevated leptin can
exhibit pro-inflammatory properties. High circulating leptin may bind to OBRb receptors on macrophages and activate
Janus kinase 2/signal transducer and activator of transcription 3 and nuclear factor kappa B pathways. These pathways
promote transcription and production of TNF-α, interleukin-6, and interleukin-1 beta [20]. In the present study, aerobic
exercise combined with energy restriction markedly reduced serum leptin and may have attenuated leptin-mediated
inflammatory feedback [14, 17].

The compensatory increase in circulating adiponectin after the intervention may also have exerted an
immunoregulatory effect [9]. Adiponectin can bind to adiponectin receptors 1 and 2 on adipose tissue and peripheral
immune cells, thereby activating AMPK and peroxisome proliferator-activated receptor gamma pathways [21]. Previous
studies suggest that these pathways can partly inhibit nuclear translocation of nuclear factor kappa B and suppress
expression of pro-inflammatory mediators. They may also promote macrophage polarization from the M1 phenotype
toward the reparative and anti-inflammatory M2 phenotype, thereby increasing secretion of anti-inflammatory mediators
such as interleukin-10 [19, 21].

Contracting skeletal muscle also exhibits endocrine activity during exercise and releases exerkines, including muscle-
derived interleukin-6 [22]. Unlike the sustained pro-inflammatory interleukin-6 secreted by macrophages in obesity,
transient exercise-induced muscle-derived interleukin-6 may stimulate interleukin-1 receptor antagonist and interleukin-
10 production. It may thereby inhibit TNF-α synthesis by macrophages [22]. Overall, the decrease in the L/A ratio
suggests improvement in the local adipose paracrine environment. Together with exerkine regulation, this change may
help alleviate chronic low-grade inflammation and reduce sustained inflammatory stimulation of the vascular wall.

3.4 Improvements in Vasomotor Homeostasis and Characteristics
of Endothelial Adaptation
As central obesity and chronic low-grade inflammation improved, the participants showed signs of improved vascular
endothelial function. After 4 weeks, serum nitric oxide (NO) increased and endothelin-1 (ET-1) decreased. The median
NO/ET-1 ratio increased from 2.06 to 7.77 (P < 0.001). Soluble intercellular adhesion molecule-1, a marker of endothelial
activation, also showed a downward trend. These cardiovascular biomarker changes are broadly consistent with recent
meta-analyses of interventions in adolescents with obesity [13, 23].

From a hemodynamic perspective, aerobic exercise increases cardiac output and blood-flow velocity, thereby increasing
laminar shear stress on the vascular wall [24, 25]. Endothelial sensing of this mechanical stimulus can activate
intracellular phosphoinositide 3-kinase/protein kinase B and AMPK pathways. These pathways promote
phosphorylation of endothelial nitric oxide synthase and increase endogenous NO release [24–26]. Higher NO
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availability may relax vascular smooth muscle, suppress ET-1 transcription through negative feedback, and partly
neutralize superoxide anions induced by dyslipidemia. These mechanisms provide a physiological basis for
improvement in obesity-related vasomotor imbalance [9].

Improvement in the local anti-inflammatory microenvironment may also have contributed to endothelial protection. In
severe obesity, excess TNF-α and interleukin-6 activate nuclear factor kappa B signaling in endothelial cells. This
process induces adhesion molecules such as intercellular adhesion molecule-1 and promotes monocyte infiltration into
the vascular intima [19, 27]. In the present study, improvement in the L/A ratio and a decrease in systemic TNF-α
reduced the paracrine pro-inflammatory stimulus to endothelial cells. The accompanying reduction in soluble
intercellular adhesion molecule-1 suggests that short-term lifestyle intervention may attenuate endothelial inflammatory
activation and cell adhesion [9, 19].

Analysis of endothelial injury markers identified a noteworthy pattern. After adjustment for baseline age, sex, and BMI,
the partial-correlation analysis and scatter plot showed a significant negative association between changes in hs-CRP
and vWF (partial r = -0.342, P = 0.038; Table 6 and Fig. 3). Inflammation resolution is generally expected to accompany a
decrease in injury markers. The observed inverse association may be interpreted in terms of differing physiological time
courses of adaptation to exercise.

Physiologically, vWF is stored mainly in endothelial Weibel-Palade bodies. Its secretion is stimulated not only by
chemical inflammatory mediators but also by changes in shear stress and direct endothelial remodeling [24, 25]. The
vasculature of adolescents with obesity is chronically exposed to lipotoxic stress. During the early stage of the 4-week
aerobic exercise program, circulating inflammatory markers decreased rapidly, as reflected by the reduction in hs-CRP.
Meanwhile, sustained shear stress may have promoted cytoskeletal reorganization and matrix repair in injured
endothelial cells [25, 26]. This physical process may have induced transient release of vWF from Weibel-Palade bodies
within a limited time window.

The negative association between hs-CRP and vWF may therefore indicate that circulating inflammatory mediators
were cleared faster than the vascular endothelium adapted mechanically to shear stress during the early intervention
period [13, 24]. This proposed time lag suggests that biochemical improvement and tissue remodeling may not proceed
synchronously during short-term exercise adaptation. Complete stabilization of endothelial structure may require longer
observation. Nevertheless, the increased NO/ET-1 ratio and decreased soluble intercellular adhesion molecule-1
suggest that 4 weeks of exercise combined with dietary control improved vasomotor function in high-risk adolescents
with obesity. These observations provide practical support for lifestyle interventions aimed at reducing cardiovascular
risk during childhood [9, 13, 23].

3.5 Limitations and Future Directions
This study has several limitations. First, the single-group pre-post design could not fully distinguish the independent
contributions of aerobic exercise and dietary control to endothelial recovery. Second, the 4-week intervention
represented a short observation period, and long-term follow-up was unavailable to assess the durability of
cardiovascular benefits. Third, the analysis of microscopic shear stress and endothelial adaptation relied mainly on
serum biomarkers and did not include imaging-based reference measures such as ultrasound flow-mediated dilation.

Future studies should include large randomized controlled trials and long-term longitudinal follow-up. Circulating
molecular biomarkers should be integrated with noninvasive vascular-function imaging to characterize exercise-related
endothelial remodeling from multiple perspectives. The clinical cutoff for the L/A ratio should also be validated in
broader populations of children and adolescents. Such evidence would strengthen the basis for individualized exercise
and dietary prescriptions for metabolically high-risk groups.
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Conclusion
This study showed that a 4-week intensive residential lifestyle intervention combining regular aerobic exercise with
dietary control reduced BMI, body fat percentage, and measures of central obesity in adolescents with obesity. The
intervention also improved basic glucose and lipid metabolism and vasomotor homeostasis, as reflected by the NO/ET-
1 ratio.

Despite similar reductions in body composition, metabolic responses varied according to the baseline L/A ratio.
Children in the high-risk group (L/A ratio > 4.64) showed greater improvements in insulin resistance and triglyceride
reduction. After adjustment for baseline confounders, resolution of systemic low-grade inflammation was closely
associated with improvement in the adipose paracrine microenvironment. The clearance of acute circulating
inflammatory markers also appeared to precede mechanical remodeling of vascular endothelial structure, suggesting
different time courses for biochemical improvement and tissue repair during short-term exercise adaptation.

Overall, the L/A ratio may serve as a biomarker for cardiometabolic risk stratification in adolescents with obesity. Early
combined exercise and dietary intervention in high-risk groups may promote deeper metabolic remodeling and
endothelial recovery in addition to improving external body morphology. This approach may have practical value for the
early prevention and control of chronic disease in children and adolescents with obesity.
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Figure 1

Scatterplot showing the positive correlation between ΔBMI and ΔTG.
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Figure 2

Scatterplot showing the positive correlation between ΔL/A ratio and ΔTNF-α.
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Figure 3

Scatterplot showing the negative correlation between Δhs-CRP and ΔvWF.
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