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[Abstract] Gestational diabetes mellitus (GDM) is a common metabolic complication of pregnancy and may influence offspring
skeletal development through intrauterine metabolic programming. Available evidence links GDM exposure to altered early linear
growth, abnormal bone mass accrual or bone quality, increased fracture risk in later life, and a higher probability of selected skeletal
congenital anomalies. However, results from different studies are inconsistent, and it is not yet possible to simply infer a direct causal
relationship between GDM and the above skeletal outcomes. A mechanistic sequence can be proposed in which maternal metabolic
load initiates placental -interface remodeling, modifies the fetal bone microenvironment, and shifts skeletal developmental programs.
The intensity, duration, and timing of intrauterine hyperglycemia may affect mesenchymal stem cell osteogenic-adipogenic balance,
growth - plate chondrocyte maturation, osteoblast mineralization, and bone remodeling through mitochondrial dysfunction, oxidative
stress, low - grade inflammation, insulin/ insulin like growth factor (IGF) -axis disturbance, Wnt/ - catenin and bone morphogenetic
protein (BMP) signaling imbalance, impaired placental calcium - phosphate transport, and epigenetic remodeling. Thus, the skeletal
impact of GDM is more likely to follow a dynamic pattern characterized by early disruption, partial compensation, and residual risk

rather than by a fixed reduction in bone density. Future studies should integrate maternal glycemic trajectories , placental multi-omics,
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cord-blood bone metabolic markers, offspring bone microarchitecture, and fracture outcomes to develop bone-oriented risk stratification

and intervention strategies.

[Key words] gestational diabetes mellitus; offspring; skeletal development; intrauterine environment
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GDM-related metabolic load first affects the placental interface, leading to oxidative stress, inflammation, epigenetic changes, and impaired calcium
-phosphate transport. These alterations may then influence MSC fate, growth-plate maturation, osteoblast mineralization, and bone remodeling through
skeletal pathways including Wnt/B-catenin, BMP, IGF, AGE/RAGE, and RANKL/OPG signaling.
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Figure 1 Mechanistic framework for GDM-associated skeletal developmental abnormalities in offspring
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Table1 Mechanistic hypotheses and validation strategies for GDM-related offspring skeletal development

Hypothesis Key nodes/exposures

Validation endpoints Implications

Glycemic - exposure Hyperglycemia duration, HbA1c/OGTT MSC mitochondrial function; Runx2/ Analyze

threshold

ROS in MSCg 40+

Placental transport- Calbindin,

and glycemic variability 7 ; high - glu- Osx,
cose - induced mitochondrial stress and BMC/BMD

PMCA, vitamin D metabo- Cord-blood Ca/P, 25(0OH)D, PTH,

exposure duration

ALP/OCN; LAZ/HAZ and and target attainment rather
than GDM status alone

Link placental multi - omics

mineralization con- lism, calcium - phosphorus transport and osteocalcin, PINP/CTX and early - with mineralization endpoints

[20.38-39,75-76]

straint placental vascularization

Osteogenic - adipo- Wnt/BMP osteogenic transcription and MSC lineage induction,

genic lineage shift

and PPARy/C/EBPa activation™ ™

trabecular microarchitecture

life BMC

mineral- Extend interventions to insu-

MSC bone - fat balance " *); Sclerostin ized nodules, marrow adiposity and lin resistance and the bone -

fat microenvironment

Growth - plate tim- Growth-plate architecture and cartilage - Growth velocity, bone age, growth- Explain early length restric-

ing disruption

insulin-related senescence changes™®”

Bone - remodeling IL-6/TNF-« inflammation™”, RANKL/ PINP/CTX, trabecular connectivity,

[51-52]

microenvironment  OPG osteoclastogenesis

imbalance larization™® ™ and Sclerostin-Wnt inhibi-

tion[48v7ﬂ

liferation/hypertrophy markers

» bone vascu- cortical geometry and fracture risk

bone crosstalk”™*; miR-322-5p and IGF/ plate histology and chondrocyte pro- tion, catch - up growth and

growth-plate senescence

Follow bone quality and frac-

tures, not BMD alone
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