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Background: Gestational diabetes mellitus (GDM) affects 5.8% to 25.1% of pregnant women and is associated with a range of
adverse perinatal outcomes, including intrauterine growth restriction, prematurity, neonatal respiratory distress, and adiposity.
Offspring of mothers with GDM or diabetes mellitus (DM) are also at elevated risk for long-term metabolic complications, such as
obesity, dyslipidemia, and type 2 DM. While systemic and structural anomalies—including congenital heart disease, skeletal
malformations, and renal agenesis—have been well documented, limited attention has been paid to ophthalmic consequences.
Accordingly, this study aims to summarize current evidence on the impact of maternal GDM/DM on the ocular development and long-
term visual outcomes in offspring.

Methods: A review was conducted, integrating findings from studies describing ocular abnormalities in offspring born to mothers
with GDM/DM.

Results: GDM/DM during pregnancy may contribute to a spectrum of ocular anomalies in offspring, including hypoplasia of the iris
stroma, vascular tortuosity and dilation of the iris vessels, optic nerve hypoplasia, decreased macular thickness and volume, and an
increased risk of long-term ophthalmic morbidity such as refractive errors.

Conclusion: Given the range of potential ophthalmic abnormalities in offspring of mothers with GDM/DM, regular ocular screening
and long-term follow-up are recommended. Further research is warranted to better understand the underlying mechanisms and to
develop evidence-based screening protocols.

Keywords: gestational diabetes mellitus, offspring, ophthalmic changes, congenital malformations, long-term ophthalmic morbidity

Introduction
Gestational diabetes mellitus (GDM) is defined as first occurred or recognized glucose intolerance during pregnancy, in
spite of the requirement for insulin therapy, degree of the metabolic disorder, or duration of the condition after
pregnancy.'* Women with GDM show evidence of metabolic dysfunction before conception, such as increased insulin
resistance and pancreatic -cell defects. Following pregnancy and the related metabolic changes (increased insulin
resistance and demand for pancreatic B-cell response due to the release of placental factors), the effect of insulin in
inhibiting endogenous glucose (primarily hepatic glucose) generation and promoting glucose consumption by peripheral
skeletal muscle and adipose tissue is weakened, leading to clinical hyperglycemia. Maternal hyperglycemia increases
placental transfer of glucose and (fetal) B-cell secretagogues to the fetus, resulting in fetal hyperinsulinemia.
Subsequently, fetal hyperinsulinemia can cause fetal metabolic re-programming and further short-term and long-term
pathological changes, such as overgrowth, adiposity, and metabolic dysfunction, in later life.'

Recent large-scale studies have provided updated insights into the global and regional burden of diabetes in women
and its impact on pregnancy. According to the Global Burden of Disease (GBD) Study 2021, the global prevalence of
diabetes increased from 5.9% (5.5-6.3) in 2021 to 9.5% (9.0-9.9) in 2050, influencing more than 1.27 billion (1.19-1.35)
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individuals. Furthermore, the sub-analysis specifically investigating female trends reported that in 64 countries and
territories (31.4%), age-standardised diabetes prevalence was higher in females than in males, with more than 20%
excess observed in Azerbaijan, Haiti, Laos, Mauritania, Zimbabwe, and Belize. In contrast, in central sub-Saharan Africa,
male prevalence was significantly higher (1.40 times; 95% CI: 1.30-1.48), while central Latin America, southern sub-
Saharan Africa, and the Caribbean showed >10% higher prevalence in females.> A 2024 pooled analysis of 1108
population-representative studies involving 141 million participants further confirmed the steady rise in diabetes
prevalence, indicating that in 2022, an estimated 828 million (95% credible interval 757-908) adults had diabetes. In
women, although some high-income countries such as Japan, Spain, and France experienced a decline in female diabetes
prevalence—possibly linked to stable or decreasing obesity rates—most regions demonstrated rising trends. Between
1990 and 2022, age-standardised diabetes prevalence increased with high certainty in 131 countries for women, doubling
in 66 of them. The most substantial increases were observed in countries spanning Southeast Asia, South Asia, North
Africa, and the Caribbean.* These findings reflect a growing challenge to maternal health worldwide. In terms of
pregnancy-specific outcomes, gestational diabetes mellitus (GDM) remains one of the most prevalent complications.
A 2024 meta-analysis including 1.55 million pregnancies in the United States and Canada reported an overall GDM
prevalence of 6.9% (95% CI: 5.7-8.3), with 13.7% (95% CI: 10.7-17.3) diagnosed using one-step OGTT and 5.2% (95%
CI: 4.4-6.1) using the two-step approach. In addition, the study highlighted the potential of continuous glucose
monitoring and alternative biomarkers such as HbAlc to detect glycemic abnormalities even among women with normal
OGTT results, offering promising ways for earlier and more accurate GDM diagnosis.’ These statistics reflect growing
public health concerns and provide critical context for evaluating the long-term consequences of GDM, including
ophthalmic sequelae in affected offspring.

Major GDM risk factors include maternal overweight and obesity, late childbearing, a medical history of GDM,
family history of type 2 diabetes mellitus (DM), and ethnicity. Pregnant women with GDM may also be more
susceptible to other diseases, such as type 2 diabetes mellitus (DM), cardiometabolic dysfunction, hypertension,
increased cardiovascular risks, increased incidence rate of cardiovascular events, metabolic syndrome, kidney diseases,
liver diseases, retinal dysfunction and diseases, certain neoplastic diseases.'**"'> Thus, we conclude that pregnant women
with GDM may have various lesions involving multiple organs and systems.

Several retrospective and prospective observational studies have indicated that GDM is closely associated with poor
maternal and offspring outcomes. The perinatal complications of GDM include polyhydramnios, preeclampsia, macro-
somia, surgical delivery, birth canal lacerations, shoulder dystocia, neonatal hypoglycemia, jaundice, and perinatal
mortality in some cases of untreated GDM."'®2? For instance, Pettitt et al first highlighted in a cohort of Pima Indian
women that maternal hyperglycemia during the third trimester was significantly correlated with increased risks of
perinatal mortality, macrosomia, toxemia, and cesarean delivery.'® Beischer et al showed that early identification and
treatment of maternal hyperglycemia could significantly reduce perinatal mortality, underscoring the importance of
antenatal screening.'” Casey et al reported that women with GDM had higher incidences of hypertensive disorders,
cesarean delivery, and shoulder dystocia compared with the general obstetric population.'® Aberg et al linked impaired
glucose tolerance to increased fetal mortality in preceding siblings, suggesting long-term interpregnancy risks.'® Persson
and Hanson also identified elevated rates of neonatal complications—such as fetal, asphyxia, and transient tachypnea —
among infants born to mothers with GDM.?° Subsequent large-scale studies further reinforced these findings. Jensen
et al, in a cohort of 3260 Danish women, demonstrated that hyperglycemia detected via a 75-g oral glucose tolerance test
was associated with increased risk of adverse maternal and perinatal outcomes (eg, macrosomia, spontaneous preterm
delivery, hypertensive complications, and neonatal hypoglycaemia, etc).?' The Hyperglycemia and Adverse Pregnancy
Outcome (HAPO) study led by Metzger et al, involving more than 23,000 women, established a continuous relationship
between maternal glucose levels and adverse pregnancy outcomes—including birth weight above the 90th percentile,
cord-blood serum C-peptide level above the 90th percentile, and neonatal hypoglycemia—even below traditional
diagnostic thresholds.”? Collectively, these findings revealed the significant impact of GDM on maternal and neonatal
health and emphasize the need for early detection and timely intervention to improve pregnancy outcomes.

Compared with infants born to mothers without DM, those born to mothers with pre-pregnancy DM or GDM were
more likely to have congenital anomalies.”® Liu et al reported that neonates born to mothers with GDM had a two to three
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times greater chance of suffering from congenital heart disease and congenital anomalies of the kidneys and urinary
tracts, especially in male neonates.”* Using magnetic resonance imaging to investigate the brain function, a case-control
study in preterm infants born to mothers with GDM reported that compared with infants born to mothers without GDM,
the brains of infants born to mothers with GDM tended to have multiple decreased fractional anisotropy, indicating
microstructural white matter abnormalities.”> Although pregnant hyperglycemia might have a significant impact on fetal
neurodevelopment and on offspring cognition,?® there is still no solid evidence confirming the independent negative
effect of maternal GDM on cognitive function in the offspring of pregnant women with GDM.?”*® Therefore, further
studies in this field are needed.

Increasing evidence now clearly shows that offspring exposed in utero to maternal hyperglycemia—particularly GDM
—experience long-term alterations, including increased adiposity, insulin resistance, hypertension, and early cardiac
functional changes. Josefson et al reported a 54% higher obesity risk and marked impairments in insulin sensitivity
among GDM-exposed subjects aged 1014 years,” and a clinical study within the Danish National Birth Cohort
indicated that adolescent offspring of women with GDM has increased adiposity among 9 to 16 girls.** HAPO FUS
study indicated that exposure to higher levels in utero is significantly associated with childhood glucose and insulin
resistance independent of maternal and childhood BMI and family history of diabetes.”’ Besides insulin resistance, in
utero exposure to diabetes confers an additional independent risk for the development of T2DM and/or cardiovascular
disease (eg, higher systolic blood pressure) later in life. Another prospective cohort study also confirmed that maternal
DM is a risk factor for high blood pressure in offspring at the age of 10 (systolic: B, 1.48; 95% CI, 0.36-2.59; and
diastolic: B, 0.86; 95% CI, 0.05-1.71).** Except hypertension, intrauterine exposure to maternal diabetes was also
associated with higher morbidity and risk related to cardiovascular disease by offspring up to 35 years old (adjusted
hazard ratio [HR] 1.42, 95% confidence interval [CI] 1.12-1.79).** Besides GDM, the offspring of women with prior
diabetes is also associated with some adverse neurocognitive and behavioural outcomes. In one Swedish retrospective
cohort study, a parental history of T1 diabetes is associated with 29% elevated risk of attention deficit’/hyperactivity
disorder.** Maternal pregestational diabetes mellitus combined with severe obesity will not only increase the risk for
attention-deficit’hyperactivity disorder and conduct disorder (HR = 6.03; 95% CI = 3.23-11.24), but also for autism
spectrum disorder (HR = 6.49; 95% CI = 3.08-13.69) in their offspring.’® In terms of behavioral and intellectual
development, maternal diabetes may also have negative effect on neurodevelopment, IQ and educational attainment.>®*

The long-term effects of GDM, including childhood adiposity and cardiometabolic risks, have also been reported.
Offspring born to women with GDM was suggested to have higher BMI z-scores, higher systolic and diastolic blood
pressures, higher rates of childhood overweight and obesity, higher lipid profile levels, and higher insulin and insulin
resistance levels than those born to women without GDM.® In addition, other studies have indicated that, compared with
their counterparts, offspring born to women with GDM had greater Carotid Intima-Media Thickness, higher cardiac
output and stroke volume, reduced mitral E/A ratio, and decreased total peripheral resistance in early childhood and
adolescence.***® Compared with GDM, pre-existing diabetes (type 1 or type 2 DM) is typically associated with a longer
duration and greater severity of hyperglycemia, and thus may lead to more profound fetal programming effects.*'*

Although numerous studies have investigated the effect of GDM on multiple organs and tissues, little is known about
ophthalmic changes in the offspring of pregnant women with GDM/DM. A recent study confirmed that medically treated
GDM is an independent risk factor for long-term ophthalmic morbidity,** indicating the important effect of GDM/DM on
ophthalmic changes. Accordingly, in this review, we summarize the effect of GDM/DM on the ophthalmic development
of the offspring of pregnant women with GDM/DM, including iris changes, optic nerve hypoplasia, retinal changes, and
long-term ophthalmic morbidity such as refractive errors.

Methods

The bibliographic searches were performed in PubMed, from inception to June 2025, written in English. The primary
search strategy was (gestational diabetes) OR (diabetes) OR (diabetes in pregnancy) AND (offspring) OR (children) OR
(neonate) AND (ophthalmic) OR (congenital malformations) OR (long-term ophthalmic morbidity) OR (ocular) OR
(eye). Following the literature search, two independent reviewers were involved in the literature screening and data
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extraction process. Any discrepancies were resolved through discussion or consultation with a third senior reviewer. This
approach ensured accuracy and consistency in data collection.

In this review, we aimed to explore the potential ophthalmic consequences in offspring born to mothers with GDM/
DM. Based on the PICO framework:

Population (P): Offspring of women with GDM/DM,;

Intervention (I): Intrauterine exposure to maternal GDM/DM;

Comparison (C): Offspring of normoglycemic pregnancies (mothers without GDM or diabetes);

Outcome (O): Ophthalmic abnormalities and developmental changes, and long-term risks such as refractive errors.

Iris Changes

The iris is composed of three components: the iris pigmented epithelium, iridial muscles, and iris stroma.*> The iris root
is attached to the ciliary body and corneal-scleral junction, which is also called the iridocorneal angle. During
embryogenesis, the iris originates from both the optic cup and periocular mesenchyme.** After birth, the iris is still
immature and undergoes certain developmental changes: the surface of the iris stroma is formed into crypts and hillocks;
the color is altered as stromal melanocytes produce pigmentations, the iris vessel changes in its caliber and course, and
the innervation of the pupil becomes mature.*® GDM could affect the morphology and development of the iris. Ricci et al
performed routine ophthalmic examinations of 600 full-term neonates, including 66 born to mothers with GDM, and
found that more than half of the infants born to diabetic mothers revealed significant tortuosity and dilatation of the iris
vessels, and this changes in iris vessel resolved spontaneously within 14 days after birth. In addition, 90% and 85% of
newborns in the diabetic group showed hypoplasia of the iris stroma and changes in pupil dynamics, respectively.*’

Optic Nerve Hypoplasia

Optic nerve hypoplasia (ONH) is a nonprogressive congenital disease. Histologically, it is characterized by selective
tortuosity of the major retinal veins and abnormally small and pale optic discs with a surrounding area of pigmented
sclera, which could result in the “double ring” sign.48"49 Both unilateral and bilateral optic nerve hypoplasia can be
observed, and bilateral cases are generally accompanied by significant blindness and infantile nystagmus, while unilateral
cases are accompanied by sensory esotropia (more commonly) or exotropia (less commonly).*® ONH is often associated
with certain clinically important central nervous system/endocrine abnormalities that belong to the disease spectrum of
septo-optic dysplasia. Septo-optic dysplasia is a congenital syndrome with developmental abnormalities of the optic
nerves, cerebral hemispheres, and midline brain structures.** !

Previous studies have indicated a relationship between ONH and certain gestational conditions, including primioarity,
prematurity, young maternal age, GDM, and alcohol/tobacco abuse.*’**>° However, the exact pathogenesis of ONH
remains unclear. Previous genetic investigations have suggested a potential role of HESX1 and SOX2 gene mutations in
the pathogenesis of ONH. However, the rate of these mutations is less than 1%. Thus, further genetic studies in this field
are needed.**%® Besides genetic studies, GDM could also influence the development of the optic nerve and be the
reason for ONH.*® Female sex, short gestation duration, low birth weight, and poor maternal DM control may increase
the risk of ONH,’® and maternal type 1 DM is associated with hypoplasia of the superior segmental optic nerve in

offspring.>* ¢

Retinal Changes

High levels of circulating glucose and DM were confirmed to have adverse effects on the eye, such as non-proliferative
and proliferative diabetic retinopathy, macular edema, faster formation and progression of cataracts, and higher risk for
glaucoma. Furthermore, there was a close correlation between the control of DM and the risk of DM-related ophthalmic
complications, suggesting that the morbidity of ophthalmic complications decreased significantly with strict control of
DM.**%® However, whether good glycemic control could prevent the short-term and long-term ophthalmological
complications in the offspring of pregnant women with GDM/DM still needs further investigations. One study system-
atically tested the changes in the retinal structure of offspring of pregnant women with GDM/DM; among them, 1741
offspring underwent an adequate quality retinal nerve fiber layer (RNFL) scan and 1687 offspring underwent an
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adequate-quality macular scan. The results revealed that offspring of pregnant women with GDM/DM had significantly
thinner inner and outer macula and macular volume than offspring from non-diabetic pregnancies. However, central
macular thickness, foveal minimum thickness, and RNFL thickness were not significantly different between the offspring
of pregnant women with and without GDM.®’

A recent cohort study by Khoshtinat et al reported that GDM was significantly associated with an increased risk of
retinopathy of prematurity (ROP) in preterm infants.® Among 1161 infants studied, 76.5% of eyes in the GDM group
showed ROP or incomplete retinal vascularization, and 13.5% developed severe ROP—both rates significantly higher
than in the hypertensive disorders of pregnancy group. These associations remained significant after adjusting for
gestational age and birth weight. The authors suggested that intrauterine hyperglycemia may impair retinal angiogenesis
via vascular endothelial growth factor dysregulation, increasing vulnerability to severe ROP. These findings support the
need for enhanced postnatal retinal screening in infants born to mothers with GDM.

In parallel, recent studies employing optical coherence tomography (OCT), optical coherence tomography angiogra-
phy (OCTA), and fundus autofluorescence (FAF) have revealed microscopic changes involving the microvascular
environment and the macula in GDM patients.®>’° These noninvasive imaging modalities offer promising tools for
detecting early retinal changes in both mothers with GDM and their offspring, underscoring their potential role in

ongoing ophthalmic surveillance.

Long-Term Ophthalmic Morbidity

In terms of long-term ophthalmic morbidity, GDM requiring medication was reported to be an independent risk factor.
The risk of long-term ophthalmic morbidity is significantly higher in the offspring of pregnant women with GDM.
Among the long-term complications, refractive error has often been reported. The offspring of pregnant women with
GDM had a three-fold higher rate of refractive error than the control group (offspring of pregnant women without GDM).
Although the GDM-induced refractive error is relatively easy to manage, if it is not detected in a timely manner, it could
further result in amblyopia and/or accommodative strabismus, disturbance of acquisition of fine motor skills, and even
learning problems.**”!

Another up to 25-years follow-up study found that pregnancy with DM is associated with an increased risk of high
refractive error in their offspring. Compared with those without diabetic complications, the increased risks were more
pronounced among offspring of mothers with diabetic complications, which suggesting that positive glucose control in
mothers with GDM/DM or pre-gestational diabetes is crucial for reducing high refractive error risk in offspring.”

A recent focused review by Guo et al provided additional support for the link between maternal hyperglycemia and
refractive error development in offspring.”® Their findings highlighted several structural and functional consequences of
intrauterine hyperglycemia, including thinner macular regions, increased axial length, and thicker central corneas in
neonates. Moreover, both human and animal studies demonstrated that intrauterine exposure to hyperglycemia impairs
retinal cone cell development, disrupts Pax6 expression, and increases oxidative stress, ultimately affecting the trajectory
of postnatal visual maturation.

Conclusions

The etiology of GDM is related to a volumetric increase in circulating glucose during pregnancy.’”* GDM can increase the
risk of metabolic morbidity in newborns. However, if good metabolic management is performed, the incidence rate of
congenital malformations does not differ from that in non-diabetic populations.”

The primary aim of GDM/DM treatment is the prevention of fetal overgrowth and pregnant complications, which is
normally achieved by dietary regulation and physical activity involvement, because dietary regulation and physical
activity involvement could minimize the postprandial glucose elevation and the requirement for medication
interventions.! As mentioned above, although ophthalmic complications of GDM/DM are not commonly reported,
they are still not rare in the clinic, and clinicians can encounter them at times.

Future research should focus on several key areas:
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1. Longitudinal Cohort Studies: There is a need for large-scale, prospective, longitudinal studies that follow children
from birth to adulthood to evaluate the onset, progression, and persistence of ophthalmic abnormalities associated
with maternal GDM/DM. These studies should also evaluate the influence of glycemic control during pregnancy
on visual outcomes.

2. Mechanistic Investigations: The exact biological mechanisms by which maternal hyperglycemia affects fetal
ocular development remain poorly understood. Future studies should explore the molecular and epigenetic path-
ways involved in retinal neurogenesis, optic nerve development, and vascular remodeling.

3. Imaging-based Early Detection: Advanced imaging modalities such as OCT, OCTA, and FAF should be system-
atically used to screen and monitor subtle ophthalmic changes in offspring at high risk, even in the absence of
overt visual symptoms.

4. Interventional Strategies: Studies should examine whether early interventions (eg, visual training, optical correc-
tion, or even systemic metabolic control in offspring) can ameliorate the long-term visual sequelae of GDM/DM.

5. Impact of Severity and Treatment Type: Differentiating the ophthalmic outcomes in offspring born to mothers with
diet-controlled vs insulin-treated GDM/DM may provide insight into the dose-response relationship between
hyperglycemia and ocular development.

In summary, considering the potential ophthalmic changes in the offspring of mothers with GDM/DM, regular and

systematic ophthalmologic examinations are recommended. Previous studies with follow-up durations of up to 18 and

even 25 years have demonstrated associations between maternal diabetes during pregnancy and long-term ophthalmic

morbidity in offspring.”* These findings suggest that follow-up should extend at least into early adulthood. However,

there is a lack of research regarding optimal follow-up intervals and standardized screening protocols. Further investiga-

tion is needed to guide clinical practice and establish evidence-based strategies for preventing visual impairment in this

high-risk population.

Abbreviations
GDM, Gestational diabetes mellitus; DM, diabetes mellitus.
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