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Abstract

This research sought to assess the relationships
among circulating adipokines, pro-inflammatory
cytokines, and glycemic control in pediatric pa-
tients with type 1 diabetes mellitus (T1D).

Association of Adipokines and
Pro-Inflammatory Cytokines with
Glycemic Control in Pediatric Type 1 DM

Zahraa Ali Hussein Al-Tameemi ",

Department of Chemistry and Biochemistry, College of Medicine /
Al-Iraqia University/ Iraq

A case-control analysis was conducted from April 12, 2025, to
February 1, 2026, in pediatric and endocrine clinics in Thi-Qar.
The study included 150 participants: 100 children with type 1
diabetes and 50 healthy controls matched by age and sex. Clin-
ical and demographic information was documented, and fasting
blood samples were gathered for biochemical analysis. Glyce-
mic indicators, lipid profiles, adipokines (adiponectin, leptin,
resistin, visfatin), and inflammatory cytokines (TNF-a, IL-6,
IL-1B, CRP) were assessed using automated analyzers and
ELISA techniques under controlled laboratory conditions.

Hemoglobin Alc (HbAlc) levels were significantly elevated in
T1D patients compared to controls (p<0.001), indicating insuf-
ficient glycemic control. Children with diabetes showed nota-
bly higher fasting glucose levels and adverse lipid profiles, in-
cluding elevated cholesterol, triglycerides, and low-density lip-
oprotein cholesterol (LDL-C), along with decreased high-den-
sity lipoprotein cholesterol (HDL-C). Additionally, adiponectin
concentrations were markedly lower in the TI1D group
(p<0.001), while proinflammatory markers increased substan-
tially, including leptin (p<0.001) and TNF-a (p<0.001). These
markers showed significant positive correlations with HbAlc
(P<0.001), indicating a robust association between systemic in-
flammation and glycemic dysregulation.

Pediatric type 1 diabetes is linked to an imbalance of adipokines
and increased pro-inflammatory cytokines, which are associ-
ated with inadequate glycemic control. Persistent high blood
sugar can activate inflammatory pathways and disrupt adipose
tissue, leading to metabolic issues and immune system activa-
tion that worsen disease progression.

Keywords: Type 1 diabetes; Adipokines; Pro-in-
flammatory cytokines; Glycemic control; Pediatric
diabetes.
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Introduction

Type 1 diabetes mellitus (T1D) is an enduring
autoimmune metabolic condition that is defined
by the autoimmune destruction of pancreatic B-
cells, causing absolute insulin deficiency and
chronic hyperglycemia. It is among the most
prevalent endocrine diseases among children
and adolescents around the globe. Pediatric T1D
is a growing global disease, especially in devel-
oping and middle-income countries over the
past few decades. This increasing prevalence is
a major issue in public health because of the
metabolic comorbidities of chronic hyperglyce-
mia, such as cardiovascular disease, nephropa-
thy, neuropathy, and retinopathy (1,2). Poor gly-
cemic regulation in children in the early phases
of the disease can enhance the development of
these complications in adulthood; therefore, it is
important to detect metabolic and inflammatory
biomarkers early in the disease to monitor and
control it (3).

The pathogenesis of T1D is complex, involving
a combination of genetic predisposition, envi-
ronmental precipitation, and immune dysregula-
tion. The destruction of insulin-producing B-
cells in pancreatic islets, an autoimmune pro-
cess, is primarily used to diagnose the disease.
This is facilitated by autoreactive T cells and in-
flammatory cytokines, which promote progres-
sive B-cell apoptosis and loss of insulin secre-
tion (4,5). As insulin deficiency develops, glu-
cose uptake by peripheral tissues is impaired,
leading to persistent hyperglycemia and meta-
bolic disruptions. The most popular biomarker
to assess the role of long-term glycemic control
in diabetic patients, glycated hemoglobin
(HbAlc), is
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The indicator of average blood glucose levels
during the last two to three months (6).

Over the past few years, increasing attention has
been given to the roles of inflammatory media-
tors and adipose tissue-derived hormones in the
pathophysiology of diabetes. Adipose tissue is
no longer viewed as a passive energy storage or-
gan; it is now considered an active endocrine
gland that produces a broad array of bioactive
molecules, referred to as adipokines. These mol-
ecules control metabolic homeostasis and im-
mune and inflammatory signaling pathways.
Adiponectin, leptin, resistin, and visfatin are
among the most widely investigated adipokines
implicated in glucose metabolism and insulin
sensitivity (7,8). Adiponectin usually displays
anti-inflammatory and insulin-sensitizing prop-
erties, whereas leptin, resistin, and visfatin are
typically associated with inflammatory pro-
cesses and metabolic imbalances (9).

Changes in adipokine secretion can contribute to
the development of metabolic disturbances and
inflammation observed in patients with diabetes.
Saying that lower levels of adiponectin have
been linked to impaired glucose regulation and
enhanced inflammatory processes. On the con-
trary, elevated leptin and resistin have been as-
sociated with insulin resistance, immune activa-
tion, and endothelial dysfunction (10). These ad-
ipokines communicate with immune cells and
inflammatory pathways, suggesting that, in the
pathogenesis of diabetes, metabolic and immune
processes are closely linked (11). Besides adi-
pokines, pro-inflammatory cytokines also play a
central role in the autoimmune and inflamma-
tory mechanisms of T1D.
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Tumor necrosis factor-alpha (TNF-a), interleu-
kin-6 (IL-6), and interleukin-1 beta (IL-1p) are
the cytokines that have been known to mediate
B-cell damage and systemic inflammation.
These cytokines may trigger intracellular signal-
ing pathways that favor oxidative stress, apop-
tosis, and immune-mediated pancreatic tissue
destruction (12). Moreover, chronic hyperglyce-
mia per se may augment inflammatory re-
sponses by producing advanced glycation end
products (AGEs) and reactive oxygen species,
thereby increasing cytokine release and meta-
bolic impairment (13).

The interaction between adipokines, inflamma-
tory cytokines, and glycemic control is a signif-
icant field of research in pediatric diabetes. De-
spite studies investigating the inflammatory na-
ture of T1D, analyses of adipokines and cyto-
kines in relation to glycemic control have been
relatively limited, especially in pediatric popu-
lations (14).

Knowledge of these relationships could provide

insights into the processes that mediate the asso-
ciation between metabolic dysregulation and
immune activation in children with diabetes.
Additionally, detecting specific biomarkers as-
sociated with inadequate glycemic control can
enhance disease monitoring and inform targeted
therapeutic interventions (15).

Thus, the current research proposal was to ex-
plore the relationships among circulating adi-
pokines, pro-inflammatory cytokines, and gly-
cemic control in children with type 1 diabetes
mellitus. This study aims to provide a clearer un-
derstanding of the metabolic-inflammatory in-
teractions in pediatric T1D and their possible
clinical implications by comparing biomarker
levels between diabetic children and healthy
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controls and examining their relationships with
glycemic indicators.

Material and Methods:
Study design and setting:

The case-control study was conducted to inves-
tigate the correlation between adipokines, pro-
inflammatory cytokines, and glycemic manage-
ment in children diagnosed with type 1 diabetes
mellitus (T1D). The research took place be-
tween 12 April 2025 and 1 February 2026,
within the pediatric departments and outpatient
endocrine clinic of designated hospitals and
medical centers in Thi-Qar directorate.

Study population:

The study population comprised 150 individu-
als: 100 children with type 1 diabetes mellitus
and 50 apparently healthy children serving as
the control group. The control group was se-
lected from children attending routine health
checkups and compared with the patient group
based on age and sex to minimize potential con-
founding variables. The diagnosis of Type 1 di-
abetes mellitus in the patient population was de-
termined using the American Diabetes Associa-
tion (ADA) standards, including persistent hy-
perglycemia, reliance on insulin, and a medical
history indicating that a specialist physician di-
agnosed the patient with this condition.

The children participating in the study were
within the pediatric age group and had no prior
history of any chronic metabolic, autoimmune,
or inflammatory conditions. Participants with
acute infections or endocrine disorders unre-
lated to diabetes and those who had been ex-
posed to medications that could influence in-
flammatory markers or lipid metabolism were
excluded from the study. Healthy controls were
screened to reduce the risk of diabetes,
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autoimmune diseases, or other chronic medical
conditions. Demographic and clinical infor-
mation were collected through structured ques-
tionnaires and medical records following enroll-
ment.

The recorded variables included age, sex, body
mass index (BMI), duration of diabetes, and in-
sulin dosage. The BMI was calculated using the
standard formula (weight in kilograms divided
by height in meters squared) (16,17).

Venous blood samples (5 mL) were collected af-
ter an 8-hour overnight fast. Samples were cen-
trifuged at 3000 rpm for 10 minutes to obtain se-
rum, which was then stored at-20 °C until anal-
ysis.

Glycemic and Lipid Profiles: Fasting blood glu-
cose (FBG), HbAlc, and lipid parameters (total
cholesterol, triglycerides, HDL-C, and LDL-C)
were measured using enzymatic colorimetric
methods with kits from Biolabo (France) (18-
20).

Adipokine Quantification: Serum adiponectin,
leptin, resistin, and visfatin were quantified us-
ing sandwich ELISA kits from Elabscience
(China). These kits were selected for their high
sensitivity and specificity in pediatric samples.
Inflammatory Markers: High-sensitivity ELISA
kits from Elabscience were used to measure cir-
culating levels of TNF-a, IL-6, and IL-1p. C-re-
active protein (CRP) was analyzed using the hs-
CRP immunoturbidimetric assay.

Procedure Standardization: All measurements
were performed on automated clinical chemistry
analyzers and microplate readers at 450 nm. As-
says were conducted in duplicate to minimize
intra-assay variation, following the manufactur-
er's strictly defined procedures.
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Statistical Analysis:

Statistical Package for the Social Sciences (SPSS)
version 26 was used to analyze the collected data.
Continuous variables were represented as mean +
standard deviation (SD), whereas categorical var-
iables were presented with frequencies and per-
centages. The Kolmogorov-Smirnov test was uti-
lized to evaluate the normality of the data distri-
bution. The independent-samples t-test was used
to compare the means of normally distributed var-
iables between T1D and healthy controls. The
Pearson correlation coefficient (r) was used to as-
sess the relationships among adipokines, inflam-
matory cytokines, and indicators of glycemic con-
trol, such as HbAlc. Any p-value lower than 0.05
was deemed statistically significant for all assess-
ments.

Results:

Table 1 presents the sociodemographic and clin-
ical characteristics of pediatric participants in-
cluded in the study. The analysis demonstrated
no statistically significant differences between
children with type 1 diabetes (T1D) and healthy
controls regarding age (p = 0.621), gender dis-
tribution (p = 0.987), or BMI (p = 0.573), indi-
cating that the groups were well matched for
these baseline variables. The patients with T1D
had an average of 4.6 + 2.3 years of diabetes,
and the daily insulin dose was 0.82 +0.21 U/kg.
There was a notable difference in the family his-
tory of diabetes, where patients with T1D had a
higher family history of diabetes than controls
(p=0.041).
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Table 1: Sociodemographic and Clinical Characteristics of Pediatric Type 1 Diabetes Pa-

tients and Healthy Controls

Variable T1D Patients (n=100) Controls (n=50) P-value
Mean+SD Mean+SD

Age (years) 11.2+34 109 + 3.1 0.621
Gender (Male/Female) 54 /46 27/23 0.987
BMI (kg/m?) 19.8+3.2 20.1+3.4 0.573
Duration of diabetes (years) 46+23 — —
Family history of diabetes (%) 38 (38%) 11 (22%) 0.041
Insulin therapy (daily dose U/kg) 0.82 + 0.21 — —
HbA1lc (%) 9.1+1.8 52+0.6 <0.001

*Statistical analysis was done using the Mann-Whitney test

Table 2: Comparison of Glycemic and Lipid Profile Parameters Between Pediatric Type 1

Diabetes Patients and Healthy Controls

Parameter T1D Patients (n=100) Controls (n=50) P-value
Mean+SD Mean+SD
Fasting Blood Glucose (mg/dL) 214.6 +52.8 88.4 +10.7 <0.001
HbA1lc (%) 9.1+1.8 52+0.6 <0.001
Total Cholesterol (mg/dL) 185.3 £34.7 162.5+29.4 0.002
Triglycerides (mg/dL) 1482 £41.6 112.3 +£30.1 <0.001
HDL-C (mg/dL) 42.1 £8.7 51.6+9.3 <0.001
LDL-C (mg/dL) 109.4 +£27.8 93.2+22.5 0.004

*Statistical analysis was done using the Paired T-test test
#Statistical analysis was done using the Wilcoxon signed rank test

Moreover, glycemic control indices were signif-
icantly different between groups, with diabetic
children exhibiting fairly high HbAlc levels (p
<0.001), indicating poor glycemic control in pe-
diatric patients with T1D.

Table 2 shows the differences in glycemic con-
trol and lipid profiles between healthy children
and patients with T1D. The results showed
markedly elevated fasting blood glucose levels
in T1D patients when compared to the control
group (p < 0.001). Additionally, HbAlc levels
were significantly higher in patients with diabe-
tes than in healthy individuals, indicating that
the T1D group had inadequate long-term glyce-
mic control (p < 0.001). Regarding lipid profile

parameters, total cholesterol levels were signifi-
cantly higher in T1D patients than in controls (p
= 0.002). Tri-glyceride concentrations were no-
tably higher in the diabetic cohort (p < 0.001).
Conversely, levels of high-density lipoprotein
cholesterol (HDL-C) were markedly lower in
T1D patients than in healthy subjects (p <
0.001).

Furthermore, low-density lipoprotein choles-
terol (LDL-C) levels were notably elevated in
the diabetic group compared to the control group
(p = 0.004). Combined, these data demonstrate
a clear trend of dyslipidemia and metabolic dis-
orders associated with pediatric type 1 diabetes.
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Table 3: Serum Levels of Adipokines in Pediatric Type 1 Diabetes Patients

and Healthy Controls
Adipokine T1D Patients (n=100) Controls (n=50) P-value
Mean+SD Mean+SD
Adiponectin (ng/mL) 7.4+223 10.2+2.7 <0.001
Leptin (ng/mL) 15.8+5.1 11.4+42 <0.001
Resistin (ng/mL) 8.6+24 63+1.9 <0.001
Visfatin (ng/mL) 49=+15 3.6£1.2 <0.001

*Statistical analysis was done using the Paired T-test test
#Statistical analysis was done using the Wilcoxon signed rank test

Table 3 compares adipokine levels in pediatric
patients with T1D and healthy controls. The se-
rum adiponectin level in T1D patients was sig-
nificantly lower compared to the control group
(p < 0.001). In contrast, children with diabetes
exhibited markedly elevated levels of pro-in-
flammatory and metabolically active adi-
pokines. Serum leptin levels were notably ele-
vated in the T1D group compared to the control
group (p< 0.001). Similarly, resistin levels were
significantly elevated in patients with T1D com-
pared with healthy individuals (p < 0.001). A
statistically significant increase in Visfatin con-
centration was observed in the diabetic group
compared with the control group (p < 0.001).
These findings indicate that pediatric T1D pa-
tients exhibit a clear imbalance in adipokine reg-
ulation, characterized by reduced levels of the
anti-inflammatory adipokine adiponectin and el-
evated levels of pro-inflammatory adipokines,
potentially leading to metabolic dysregulation
and pro-inflammatory responses in T1D.

Table 4 summarizes the circulating levels of var-
ious pro-inflammatory cytokines in pediatric pa-
tients diagnosed with T1D and healthy controls.
The findings demonstrated a significant increase
in levels of inflammatory markers among dia-
betic children. The concentration of serum tu-
mor necrosis factor-alpha (p < 0.001) was mark-
edly higher in the T1D group than in the control
group. Similarly, IL-6 concentrations were sig-
nificantly higher in individuals with type 1 dia-
betes than in healthy individuals (p < 0.001).
The concentration of interleukin-1 beta (IL-1p)
was significantly higher in the diabetic group
than in the control group (p < 0.001). In addi-
tion, CRP was markedly elevated in TID pa-
tients when compared to the control group (p <
0.001). Collectively, these results indicate a pro-
nounced inflammatory phenotype in pediatric
type 1 diabetes, supporting the significance of
ongoing immune activation and cytokine-medi-
ated inflammation in the disease's pathophysiol-
ogy and metabolic dysfunction.

Table 4: Serum Levels of Pro-Inflammatory Cytokines in Pediatric Type 1

Diabetes Patients and Healthy Controls
T1D Patients (n=100) Controls (n=50) P-value

Cytokine
Mean+SD
TNF-a (pg/mL) 18.6+6.2
IL-6 (pg/mL) 9.8+3.1
IL-1B (pg/mL) 6.2+2.0
CRP (mg/L) 49+1.38

Mean+SD
10.7+3.5 <0.001
45+1.7 <0.001
31+1.2 <0.001
1.7£09 <0.001

*Statistical analysis was done using the Paired T-test test
#Statistical analysis was done using the Wilcoxon signed rank test
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Table 5. Correlation Between Adipokines, Inflammatory Cytokines, and Glycemic

Control (HbAIc¢) in Pediatric Type 1 Diabetes Patients (n=100)

Biomarker
Adiponectin
Leptin
Resistin
Visfatin
TNF-a
IL-6
IL-1B
CRP

r value P-value
-0.41 <0.001
0.36 0.002
0.39 <0.001
0.33 0.004
0.45 <0.001
0.42 <0.001
0.31 0.006
0.38 <0.001

*Statistical analysis was done using the Spearman correlation test

Table 5 displays the correlation analysis of cir-
culating adipokines, inflammatory cytokines,
and glycemic control, assessed by HbAlc lev-
els, in children with T1D. The analysis revealed
a negative correlation between adiponectin lev-
els and HbAlc, indicating a significant inverse
relationship: lower adiponectin levels were as-
sociated with poorer glycemic control (r =-0.41,
p < 0.001). In contrast, certain adipokines
showed positive correlations with HbAlc, in-
cluding leptin (r = 0.36, p = 0.002), resistin (r =
0.39, p < 0.001), and visfatin (r = 0.33, p =
0.004), suggesting their potential role in meta-
bolic dysregulation and insulin resistance in pe-
diatric diabetes. Moreover, inflammatory cyto-
kines showed a strong and positive correlation
with HbAlc levels. TNF- showed the highest
correlation (r=10.45,p <0.001), followed by IL-
6(r=0.42,p<0.001),CRP (r=0.38,p<0.001),
and lastly, IL-1B (r = 0.31, p = 0.006). Collec-
tively, these results suggest a significant link be-
tween adipokine imbalance, systemic inflamma-
tion, and inadequate glycemic control in chil-
dren with type 1 diabetes, highlighting the role
of metabolic-inflammatory interactions in dis-
ease progression and glycemic dysregulation.

Discussion:

The study presented outlined the connection
among adipokines, pro-inflammatory cytokines,
and glycemic regulation in children with T1D.
The sociodemographic analysis showed no sta-
tistically significant differences in age, gender
distribution, or BMI between diabetic patients
and healthy controls. Other studies on childhood
diabetes have shown that when age and BMI are
closely matched, the observed biochemical dif-
ferences can be attributed to disease-induced
metabolic and immunological changes rather
than to demographic bias (21,22).

Conversely, the current findings indicated that a
family history of diabetes was notably more
prevalent in the T1D patients' group (38%) than
in the control group. The observation confirms
that genetic susceptibility is significant in the
progression of autoimmune diabetes. In chil-
dren, the genetic tendency toward type 2 diabe-
tes is recognized to include immune-regulatory
genes and HLA class II alleles that favor genetic
elements contributing to pancreatic damage and
immune-response activation (23).
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The assessment of glycemic markers revealed
that the fasting blood glucose and HbA lc levels
were markedly elevated in diabetic children
compared to healthy peers. These findings cor-
respond with the pathophysiology of T1D, char-
acterized by autoimmune-mediated destruction
of insulin-secreting B-cells. As insulin defi-
ciency progresses, glucose uptake by peripheral
tissues declines, leading to chronic hyperglyce-
mia and inadequate glycemic control over time,
as evidenced by rising HbAlc levels (24,25).
Similar results were found in multiple studies in-
volving children, indicating that HbAlc remains
the most reliable indicator of ongoing glycemic
instability and metabolic dysregulation in youth
with T1D (20). Hyperglycemia in these individ-
uals may persist, leading to oxidative stress and
endothelial dysfunction, triggering systemic in-
flammation and metabolic complications (26).

The lipid profile findings in the present study in-
dicated a significant rise in total cholesterol, tri-
glycerides, and LDL-cholesterol in T1D pa-
tients. Still, there was a notable reduction in
HDL cholesterol levels in T1D patients com-
pared with controls. These alterations indicate
the presence of dyslipidemia associated with di-
abetes (27,28). The influence of insulin defi-
ciency on liver lipid metabolism may explain
this trend. Insulin typically suppresses hepatic
lipolysis and modulates lipoprotein lipase activ-
ity; in this context, insulin deficiency promotes
triglyceride synthesis and impairs the clearance
of circulating lipoproteins (29).

Additionally, persistent hyperglycemia can pro-
mote lipoprotein glycation, leading to reduced
HDL function and increased LDL oxidation.
Additional research has identified similar lipid
abnormalities in pediatric T1D patients, while
some have observed milder dyslipidemia,
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particularly in those with optimal glycemic con-
trol. This variation in research may be linked to
differences in glycemic control, disease dura-
tion, adherence to insulin therapy, and lifestyle
factors such as diet and exercise (30).

They also found significant alterations in circu-
lating adipokines in diabetic children. Specifi-
cally, adiponectin concentration was notably
lower in T1D patients than in healthy controls,
potentially due to elevated HbAlc or longer dis-
ease duration, whereas leptin, resistin, and
visfatin were significantly elevated. Adiponec-
tin is recognized as an adipokine that reduces in-
flammation and enhances insulin sensitivity, ex-
erting a protective influence on glucose metab-
olism. Reduced adiponectin levels in diabetic
patients may reflect impaired adipose tissue
function and increased inflammatory signaling

31).

Leptin, resistin, and visfatin, in contrast, are of-
ten associated with inflammatory and metabolic
responses to stress. Elevated inflammatory sig-
naling and changes in energy balance in diabetic
individuals may lead to increased leptin levels.
Resistin and visfatin have been linked to insulin
resistance, endothelial dysfunction, and inflam-
matory activation, suggesting that these adi-
pokines may contribute to metabolic disorders
in childhood diabetes (32). However, other stud-
ies have reported the opposite, finding elevated
rather than decreased adiponectin levels in T1D.
These discrepancies may be ascribed to differ-
ences in patient age, disease duration, body fat
distribution, and the metabolic compensatory re-
sponses during the early stages of diabetes (33).
The inflammatory nature observed in the study
also supports the notion that T1D is not just a
metabolic disorder but rather a chronic inflam-
matory condition. Serum concentrations of
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TNF-alpha, IL-6, IL-1b, and CRP were signifi-
cantly elevated in diabetic children compared to
controls. These cytokines are crucial for im-
mune activation and facilitate autoimmune dam-
age to pancreatic B-cells. TNF-o and IL-1p can
directly induce apoptosis in B-cells by activating
nuclear factor-kB (NF-kB) and oxidative stress
signaling pathways, leading to a gradual deple-
tion of insulin release (34,35).

IL-6 also contributes to systemic inflammation
and alters glucose metabolism. Elevated CRP
levels indicate a generalized inflammatory re-
sponse, often seen in chronic metabolic condi-
tions. Many studies have confirmed the link be-
tween T1D and elevated levels of inflammatory
cytokines, while other research has shown lower
levels or no differences in cytokine levels
among certain groups. Such discrepancies may
arise from variations in disease stage, phases of
insulin therapy, genetic factors, or the insensi-
tivity of laboratory tests (36).

The analysis of correlation indicated that bi-
omarkers and glycemic control are significantly
related. A notable inverse correlation existed be-
tween adiponectin and a positive correlation
with leptin, resistin, visfatin, inflammatory cy-
tokines, and HbAlc levels. These findings sug-
gest that reduced glycemic control is associated
with a heightened inflammatory response and an
imbalance in adipokines. Mechanistically, per-
sistent hyperglycemia promotes the formation
of advanced glycation end products (AGEs) and
reactive oxygen species, which initiate inflam-
matory responses and cytokine production. At
the same time, inflammatory cytokines may fur-
ther impair insulin signaling pathways, creating
a harmful cycle between metabolic dysfunction
and inflammation (37).
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The elevated R between systemic inflammatory
markers and HbAlc (notably TNF-a (r=0.45,
p<0.001) and IL-6 (r=0.42, p<0.001)) suggests
that persistent hyperglycemia acts as the main
catalyst for the systemic inflammatory increase
seen in these pediatric patients. The present re-
search supports the idea that inflammatory
markers may serve as potential biomarkers for
disease progression and metabolic complica-
tions of T1D in children (38).

Conclusion

The findings showed that type 1 diabetes in chil-
dren is associated with significant alterations in
adipokines and pro-inflammatory cytokines that
are closely linked to inadequate glycemic con-
trol. Reduced adiponectin levels and elevated
leptin, resistin, visfatin, and inflammatory cyto-
kines signify a metabolic and inflammatory im-
balance. Persistent hyperglycemia can promote
oxidative stress and immune activation by over-
stimulating cytokine signaling and impairing
adipose tissue function. These interactions may
contribute to the progression of metabolic im-
balance and inflammatory responses, suggesting
the potential usefulness of these biomarkers for
assessing disease severity and monitoring glyce-
mic control in children with T1D.
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