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Alterations in peripheral
CD4" T cell subsets and their
association with metabolic
markers in obese children

Reiko Saito™, Jun Hirakawa®, Mami Kuwamura®
and Takayuki Hoshina™*

‘Department of Pediatrics, School of Medicine, University of Occupational and Environmental Health,
Kitakyushu, Japan, 2General Medical Department, Fukuoka Children’s Hospital, Fukuoka, Japan

Introduction: Childhood obesity may elevate the risk for adult obesity because of
chronic inflammation and immune dysregulation; however, studies on the immune
system in obese children are limited. This study aimed to investigate peripheral
blood lymphocyte subpopulations in obese children and their association with
metabolic markers.

Methods: This prospective study included 30 obese children (median age: 11.5
years) and 22 age-matched non-obese controls. Lymphocyte populations were
compared between the two groups. Additionally, factors influencing these
populations were assessed in the obese group.

Results: The proportion of CD4™ T cells and the ratio of naive to memory CD4* T
cells were significantly lower in obese children than in non-obese children (P =
0.006 and P = 0.035, respectively). Regulatory T (Treg) cell counts were
significantly higher in obese children than in non-obese children (P = 0.049).
The proportion of CD4* memory T cells positively correlated with serum alanine
aminotransferase levels. The proportion of Tregs was negatively correlated with
serum insulin levels and positively correlated with blood glucose levels. The
number of CD4* T cells and the ratio of naive to memory CD4" T cells were
lower in obese children with a disease duration of <5 years compared to that in
non-obese children. However, obese children with a disease duration of >5 years
had a high number of CD4" T cells.

Conclusions: This study highlights the impact of childhood obesity on immune
dysregulation. The changes in T cell subpopulations in obese children differ from
those observed in obese adults and vary depend on the duration of obesity.
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1 Introduction

Obesity is a major public health concern worldwide (1), with an
increasing prevalence among adults and children. According to
2024 World Health Organization (WHO) data, the global obesity
rate among children aged 5-19 years has quadrupled from 2% to 8%
between 1990 and 2022. Lifestyle changes during the COVID-19
pandemic have further increased obesity rates (2). Childhood
obesity has been associated with long-term health risks, including
an increased likelihood of cardiovascular disease, diabetes, and
other lifestyle-related diseases (3-7), as well as the morbidity and
severity of infectious diseases (8, 9).

Obesity is also associated with immunological abnormalities. In
obese adults, an increase in local effector and memory CD8" T cells has
been observed in adipose tissue, while a selective increase in CD4" T
cells, including naive, memory, and regulatory T (Treg) cells, occurs in
the peripheral blood (10, 11). This excessive T cells activity leads to the
secretion of inflammatory cytokines, such as interleukin (IL)-2 and
tumor necrosis factor (TNF)-q, triggering an inflammatory response
within the tissues. This response has been linked to the development of
insulin resistance and obesity-related diseases (12-15). Furthermore,
excessive cytokine secretion can lead to immune system dysfunction,
which predisposes patients to severe infections (15). While adult
obesity has been linked to immune abnormalities, studies on the
immune system in children remain limited.

In this study, we aimed to investigate the peripheral blood
lymphocyte subpopulation in obese children and the association
between each subpopulation and metabolic parameters.

2 Materials and methods
2.1 Participants

This prospective study included 30 obese children (18 males and 12
females; median age of 11.5 years; range, 6-16 years) who visited the
Pediatric Endocrinology Outpatient Clinic of the Department of
Pediatrics at the Hospital of the University of Occupational and
Environmental Health, Japan, between July 2022 and December
2023. Obesity was defined as a body mass index (BMI)-standard
deviation score (SDS) 22.0 according to the World Health
Organization (WHO) criteria. BMI and BMI-SDS were calculated
using national statistics for Japanese school children for 2000
(Ministry of Health, Labour and Welfare) (16). Twenty-two age-
matched non-obese children (9 males and 13 females) who visited
the same clinic during the study period but did not require treatment
(e.g., idiopathic short stature) were included as controls. The height,
weight, blood pressure, and laboratory data of all eligible children were
extracted from electronic medical records. The primary objective of the
study was to compare lymphocyte populations between the obese and
control groups, while the secondary objective was to evaluate the
factors influencing lymphocyte populations within the obese group.

Abbreviations: ALT, alanine aminotransferase; BMI, body mass index; Treg,

regulatory T cell; WBC, white blood cell; WHO, World Health Organization.
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2.2 Analyses of T and B cell subpopulations

Peripheral blood samples were collected from both obese
children and controls. Subsequently, flow cytometry was
performed on whole-blood specimens within 24 hours of
collection, using ethylenediaminetetraacetic acid (EDTA) as
an anticoagulant.

To determine the proportions of T and B cells in the gated
lymphocytes, phycoerythrin (PE)-conjugated anti-CD3 antibody
(Beckman Coulter, Brea, CA, USA) and fluorescein isothiocyanate
(FITC)-conjugated anti-CD19 antibody (BD Biosciences, Mountain
View, CA, USA) were used. For identifying helper and cytotoxic T
cells, FITC-conjugated anti-CD4, PE-conjugated anti-CD3, and
phycoerythrin-cyanin 5.1 (PC5)-conjugated anti-CD8 (Beckman
Coulter) antibodies were applied. FITC-conjugated anti-CD45RA,
PE-CD45RO PC5- CD4/CDS8, and PC7-CD3 antibodies were used
to define memory and naive T cell subsets. B cell subsets were
identified using FITC-conjugated IgD (BD Biosciences), PE-
conjugated CD27, and PC5-conjugated CD19 (Beckman Coulter).
Samples were incubated with fluorochrome-conjugated antibodies
for 30 minutes in the dark and treated with a TQ-prep Workstation
(Beckman Coulter) to lyse red cell before analysis.

Regulatory T cells (Tregs) were analyzed using the TregFlowEx
Kit (EXBIO Praha, ass., Vestec, Czech Republic). First, FITC-
conjugated anti-CD4 and PE-conjugated anti-CD25 antibodies
were added to blood samples and incubated for 10 minutes in the
dark. Subsequently, the leukocytes were then permeabilized, stained
intracellularly with an allophycocyanin-conjugated anti-FOXP3
antibody, and incubated for 30 minutes in the dark.

Two-, three-, or four-color flow cytometry was performed using a
CytoFLEX cytometer (Beckman Coulter). The specificity of staining
was confirmed using fluorochrome-conjugated isotype-matched
monoclonal antibodies. To ensure accurate discrimination of cell
populations, the fluorescence minus one control was used to set
gating boundaries, and single-stained compensation controls were
applied to correct for spectral overlap between channels. Instrument
settings were standardized and calibrated daily using manufacturer-
provided fluorescent calibration beads. Lymphocytes were first gated
based on forward and side scatter profiles, followed by identification of
CD3" T cells, which were then separated into CD4* and CD8" subsets.
Subsequent gating distinguished naive, memory, and regulatory T cell
populations. All analyses, except for Tregs, were performed using at
least 20,000 cells. For Treg analysis, at least 40,000 cells were used. A
representative flow cytometric gating strategy for identifying
lymphocyte subsets, including CD3" T cells, CD4" and CD8"
subsets, naive (CD45RA™) and memory (CD45RO™) CD4" T cells,
and regulatory T cells (CD4"CD25"FOXP3"), is shown in Figure 1.

2.3 Statistical analysis

SPSS statistical software ver. 23.0 (IBM Corp., Armonk, NY,
USA) was used for statistical analyses. The Mann-Whitney U test
was used to compare the differences between the quantitative
values, and Fisher’s exact test was applied to compare the
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FIGURE 1

Representative flow cytometric gating strategies in obese child group and non-obese child group. (A) Identification of T cells within lymphocytes
and separation into CD4" and CD8" subsets. (B) Analysis of naive (CD45RA*) and memory (CD45RO") subsets within CD4* T cells. (C) Identification
of regulatory T cells (CD4"CD25*FOXP3*) within CD4* T cells. Percentages and representative values are shown in each plot.

qualitative data. Spearman’s correlation coefficient and multiple
regression analysis were used to examine factors associated with
lymphocyte subsets in the obese group. P-values <0.05 were
considered statistically significant.

2.4 Ethical approval

The Institutional Review Board of the University of
Occupational and Environmental Health, Japan (UOEHCRB21-
073) approved this study. Informed consent was obtained from the
parents of all patients.
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3 Results
3.1 Background of eligible children

The demographic and clinical characteristics of the eligible
children are summarized in Table 1. The median disease duration
among obese children was 42 months (a quartile range of 27-68
months). Weight, BMI, BMI-SDS, and blood pressure were
significantly higher in the obese children than in the non-obese
children. Among laboratory markers, peripheral white blood cell
(WBC) counts and serum levels of aspartate aminotransferase,
alanine aminotransferase (ALT), triglycerides, total cholesterol,
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and insulin were significantly higher in obese children than in non-
obese children. The median (interquartile range) HOMA-IR was 3.4
(2.3-8.1) in obese children and 1.6 (1.3-2.0) in non-obese children
(<0.001), indicating increased insulin resistance in the obese group.
HOMA-3 was also calculated for reference, showing no evidence of
impaired insulin secretion; however, as insulin resistance was the
primary clinical parameter of interest, only HOMA-IR values are
presented in Table 1.

3.2 Lymphocyte subpopulations in obese
children

To analyze the characteristics of lymphocyte subpopulations in
obese children, we compared lymphocyte subpopulations between
obese and non-obese children using flow cytometry. Peripheral WBC
counts, lymphocyte counts, and the proportions and absolute numbers
of T and B cell subpopulations in obese and non-obese children are
presented in Table 2. Peripheral WBC counts were significantly higher
in obese children than in non-obese children, whereas lymphocyte
counts did not differ significantly between the two groups. The
proportions of T cells (among lymphocytes) and CD4" T cells were
significantly lower in obese children than in non-obese children (T
cells: 52.3% vs. 60.7%, P = 0.011; CD4" T cells: 39.0% vs. 50.4%, P =

10.3389/fendo.2025.1635379

0.006). The absolute numbers of T cells and CD4" T cells were also
lower in obese children, but this difference was not statistically
significant. Among CD4" T cells, the ratio of CD45RA™ cells (naive
CD4" T cells) to CD45RO" cells (memory CD4" T cells) was
significantly lower in obese children than in non-obese children (1.7
vs. 1.9, P = 0.035). The proportion and the absolute number of Tregs in
obese children (proportion, 3.9%; counts, 20 cells/uL) were significantly
higher than those in non-obese children (proportion, 1.9%; counts, 11
cells/pL) (proportion, P < 0.001; counts, P = 0.049). There were no
significant differences in the proportion or absolute numbers of CD8"
T or B cells between the two groups. Furthermore, there was no
significant difference observed in the proportion of B cell
subpopulations between the two groups.

3.3 Correlations between CD4"* T cell
subpopulations and metabolic parameters
in obese children

We investigated the correlation between CD4" T cell
subpopulations and anthropometric and metabolic parameters in
obese children. Figure 2 was reorganized by cell subsets to clarify
these associations. The proportion of CD4" memory T cells showed a
significant positive correlation with serum ALT and blood glucose levels

TABLE 1 Comparisons of demographic and clinical characteristics and laboratory findings between obese and non-obese children.

Obese children (n = 30)

Non-obese children (n = 22) P-value

Age, years*l 11.5 (10.0-13.8) 10.6 (9.1-15.1) 0.337
Gender, boys/girls 18/12 9/13 0.173
Height, cm*! 154.0 (140.0-164.2) 142.3 (132.8-159.5) 0.071
Height-standard deviation score*' 0.7 (0.5-1.3) 1 (-0.7-0.6) <0.001
Weight, kg”l 69.9 (50.0-88.5) 40.2 (31.5-50.9) <0.001
Body mass index*’ 29.8 (25.7-32.6) 19.6 (17.0-20.6) <0.001
Body mass index-standard deviation score* ! 2.6 (2.0-2.7) 0.5 (-0.4-0.9) <0.001
Systolic blood pressure, mmHg*‘1 120 (114-128) 102 (95-117) <0.001
Diastolic blood pressure, mmHg“l 73 (67-77) 67 (57-70.5) 0.003
Disease duration, months*" 42 (27-68) N/A -
Peripheral white blood cell COLlrltS,/pL"l 7359 (6700-9175) 5900 (4925-7150) <0.001
Serum aspartate aminotransferase levels, U/L*' | 25.5 (20.3-39.5) 21.5(17.3-25.8) 0.014
Serum alanine aminotransferase levels, U/L*! 42.5 (24.3-74.3) 15 (12.0-18.5) <0.001
Serum triglycerides levels, mg/dL“1 129 (88.0-168.5) 70 (53.8-90.5) <0.001
Serum total cholesterol levels, mg/dL*' 178 (157-200) 163 (149-184) 0.108
Blood glucose levels, mg/dL*l 95 (90.8-102.8) 98 (91.5-102.5) 0.406
Hemoglobin Alc test, %! 5.7 (5.5-5.8) 5.5 (5.5-5.7) 0.489
Serum insulin levels, }1U/mL*l 15.1 (10.7-31.2) 7.1 (5.3-7.8) <0.001
HOMA-IR*! 3.4 (2.3-8.1) 1.6 (1.3-2.0) <0.001

*!Data is represented as the median (interquartile range).

N/A, not applicable; HOMA-IR, homeostasis model assessment of insulin resistance.
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TABLE 2 Comparison of lymphocyte subpopulations between obese and non-obese children.

Obese children (n = 30)

Non-obese children (n = 22) P-value

Peripheral white blood cell counts, cells/pL”1 7359 (6700-9175) 5900 (4925-7150) <0.001
Lymphocyte counts, cells/uL*' 2470 (2173-3018) 2402 (1926-3074) 0.390
T cells*?

Counts, cells/pL’rl 1255 (1146-1387) 1334 (1064-1897) 0.210

Percentage in lymphocytes, 9%*! 52.3 (47.7-57.1) 60.7 (52.4-63.2) 0.011
CD4" cells

Counts, cells/pL*l 448 (337-715) 648 (482-773) 0.130

Percentage in T cells, %*" 39.0 (32.4-51.5) 50.4 (45.6-56.5) 0.006

CD45RA" cells/CD45RO" cells in CD4" cells*! | 1.7 (1.1-2.0) 1.9 (1.3-2.7) 0.035
CD8" cells

Counts, cells/pL"l 424 (287-536) 392 (304-536) 0.320

Percentage in T cells, %! 31.4 (27.3-38.9) 32.0 (29.8-34.8) 0.376

CD45RA" cells/CD45RO™ cells in CD8" cells*' | 3.0 (2.1-4.3) 3.6 (2.4-4.9) 0.111
Regulatory T cells

Counts, cells/uL*" 20 (12-33) 11 (3-17) 0.049

Percentage in CD4" cells, %*! 3.9 (2.6-5.9) 1.9 (0.5-3.1) <0.001
B cells*®

Counts, cells/pL*l 398 (293-528) 377 (238-445) 0.173

Percentage in lymphocytes, %*' 15.9 (13.1-17.7) 14.4 (11.9-17.3) 0.143

Percentage of IgD"CD27" cells in B cells, %*! 68.5 (48.7-75.8) 70.8 (66.6-73.1) 0.053

Percentage of I[gD*CD27" cells in B cells, %*' 3.8 (2.1-7.0) 6.1 (3.3-8.7) 0.053

Percentage of IgD"CD27" cells in B cells, %! 11.3 (7.3-13.5) 11.8 (9.4-13.9) 0.170

*!Data is represented as the median (interquartile range).

T cells were identified by flow cytometry, using phycoerythrin-conjugated anti-CD3 antibody.

B cells were identified by flow cytometry, using fluorescein isothiocyanate-conjugated anti-CD19 antibody.

but a significant negative correlation with serum insulin levels (Table 3,
Figure 2A). The proportion of naive CD4" T cells exhibited a significant
negative correlation with serum ALT and blood glucose levels and a
significant positive correlation with serum insulin levels (Table 3,
Figure 2B). Furthermore, the proportion of Tregs showed a significant
negative correlation with serum ALT levels (Table 3, Figure 2C).

In the multivariate analysis, the proportion of memory CD4" T cells
showed a significant positive correlation with serum ALT levels
(Table 4), while the proportion of naive CD4" T cells was
significantly negatively correlated with serum ALT levels.
Additionally, Treg counts showed a significant negative correlation
with serum levels of ALT and insulin and a significant positive
correlation with blood glucose levels.

3.4 Changes in lymphocyte subpopulations
with duration of obesity

We classified obese children into two groups: those with a
disease duration of >5 years (n = 9) and those with a disease

Frontiers in Endocrinology

duration of <5 years (n = 21) and compared their lymphocyte
subpopulations. Peripheral lymphocyte counts and the absolute
numbers of T cells were significantly higher in obese children with a
disease duration of =5 years compared to that in those with a disease
duration of <5 years (lymphocytes: 2,917 vs. 2,297/uL, P = 0.026; T
cells: 1,390 vs. 1,213/uL, P = 0.033) (Table 5). The absolute numbers
of CD4" cells and Tregs and the proportion of CD4" T cells were
significantly higher in obese children with a disease duration of >5
years (CD4" cells: 776 vs. 415/uL, P = 0.022; Tregs: 35 vs. 17/uL, P =
0.024; the proportion of CD4™ T cells: 51.9% vs. 34.3%, P = 0.018).
The proportion of Tregs in CD4" T cells was higher in obese
children with a disease duration of 25 years (5.2%) than in those
with a disease duration of <5 years (3.3%); however, the difference
was not statistically significant. The absolute numbers of CD8" T or
B cells did not differ between the two groups (data not shown).
The absolute number of CD4" T cells, the proportion of CD4" T
cells, and the ratio of naive CD4" T cells to memory CD4" T cells
were lower in obese children with disease duration of <5 years than
in non-obese children, whereas obese children with disease duration
of >5 years had a higher absolute number of CD4" T cells and
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proportion of CD4" T cells than did non-obese children (Figure 3).

The absolute number of Tregs and the proportion of Tregs in CD4"

T cells were higher in obese children than in non-obese children,
regardless of disease duration, and these differences were
particularly pronounced in obese children with a disease duration

of >5 years.
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4 Discussion

This study demonstrated that T cell subpopulations in the
peripheral blood differed between obese and non-obese children.
Specifically, the proportion of CD4"™ T cells and the ratio of naive

CD4" T cells to memory CD4" T cells were significantly lower in

06
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TABLE 3 Correlation between CD4* T cell subpopulations and anthropometric or metabolic parameters in obese children.

CD4* memory T cells*2 CD4* naive T cells*® Regulatory T cells=**
Parameter
P-value R P-value P-value

Age 0.18 0.35 -0.11 0.58 -0.13 0.51
Body mass index 0.22 0.23 -0.16 0.40 0.13 0.51
Body mass index-standard deviation 0.03 0.87 012 0.52 022 0.24
score

Systolic blood pressure 0.04 0.83 0.05 0.81 0.18 0.34
Diastolic blood pressure -0.20 0.28 0.31 0.09 -0.05 0.79
Serum aspartate aminotransferase levels 0.29 0.12 -0.32 0.09 -0.23 0.22
Serum alanine aminotransferase levels 0.41 0.03 -0.42 0.02 -0.39 0.04
Serum triglycerides levels 0.07 0.73 -0.08 0.68 0.18 0.35
Serum total cholesterol levels -0.21 0.27 0.09 0.63 -0.16 0.41
Blood glucose levels 0.49 0.01 -0.45 0.01 0.36 0.05
Hemoglobin Alc test 0.13 0.52 0.00 0.99 0.34 0.07
Serum insulin levels 0.43 0.03 -0.35 0.08 0.18 0.39

Median values (interquartile ranges) for clinical parameters (e.g., age, body mass index, blood pressure, biochemical variables) are presented in Table 1, and those for lymphocyte subsets,
including CD4" memory T cells, CD4" naive T cells, and regulatory T cells, are presented in Table 2.

*!These represent the percentage of each cell in the CD4" T cells.

*2CD4" memory T cells were identified by flow cytometry, using fluorescein isothiocyanate-conjugated anti-CD45RA, phycoerythrin-cyanin 5.1-conjugated anti-CD4 and phycoerythrin-cyanin
7-conjugated anti-CD3 antibodies.

**CD4" naive T cells were identified by flow cytometry, using phycoerythrin-conjugated anti-CD45RO, phycoerythrin-cyanin 5.1-conjugated anti-CD4 and phycoerythrin-cyanin 7-conjugated
anti-CD3 antibodies.

**Regulatory T cells were identified by flow cytometry, using fluorescein isothiocyanate-conjugated anti-CD4 and phycoerythrin-conjugated anti-CD25, and allophycocyanin-conjugated anti-
FOXP3 antibodies.

TABLE 4 Multivariate analysis of the correlation between CD4* T cell subpopulations and metabolic parameters in obese children.

Parameter 95% confidence interval P-value
CD4* memory T cell**? 0.69
Serum alanine aminotransferase levels | 0.40 0.002 - 0.148 0.044
Blood glucose levels 0.36 -0.081 - 0.709 0.113
Serum insulin levels -0.04 -0.161 - 0.135 0.855
‘ CD4" naive T cell*"* 0.56
Serum alanine aminotransferase levels | -0.45 -0.167 - -0.006 0.037
Blood glucose levels -0.14 -0.559 - 0.313 0.565
Serum insulin levels 0.04 -0.149 - 0.178 0.857
‘ Regulatory T cell*** 0.75
Serum alanine aminotransferase levels | -0.40 -0.035 - -0.004 0.017
Blood glucose levels 0.90 0.117- 0.285 <0.001
Serum insulin levels -0.41 -0.066 - -0.003 0.034

Median values (interquartile ranges) for laboratory data are presented in Table 1, and those for lymphocyte subsets, including CD4" memory T cells, CD4" naive T cells, and regulatory T cells, are
presented in Table 2.

*!These represent the percentage of each cell in the CD4" T cells.

*2CD4" memory T cells were identified by flow cytometry, using fluorescein isothiocyanate-conjugated anti-CD45RA, phycoerythrin-cyanin 5.1-conjugated anti-CD4 and phycoerythrin-cyanin
7-conjugated anti-CD3 antibodies.

**CD4" naive T cells were identified by flow cytometry, using phycoerythrin-conjugated anti-CD45RO, phycoerythrin-cyanin 5.1-conjugated anti-CD4 and phycoerythrin-cyanin 7-conjugated
anti-CD3 antibodies.

**Regulatory T cells were identified by flow cytometry, using fluorescein isothiocyanate-conjugated anti-CD4 and phycoerythrin-conjugated anti-CD25, and allophycocyanin-conjugated anti-
FOXP3 antibodies.

Frontiers in Endocrinology 07 frontiersin.org


https://doi.org/10.3389/fendo.2025.1635379
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Saito et al.

10.3389/fendo.2025.1635379

TABLE 5 Comparison of lymphocyte subpopulations in obese children between obesity duration < 5 years and >5 years.

Obesity duration <5 years (n = 21) Obesity duration > 5years (n = 9) P-value

Peripheral white blood cell counts, cells/ pL“l 7200 (6700-8500) 8200 (7400-9800) 0.198
Lymphocyte counts, cells/uL*" 2297 (2093-2633) 2917 (2545-3538) 0.026
T cells*?
Counts, cells/pL’rl 1213 (1044-1325) 1390 (1318-1924) 0.033
Percentage in lymphocytes, %*' 52.3 (47.3-56.5) 52.4 (49.6-57.2) 0.264
CD4" cells
Counts, cells/pL*l 415 (332-575) 776 (493-942) 0.022
Percentage in T cells, %*" 34.3 (30.2-44.1) 51.9 (40.1-61.6) 0.008
CD45RA" cells/CD45RO" cells in CD4" cells*! | 1.7 (1.1-2.0) 1.8 (1.2-2.1) 0.184
Regulatory T cells
Counts, cells/pL"1 17 (11-27) 35 (15-66) 0.024
Percentage in CD4" cells, %+*! 3.3 (2.3-5.7) 52 (3.9-6.3) 0.098

*!Data is represented as the median (interquartile range).

T cells were identified by flow cytometry, using phycoerythrin-conjugated anti-CD3 antibody.

obese children; however, the obese children had significantly higher
Treg cell counts. Additionally, in obese children, serum ALT levels
were strongly associated with changes in memory CD4" T cells,
naive CD4" T cells, and Tregs, and there was a positive correlation
between the proportion of Tregs and serum glucose levels. These
changes in T cell subpopulations in obese children are different
from those seen in obese adults (10) and may vary depending on the
duration of obesity. This study suggests that immune dysregulation
in childhood obesity is progressive and that early intervention can
help improve it.

Previous studies have shown that the proportion of Tregs is
reduced in obese adults and patients with impaired glucose
tolerance (17, 18). In adult obesity, Tregs in the adipose tissue are
also reduced (19), leading to an inadequate ability to suppress
inflammation. However, in this study, the number of Tregs in the
peripheral blood was found to be increased in obese children. This
variation maybe a specific feature of childhood obesity. Childhood
obesity typically involves milder inflammation than that in adult
obesity (20), and an increase in Tregs may represent a response to
maintain inflammatory homeostasis. Similar to the phenomenon in
obese children, Tregs in the peripheral blood and intestinal tissues
are increased in children with inflammatory bowel disease (21).
Considering these results, the number of Tregs may increase in
children as a compensatory measure to suppress chronic
inflammation, suggesting that Treg cell dynamics and functional
abnormalities differ between children and adults.

Analysis of the relationship between the proportion of Tregs and
blood glucose and serum insulin levels revealed a positive correlation
with the former and a negative correlation with the latter. In childhood
obesity, mild elevations in blood glucose levels may reflect an early phase
of low-grade chronic inflammation, which may induce compensatory
Treg cell proliferation. At this stage, immune regulatory mechanisms are
relatively intact, suggesting active feedback suppression of emerging
inflammation. In contrast, elevated serum insulin levels possibly indicate

Frontiers in Endocrinology 08

a more advanced stage of insulin resistance and metabolic dysfunction,
where persistent chronic inflammation may induce Treg dysfunction or
depletion. In adult obesity, persistent hyperglycemia and chronic
inflammation have been associated with a reduction in Treg counts,
contributing to the breakdown of immune regulatory networks and the
establishment of meta-inflammation (17-19). The loss of Tregs in the
visceral adipose tissue has been implicated in the progression of insulin
resistance and metabolic syndrome (17). Although Treg inducibility is
preserved during the early stages of childhood obesity, sustained
elevation of blood glucose levels may impair this compensatory
mechanism, leading to Treg dysfunction and depletion. In this study,
the longer the duration of obesity, the more significant the increase in
Treg counts. Long-term observations are required to validate our
hypothesis regarding the effects of blood glucose and insulin levels
on Tregs.

In this study, the proportion of CD4" T cells and the ratio of naive
CD4" T cells to memory CD4" T cells were significantly lower in obese
children than in non-obese children, whereas the proportion of CD4" T
cells was significantly higher in obese children with disease duration of
=5 years than in those with disease duration of <5 years. In addition,
when limited to obese children with a disease duration of =5 years, the
absolute CD4" T cell counts exceeded those observed in non-obese
children. In adult obesity, chronic low-grade inflammation drives the
persistent activation of naive CD4" T cells, leading to their exhaustion
and depletion, followed by the expansion of memory CD4" T cells. This
phenomenon is closely associated with adipose tissue inflammation,
systemic metabolic dysfunction, and the development of insulin
resistance (12). In contrast, the immunological trajectory of pediatric
obesity remains poorly characterized. In children, the immune system is
developing, with a predominance of naive T cells and a relatively limited
memory T cell pool (22). Moreover, mechanisms promoting immune
tolerance to self and environmental antigens are highly active during
childhood, potentially limiting the degree of memory T cell expansion in
response to chronic stimuli (22). Therefore, it is unclear whether chronic
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FIGURE 3

Comparison of CD4* T cells and regulatory T cells among the groups of non-obese children, obese children with disease duration of <5 years, and
those with disease duration of >5 years. The bottom and the top of the box correspond to the 25th and 75th percentile points, respectively. The line
within the box represents the median, the whiskers indicate the values of the 10th and 90th percentiles, and the open circles represent the outlier
values beyond the 10th and 90th percentiles. Control: non-obese children, OB <5 years: obese children with disease duration of <5 years, OB >5
years: obese children with disease duration of >5 years, Treg: regulatory T cell.

inflammation in pediatric obesity induces immune remodeling similar
to that observed in adults. Our study provides novel evidence that in
obese children, non-Treg CD4" T cells are initially reduced-possibly
reflecting early immune exhaustion, but gradually recover over time
through the accumulation of memory CD4" T cells. These findings
suggest pediatric obesity is a distinct, dynamic, and developmentally
regulated phase of immune remodeling that differs from the
immunopathology seen in adult obesity.

A notable finding of this study was that serum ALT levels were
positively and negatively correlated with the proportions of memory
and naive CD4" T cells, respectively. Obesity-related fatty liver disease
(non-alcoholic fatty liver disease) and hepatocyte injury increase the
production of inflammatory cytokines such as interleukin-6 (IL-6) and
tumor necrosis factor-alpha (TNF-ar) (23, 24). These inflammatory
cytokines may chronically stimulate T cells and promote the
differentiation of naive CD4" T cells, causing an increase in the
number of memory CD4" T cells. Furthermore, the effect of
aberrant liver function on T-cell differentiation has been reported in
adults, with elevated ALT levels reflecting chronic inflammation and
altered immune responses (25). These results suggest that liver
dysfunction is a crucial factor in the progression of immune
dysregulation during childhood obesity.

In this study, no significant differences were observed between B
and CD8" T cells between obese and non-obese children. This suggests
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that these cell types may be less susceptible to immune changes during
the early stages of inflammation in childhood obesity. Although the
activation of CD8" T cells exacerbates adipose tissue inflammation in
adult obesity (26, 27), immunological changes in the adipose tissue are
less advanced in children than in adults, and their effects on CD8* T and
B cells possibly remain less significant. Further studies are required to
determine the maturity of the immune system and the influence of
environmental factors on childhood.

This study had some limitations. First, this was a single-center
study with a small sample size. Although future multicenter studies
with larger populations are necessary to improve the reliability and
generalizability of the results, post-hoc power analyses for major
outcome variables (e.g., CD4" memory T cell proportion, regulatory
T cell proportion, and serum insulin) indicated sufficient statistical
power (=0.95) to detect significant differences. This suggests that
the present dataset is adequate to support the study conclusions
despite the limited sample size. Second, the analysis of lymphocyte
subsets was based on peripheral blood and did not directly involve
immune cell infiltration or dynamics in adipose tissue. In adult
obesity, immune cells in the adipose tissue play a crucial role in
chronic inflammation; however, it is unknown if a similar
mechanism exists in children. Finally, inflammatory cytokines
were not measured in the present study. IL-6 and TNF-o
promote chronic low-grade inflammation and impair insulin
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signaling, which can increase susceptibility to metabolic problems
from childhood (28-30). Previous pediatric studies have already
reported elevated levels of proinflammatory cytokines such as IL-6
and TNF-o, but the inclusion of cytokine measurements to this
study could have allowed a more comprehensive evaluation of
immune function. Future studies should consider combining
immune cell phenotyping with cytokine profiling to better
characterize immunometabolic interactions in pediatric obesity.

This study showed that childhood obesity is associated with
immune dysregulation, characterized by a decreased ratio of naive
CD4" T cells to memory CD4" T cells and increased Treg counts.
These changes were strongly correlated with liver dysfunction (ALT
elevation). Furthermore, the duration of obesity may influence
changes in T cell subpopulations. Chronic inflammation may
drive these immune abnormalities, potentially increasing the
susceptibility to infections. Early intervention is crucial to
preventing long-term immune dysregulation and the associated
health risks. Further studies are needed to clarify mechanisms
underlying immune changes and their impact on pediatric health.

In conclusion, these findings provide further evidence that
immunological changes in childhood obesity are not static but
evolve with disease duration. While our study evaluated immune
cells only in peripheral blood, the association between T cell shifts
and serum ALT levels implies that hepatic inflammation may play a
key role in initiating or perpetuating immune remodeling. These
findings suggest a potential window for immune intervention before
irreversible immunometabolic alterations occur.
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