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Highlights

e  This narrative review proposes a conceptual framework that organizes pediatric
insulin resistance across interconnected biological domains rather than validated
temporal stages.

e Candidate biomarkers differ substantially in the maturity of pediatric evidence, assay
availability, and clinical readiness.

e  Developmental, pubertal, skeletal, neuroendocrine, and socioeconomic factors modify
metabolic risk across these domains.

e  Prospective studies are needed before biomarker panels can be used for risk prediction,
clinical classification, or biomarker-guided treatment.

Abstract

Background/Objectives: Insulin resistance (IR) in children and adolescents is heteroge-
neous and influenced by puberty, adiposity, growth, and developmental factors. Conven-
tional measures such as fasting insulin and the homeostasis model assessment of insulin
resistance (HOMA-IR) have limited pediatric specificity because of assay variability and the
absence of universally accepted thresholds. This narrative review proposes a conceptual
framework linking candidate biomarkers to biological domains relevant to pediatric IR.
Methods: PubMed /MEDLINE and Google Scholar were searched through August 2026
using terms related to pediatric IR, obesity, puberty, and candidate biomarkers. Pediatric
and adolescent studies were prioritized; adult studies were used selectively for mechanistic
context. Biomarkers were selected as representative examples of biological domains, not as
a validated diagnostic panel. Results: The framework comprises four interacting domains:
intracellular insulin signaling (intracellular magnesium), adipose tissue dysfunction (leptin,
adiponectin), inflammatory activation (lipocalin-2, white blood cell count, high-sensitivity
C-reactive protein), and endothelial dysfunction (asymmetric dimethylarginine). Sonic
hedgehog N-terminal fragment, osteocalcin, oxytocin, and central appetite-regulatory path-
ways are considered cross-cutting developmental, skeletal, and neuroendocrine modifiers.
Evidence maturity, assay standardization, and clinical readiness differ substantially among
markers. Conclusions: This framework is hypothesis-generating and does not represent a
validated temporal sequence, diagnostic staging system, or routine biomarker panel. Lon-
gitudinal pediatric studies with standardized assays, puberty-specific reference ranges, and
assessment of incremental clinical value are needed before biomarker-informed approaches
can improve risk prediction, classification, or outcomes.
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1. Introduction

Insulin resistance (IR) in childhood and adolescence is associated with an increased
risk of dysglycemia, metabolic dysfunction-associated steatotic liver disease, dyslipidemia,
hypertension, and later type 2 diabetes [1]. However, obesity, hyperinsulinemia, IR, im-
paired glucose tolerance, and type 2 diabetes are overlapping but noninterchangeable
phenotypes. Not every child with obesity has IR, and biomarkers identified in established
type 2 diabetes cannot automatically be interpreted as early predictors of pediatric IR.

Fasting insulin and the homeostasis model assessment of insulin resistance (HOMA-
IR) are commonly used surrogate measures in pediatric research. Their interpretation,
however, is influenced by age, sex, pubertal stage, adiposity, ethnicity, fasting conditions,
biological variation, and inter-assay differences. Accordingly, fasting insulin and HOMA-IR
should not be used in isolation to define an individual child’s metabolic status.

Recent studies, including those by Takaya et al., have broadened the biological per-
spective on pediatric IR by examining developmental signaling pathways, extracellular
vesicles, and bone-derived endocrine regulation [2]. These observations support the view
that pediatric IR is biologically heterogeneous and cannot be adequately characterized
by a single surrogate measure. This review therefore presents a conceptual framework
that organizes candidate biomarkers according to their principal biological domains. The
framework is intended to complement, rather than replace, standard clinical assessment
and to identify testable hypotheses for future pediatric research.

2. Literature Search and Biomarker Selection

This narrative review was informed by literature searches of PubMed /MEDLINE and
Google Scholar through August 2026. Search concepts included “pediatric insulin resis-
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tance,” “childhood obesity,” “adolescent insulin resistance,” “magnesium,” “adiponectin,”
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“leptin,” “lipocalin-2,” “white blood cell count,” “ADMA,” “sonic hedgehog,” “osteocal-
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cin,” “oxytocin,
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puberty,” “inflammation,

i

endothelial dysfunction,” and “appetite
regulation.” Priority was given to pediatric and adolescent studies. Adult studies were
used selectively to provide mechanistic context when pediatric evidence was limited.

References were selected narratively on the basis of biological relevance, pediatric
applicability, methodological quality, and relevance to the proposed framework. This
article was not designed as a systematic review or meta-analysis. Biomarkers were se-
lected as representative examples of distinct biological domains, not as a comprehensive
diagnostic panel or as markers with equivalent levels of evidence. Established clinical
variables—including adiposity, blood pressure, glucose measures, lipid profile, liver-related
assessment, family history, pubertal status, diet, sleep, physical activity, and psychosocial
context—remain essential in clinical care.

3. A Conceptual Framework of Interconnected Domains

The proposed framework comprises four interacting biological domains and a group
of cross-cutting modifiers. This organization is intended to facilitate the interpretation of
mechanistic heterogeneity rather than to establish a temporal sequence. Figure 1 presents
the domains in a non-linear layout without a fixed starting point or sequence. Bidirectional
arrows denote proposed, potentially bidirectional interactions rather than established
causal relationships.
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PEDIATRIC INSULIN RESISTANCE

Conceptual framework of interconnected biological domains

Hypothesis-generating; no validated temporal order or clinical staging is implied

Intracellular Adipose tissue
insulin signaling dysfunction
Candidate marker. Candidate markers:
intracellular Mg leptin, adiponectin

No fixed starting point

I Interacting domains I

or sequence

Endothelial Inflammatory and

dysfunction immune activation

Candidate marker. Candidate markers:
ADMA LCN2, WBC, hs-CRP

Cross-cutting modifiers
Puberty, age, sex, growth hormone/IGF-1, skeletal tumover, Shh-N, osteocalcin, oxytocin,

central appetite/reward regulation, sleep, physical activity, diet,
socioeconomic and environmental context

Bidirectional arrows denote proposed, potentially bidirectional interactions, not established causal relationships.

The layout does not imply temporal progression, a fixed sequence, or clinical staging.

Figure 1. Conceptual framework of interconnected biological domains in pediatric insulin resistance.
The four principal domains—intracellular insulin signaling, adipose tissue dysfunction, inflammatory
and immune activation, and endothelial dysfunction—are arranged without a fixed starting point or
sequence. Bidirectional arrows denote proposed, potentially bidirectional interactions rather than
established causal relationships. Developmental, skeletal, neuroendocrine, behavioral, environmental,
and socioeconomic influences are shown separately as cross-cutting modifiers. The framework is
conceptual and hypothesis-generating; it does not represent a validated temporal cascade, clinical
staging system, or equivalent biomarker maturity across domains. Candidate biomarkers are shown
for illustrative purposes and should not be used alone to diagnose pediatric insulin resistance,
assign a mechanistic stage, or direct treatment. Abbreviations: Mg, magnesium; LCN2, lipocalin-
2; WBC, white blood cell count; hs-CRP, high-sensitivity C-reactive protein; ADMA, asymmetric
dimethylarginine; Shh-N, Sonic hedgehog N-terminal fragment.

3.1. Intracellular Insulin Signaling and Magnesium

Insulin-stimulated glucose uptake in skeletal muscle and adipose tissue depends
on signaling through insulin receptor substrates, phosphoinositide 3-kinase, Akt, and
GLUT4 trafficking [3-5]. Magnesium is biologically relevant because it participates in
ATP-dependent enzymatic reactions and kinase activity [6]. However, a mechanistic role
does not establish intracellular magnesium deficiency as the earliest detectable abnormality
in pediatric IR [7]. Serum magnesium is tightly regulated and may not reflect intracellular
magnesium pools, whereas erythrocyte and peripheral blood mononuclear cell measure-
ments remain insufficiently standardized for routine clinical use [8]. Dietary intake, renal
function, medication exposure, gastrointestinal losses, and supplement use may further
influence interpretation [9,10].

3.2. Adipose Tissue Dysfunction

Adipose tissue expansion can alter the secretion of leptin, adiponectin, free fatty acids,
and inflammatory mediators. Leptin generally increases with fat mass, whereas adiponectin
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is often lower in pediatric obesity and metabolic risk states [11]. The adiponectin-to-
leptin ratio may provide contextual information about adipose endocrine function, but it
is strongly influenced by adiposity, sex, pubertal stage, and assay characteristics [12,13].
These markers should therefore be interpreted as indicators associated with adipose biology
rather than as validated markers of a discrete disease stage.

3.3. Inflammatory and Immune Activation

Adipose tissue dysfunction may be accompanied by local and systemic inflammatory
signaling [11]. Lipocalin-2 (LCN2) [14], white blood cell count [15], and high-sensitivity
C-reactive protein [16] may reflect inflammatory activity. However, all are nonspecific
and may be influenced by acute infection, chronic inflammatory conditions, medication
exposure, and adiposity itself [16]. Their value in pediatric IR is therefore contextual and
investigational rather than diagnostic.

3.4. Endothelial Dysfunction

Insulin has vascular actions that include stimulation of endothelial nitric oxide pro-
duction. Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of nitric oxide
synthase and is mechanistically relevant to endothelial dysfunction [17]. Nonetheless,
evidence that ADMA prospectively identifies endothelial disease or clinically meaningful
progression of IR in children remains limited [18,19]. ADMA should therefore be regarded
as an investigational marker of vascular biology rather than as a routine component of
pediatric risk assessment.

3.5. Cross-Cutting Developmental, Skeletal, Neuroendocrine, and Central Modifiers

Developmental, skeletal, and neuroendocrine factors are best understood as cross-
cutting modifiers rather than as a terminal phase or discrete stage of IR. Puberty, sex steroids,
growth hormone/insulin-like growth factor 1 signaling, skeletal turnover, and growth
velocity may influence insulin sensitivity, adipokine concentrations, body composition,
inflammatory markers, and vascular biology during childhood and adolescence [20,21].

Sonic hedgehog N-terminal fragment (Shh-N) is involved in developmental signaling
and has been implicated in adipogenesis, inflammation, and energy metabolism [22]. In
pediatric studies, its association with adiponectin and IR supports the possibility that devel-
opmental signaling may contribute to metabolic susceptibility [2]; however, the available
evidence is limited and does not establish a causal or temporal role. Similarly, bone-derived
hormones such as osteocalcin may link skeletal turnover to glucose metabolism [23]. Ex-
perimental studies suggest that osteocalcin can affect insulin secretion and insulin sensitiv-
ity [24], whereas interpretation in children is complicated by age-related and growth-related
variation in bone turnover.

Neuroendocrine factors may also modify metabolic phenotypes. Oxytocin has been as-
sociated with energy balance and glucose metabolism, but its clinical relevance to pediatric
IR remains exploratory [25]. Central appetite-regulatory pathways provide an additional
mechanistic context: hypothalamic neuropeptide Y/agouti-related peptide neurons pro-
mote feeding, whereas proopiomelanocortin and cocaine- and amphetamine-regulated
transcript pathways contribute to satiety-related signaling [26]. Leptin and insulin influ-
ence these circuits, although the translation of experimental findings into clinically useful
pediatric biomarkers remains limited.

Mesolimbic reward pathways may interact with homeostatic appetite regulation
and contribute to hedonic or reward-driven eating. However, the term “food addiction”
remains conceptually and clinically contested and should not be used interchangeably with
overeating or hedonic eating [27].
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4. Puberty and Interpretation of Pediatric Insulin Resistance

Puberty is a major determinant of insulin sensitivity and should be incorporated
into the interpretation of pediatric metabolic measures. Physiological pubertal insulin
resistance may increase fasting insulin and HOMA-IR, particularly during mid-puberty,
without necessarily indicating progressive pathological disease [20,21]. Interpretation
should therefore take account of age, sex, Tanner stage, adiposity, body composition,
growth velocity, ethnicity, family history, fasting conditions, and laboratory methods.

There are no universally accepted pediatric diagnostic thresholds for fasting insulin or
HOMA-IR. Both measures are influenced by assay methodology and biological variation.
In clinical settings, fasting insulin should not be interpreted as a stand-alone diagnostic
test, and an isolated value should not be used to assign a child to a mechanistic domain.
When metabolic complications are suspected, assessment should be guided by the clinical
history, physical examination, blood pressure, glucose-related testing as indicated, lipid
profile, liver-related assessment, and evaluation of obesity-related comorbidities [28].

5. Evidence Profile and Clinical Readiness

Table 1 summarizes candidate biomarkers by biological domain, pediatric evidence,
longitudinal evidence, key limitations, and clinical readiness. It does not establish that
their associations with insulin resistance are independent of adiposity. Adiposity-related
confounding is explicitly noted for leptin/adiponectin and inflammatory markers in the Key
limitations column; the reported associations should not be interpreted as demonstrating
independent predictive value.

Table 1. Candidate biomarkers differ in evidence maturity, assay feasibility, and clinical readiness.
None of the listed markers should currently be used alone to diagnose pediatric insulin resistance,
assign a mechanistic stage, or direct treatment.

Biomarker Domain Pediatric Evidence Longltudmal Key Limitations  Clinical Readiness
Evidence
Intracellular assay
Mechanistically availability;
Intracell.ular Signaling plaus1bl.e; h.mlted Very limited sta.ndardlzatlon; Investigational
magnesium pediatric intake and
association studies supplement
confounding
Relatively Strong
Leptin/ . . const stent . Limited for con.foun.dmg by Contextual/
. . Adipose biology associations with . adiposity, sex,
adiponectin S prediction research
adiposity and puberty, assay
metabolic risk variation
Associations Acute illness,
LCN2, WBC, . reported, but .. adiposity, WBC/hs-CRP
Inflammation Limited . . contextual; LCN2
hs-CRP markers are inflammation, low . .,
o o investigational
nonspecific specificity
. Selected pediatric Assay differences;
ADMA Enc'lothellal metabolic risk Limited uncertain Investigational
biology . .
studies incremental value
Developmental
Shh-N, osteocalcin, Developmental/ Limited, selected .. confounding; assay
skeletal / Very limited Exploratory

oxytocin

neuroendocrine

studies

availability; small
evidence base

Abbreviations: LCN2, lipocalin-2; WBC, white blood cell count; hs-CRP, high-sensitivity C-reactive
protein; ADMA, asymmetric dimethylarginine; Shh-N, Sonic hedgehog N-terminal fragment.
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6. Clinical Implications, Equity, and Feasibility

The framework is intended to complement, rather than replace, routine pediatric
care. At present, no evidence demonstrates that the proposed panel improves diagnostic
accuracy beyond accessible clinical assessment, prospectively predicts outcomes, identifies
treatment-responsive phenotypes, or improves patient-centered outcomes. Specialized tests
such as intracellular magnesium, LCN2, ADMA, Shh-N, and oxytocin may be unavailable
or unaffordable in many settings.

Effective care for children with obesity or metabolic risk should not depend on access
to specialized biomarkers. Core care should remain family-centered and should include
nutritional support, opportunities for physical activity, sleep assessment, behavioral and
psychological support, evaluation of obesity-related complications, and attention to food
insecurity, safe environments for physical activity, the affordability of nutritious foods, and
access to healthcare. Where resources are limited, growth trajectory, BMI percentile, blood
pressure, clinical signs such as acanthosis nigricans, and routine laboratory investigations
when indicated remain practical components of risk assessment.

Magnesium supplementation should not be recommended solely on the basis of this
exploratory biomarker framework. Treatment of documented magnesium deficiency is
distinct from unproven biomarker-guided supplementation for pediatric IR. Similarly, anti-
inflammatory or other phenotype-directed interventions require prospective validation
before they can be recommended on the basis of biomarker patterns.

7. Limitations and Future Research Priorities

This review has several limitations. It is a narrative review, and the cited evidence
is heterogeneous with respect to study design, population, adiposity, pubertal status,
laboratory methods, and definitions of IR. Much of the available evidence is cross-sectional.
The model does not establish causality, temporal order, or a universal pathway from obesity
to dysglycemia or type 2 diabetes. Several biomarkers have limited standardization, and
their associations may not be independent of adiposity. Supplement use, dietary intake,
intercurrent illness, and social determinants may further confound interpretation.

Priority research needs include longitudinal pediatric cohorts with repeated pheno-
typing across puberty; standardized assays; age-, sex-, and Tanner-stage-specific reference
distributions; assessment of incremental value beyond accessible clinical measures; eval-
uation of cost and feasibility; and trials testing whether biomarker-informed approaches
improve meaningful outcomes. These studies should include diverse populations and
explicitly address equity and implementation in resource-constrained settings.

8. Conclusions

Pediatric insulin resistance is best understood as a heterogeneous and multisystem
process rather than as a single glycemic abnormality. The proposed conceptual framework
organizes candidate biomarkers across intracellular signaling, adipose tissue function,
inflammation, endothelial biology, and cross-cutting developmental, skeletal, and neuroen-
docrine modifiers. It is not a validated temporal cascade, diagnostic staging system, or
routine clinical panel. Its principal value lies in identifying gaps in knowledge, support-
ing biologically informed research hypotheses, and encouraging prospective studies to
determine whether selected biomarkers add value beyond accessible clinical care.
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