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Abstract: Background: Gestational diabetes mellitus (GDM), characterized by gestational
hyperglycemia due to insufficient insulin response, poses significant risks to both mater-
nal and offspring health. Fetal exposure to maternal hyperglycemia leads to short-term
complications such as macrosomia and neonatal hypoglycemia and long-term risks in-
cluding obesity, metabolic syndrome, cardiovascular dysfunction, and type 2 diabetes.
The Developmental Origins of Health and Disease (DOHaD) theory explains how maternal
hyperglycemia alters fetal programming, increasing susceptibility to metabolic disorders
later in life. Objective: This review explores the intergenerational impact of GDM, linking
maternal hyperglycemia to lifelong metabolic, cardiovascular, and neurodevelopmental risks
via epigenetic and microbiome alterations. It integrates the most recent findings, contrasts
diagnostic methods, and offers clinical strategies for early intervention and prevention. Meth-
ods: A comprehensive literature search was conducted in PubMed, Scopus, and ScienceDirect
to identify relevant studies published between 1 January 2000 and 31 December 2024. The
search included studies focusing on the metabolic and developmental consequences of GDM
exposure in offspring, as well as potential mechanisms such as epigenetic alterations and gut
microbiota dysbiosis. Studies examining preventive strategies and management approaches
were also included. Key Findings: Maternal hyperglycemia leads to long-term metabolic
changes in offspring, with epigenetic modifications and gut microbiota alterations playing
key roles. GDM-exposed children face increased risks of obesity, glucose intolerance, and
cardiovascular diseases. Early screening and monitoring are crucial for risk reduction. Practi-
cal Implications: Understanding the intergenerational effects of GDM has important clinical
implications for prenatal and postnatal care. Early detection, lifestyle interventions, and
targeted postnatal surveillance are essential for reducing long-term health risks in offspring.
These findings emphasize the importance of comprehensive maternal healthcare strategies to
improve long-term outcomes for both mothers and their children.

Keywords: gestational diabetes mellitus (GDM); maternal hyperglycemia; fetal
hyperinsulinemia; neonatal hypoglycemia; metabolic syndrome; neurodevelopmental
disorders; developmental origins of health and disease (DOHaD) theory

1. Introduction
Gestational diabetes mellitus (GDM) is defined as gestational hyperglycemia as a

result of an insufficient insulin response diagnosed during pregnancy [1–3]. It is thought
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that the high blood glucose levels in pregnant women are due to insulin resistance caused
by the hormone human placental lactogen (hPL) [4]. GDM is reported to be associated
with many short-term and long-term complications postpartum [5], the most important
of which is the increased risk of developing type 2 diabetes mellitus later in life [2]. There
is no consensus on how to diagnose diabetes in pregnancy, but the most agreed upon
diagnostic technique is to use the two-step testing approach starting with screening with a
GCT proceeding diagnosis with a 100 g, 3-h oral glucose tolerance test (OGTT) for those
who screen positive. However, the 2018 guidelines of the American College of Obstetrician
and Gynecologists (ACOG) acknowledge the use of a one-step approach using 1 and 2 h
fasting glucose values for a 75 g, 2-h OGTT if this method is appropriate for the tested
population [2,6]. It is usually diagnosed during the second and third trimesters [5]. GDM
can be classified into two main categories: A1GDM, which can be managed through diet
without medication, and A2GDM, which requires medication to regulate blood glucose
levels during pregnancy [7].

The prevalence of GDM varies depending on the diagnostic criteria used [6]. Regard-
less, the numbers are rising internationally, and this is directly correlated to the increased
levels of obesity over a long-time frame [3]. The prevalence of GDM among pregnant
women increased from 1.2% to 2.3% between 1976 and 2010, coinciding with the observed
increase in obesity levels in the US [2]. Recently, the percentage of diagnosed women with
GDM in the United States increased from 6.0% to 8.3% in the period between 2016 and 2021,
and the percentage of diagnosed patients increased in a direct correlation with age [2].

In addition to the negative consequences that gestational diabetes mellitus might im-
pose on the mother [8], it is also associated with multiple complications in the offspring [5].
These complications include metabolic disorders, which comprise obesity, adiposity [9],
and impaired glucose tolerance [9]. Moreover, it affects the cardiovascular, renal, and
gastrointestinal systems, as it increases the risks for hypertension [10], nephropathy [11],
and nonalcoholic fatty liver disease [12], respectively. The complications of gestational
diabetes mellitus (GDM) may impact the neurodevelopment of the infant and contribute to
macrosomia through distinct mechanisms [13]. Additionally, GDM complications might in-
crease the risk of osteoporosis [14], hyperlipidemia [15], and infertility in the offspring [11].
Therefore, it is crucial to develop techniques that would allow the early diagnosis of GDM
in pregnant women so that early management would be possible in order to prevent the de-
velopment of the aforementioned complications in the offspring of a pregnant woman with
GDM [16]. Therefore, the aim of this review is to uniquely examine the intergenerational
impact of GDM, integrating the DOHaD theory to explain how maternal hyperglycemia
causes long-term metabolic, cardiovascular, and neurodevelopmental complications in
offspring. It highlights epigenetic modifications, transgenerational inheritance, and gut mi-
crobiome alterations, linking prenatal GDM exposure to lifelong disease risk. Additionally,
this review provides an updated synthesis of the new recent findings, contrasts diagnos-
tic methods, and offers clinical recommendations for early screening and intervention to
prevent intergenerational disease transmission.

2. Methods and Literature Search Strategy
To conduct this literature review, we performed a comprehensive search across multi-

ple databases, including PubMed, Cochrane Library, EMBASE, Google Scholar, and other
relevant academic repositories. Our search strategy focused on identifying peer-reviewed
studies published between 1 January 2000 and 31 December 2024, covering topics related
to gestational diabetes mellitus (GDM) and its short- and long-term effects on offspring.
We used a combination of MeSH terms and keywords, such as gestational diabetes melli-
tus, fetal programming, metabolic syndrome, epigenetics, neurodevelopmental disorders,
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and offspring health outcomes. The search was refined using filters to include systematic
reviews, meta-analyses, cohort studies, and randomized controlled trials, ensuring that
only high-quality and relevant literature was selected.

To ensure the inclusion of seminal and recent findings, we manually screened the
titles and abstracts of all retrieved articles. Duplicates were removed, and full-text reviews
were conducted to assess methodological quality, relevance, and consistency with our
research objectives. References of key articles were also reviewed to identify additional
studies that met our inclusion criteria. Studies focusing on diagnostic methods, fetal
metabolic adaptations, the developmental origins of health and disease (DOHaD) theory,
and maternal–fetal interactions were prioritized. This rigorous search strategy allowed us
to synthesize a comprehensive, evidence-based review of the intergenerational impact of
GDM, providing valuable insights into preventive strategies, clinical management, and
long-term health implications.

3. Fetal Programming and Developmental Origins of Health and
Disease (DOHaD)
3.1. Perinatal Milieu and the Long-Term Developmental Programming of Progeny

GDM is a glucose tolerance condition that first appears during pregnancy [17]. During
pregnancy, higher amounts of hormones like prolactin, estrogen, and lactogen are produced.
This helps shift nutrients from the mother to the fetus and prevents low blood glucose by
blocking insulin effects. Insulin resistance emerges in the middle of gestation and increases
as gestation progresses. In an attempt to offset the diabetogenic impact of placental
hormones, maternal pancreatic islets attempt to increase insulin production by up to three
times during pregnancy. When maternal β-cells cannot adjust to increased fetal nutrient
requirements and increasing insulin needs during late pregnancy, blood glucose levels
increase, spurring the fetal pancreas to produce more insulin [18]. Over time, exposure
to GDM may increase both the maternal and fetal risk of acquiring non-communicable
diseases (NCDs). NCDs are a significant public health concern and are frequently viewed
as diseases of adult lifestyle. They most likely have a complex etiology with many risk
pathways and interactions between genetic and environmental variables [19].

3.2. Developmental Origins of Health and Disease

The period from conception to early infancy plays a crucial role in shaping long-term
health outcomes, with early-life factors such as nutrition and environmental exposures in-
fluencing disease susceptibility later in life [19–22]. This concept, known as developmental
programming, suggests that the conditions experienced in utero and shortly after birth can
have lasting effects on metabolic health. Gluckman et al. [21] highlight the intricate differ-
ences between developmental modeling influenced by prenatal and postnatal exposures,
making it challenging to separate their individual contributions (Figure 1). However, both
perspectives converge on the idea that disruptions during early development—whether
through altered growth patterns or metabolic programming—can significantly increase the
risk of NCDs such as obesity, type 2 diabetes, and cardiovascular disease [23–27].

The first 1000 days after conception are particularly critical, as they set the foundation
for lifelong health. During this period, epigenetic modifications and metabolic reprogram-
ming may occur, potentially predisposing individuals to chronic conditions. By identifying
biomarkers at birth and closely monitoring key developmental windows, early interven-
tion strategies can be implemented to reduce disease risk and improve long-term health
outcomes. This proactive approach could not only prevent the onset of metabolic disorders
but also lessen the economic burden on healthcare systems by reducing the need for later
treatment [21].
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Barker’s seminal research laid the foundation for the metabolic programming theory,
demonstrating that individuals with low birth weight face a higher risk of developing car-
diovascular disease, hypertension, type 2 diabetes, and metabolic syndrome later in life [28].
Human cohort studies and animal experiments further support this, showing that fetal
undernutrition during critical stages of organ and metabolic system development—such
as the pancreas, heart, kidney, liver, skeletal muscle, and endocrine axes—can lead to per-
manent structural and functional alterations, increasing susceptibility to cardio-metabolic
diseases in adulthood [29–32]. Simpson’s study reinforces this concept, emphasizing that
the intrauterine environment plays a key role in shaping lifelong health trajectories. The
intrauterine environment exposes the fetus to what life could be “ex-utero” despite the
potential disparity between the two. Fetal exposure to maternal over- or undernutrition,
epigenetic modifications, and environmental stressors can create a metabolic “memory”,
leading to maladaptive changes in organ morphology and function. This developmental
plasticity not only increases the risk of cardiovascular and metabolic dysfunction but also
facilitates the intergenerational transmission of disease, particularly in cases of mater-
nal obesity. Poor maternal health and nutrition during pregnancy may set the stage for
long-term health challenges in offspring, perpetuating a cycle of chronic disease across gen-
erations. These findings highlight the need for targeted prenatal interventions to mitigate
early-life metabolic programming and reduce the burden of non-communicable diseases
in future generations. On the other hand, developmental overnutrition is supported by
the DOHaD theory as a mechanism for transmitting metabolic dysfunction to subsequent
generations. This is particularly relevant with rising maternal obesity and maternal dia-
betes. In a “healthy” pregnancy, blood glucose levels rise, and moderate insulin resistance
develops in order to satisfy the needs of the growing fetus [32]. A genuine association persists
between the mother’s blood glucose levels and the birth weight of her offspring [33]. This
risk also persists into childhood, as maternal glucose concentration is reflective of childhood
adiposity [34] and insulin resistance independently of maternal body mass index (BMI) [35].

https://www.biorender.com
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3.3. Developmental Programming by Epigenetic Mechanisms

Within the framework of fetal programming, epigenetic mechanisms play a crucial
role in determining long-term consequences for offspring [36]. These mechanisms regulate
gene expression and genomic structure without altering DNA sequences and are specific to
certain cell types and tissues. Key epigenetic processes include DNA methylation, histone
post-translational modifications, and non-coding RNA expression (Figure 2).
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GDM has been implicated in influencing preterm birth through epigenetic modifica-
tions, particularly DNA methylation. Studies have shown that maternal hyperglycemia
can lead to altered DNA methylation patterns in the offspring’s cord blood. For instance,
in one study, maternal GDM was associated with lower cord blood methylation levels
within two regions, including the promoter of OR2L13, a gene associated with autism
spectrum disorder, and the gene body of CYP2E1, which is upregulated in type 1 and type 2
diabetes [37].

Furthermore, research indicates that maternal diabetes during pregnancy can cause
DNA hypermethylation at various individual CpG sites and regions, which has been linked
to an increased risk of preterm delivery [38]. Identifying DNA methylation patterns linked
to adverse health outcomes in offspring may serve as an early biomarker for individuals at
risk, offering a critical window for early intervention during childhood [19].

A strong association exists between in utero hyperglycemic exposure and altered cord
blood DNA methylation patterns [38]. Maternal diabetes during pregnancy has been linked
to DNA hypermethylation at various CpG sites and regions, which may contribute to an
increased risk of preterm delivery [38]. Additionally, differentially methylated positions
(DMPs) during pregnancy have been correlated with preterm birth risk [38]. This aligns
with previous findings demonstrating a positive association between gestational diabetes
and preterm birth [39], defined as delivery before 37 weeks of pregnancy [40]. However,
the increased incidence of preterm birth in women with GDM may also be influenced by
healthcare providers recommending early delivery to mitigate complications associated
with fetal overgrowth [39].

Polyhydramnios, characterized by excessive accumulation of amniotic fluid during
pregnancy, is another complication commonly associated with GDM and can also induce
preterm delivery [41]. Furthermore, GDM has been linked to a higher incidence of cesarean
section (C-section) [42], primarily due to fetal overgrowth resulting from maternal hyper-

https://www.biorender.com
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glycemia. This condition often necessitates a C-section to prevent complications during
labor and vaginal delivery [41].

3.4. Transgenerational Epigenetic Inheritance

According to Chu and Goddfrey, growing evidence from animal models—mostly
involving mice and rats—indicates that developmental programming occurs transgenera-
tionally. Several potential processes could result in the transmission of the programmed
phenotype, such as the inheritance of epigenetic modifications through modification of the
epigenome (germline and/or somatic line), altered maternal phenotype, and persistence of
harmful environmental exposures in subsequent generations [19]. A pattern of dysregu-
lation at critical methylation sites in the placenta was observed in a GDM mice model of
intrauterine hyperglycemia caused by streptozotocin. This was indicated by downregu-
lation of the Dlk1 (gene involved in cell growth and differentiation during development
and associated with metabolism and adipogenesis) and overexpression of the Gtl2 (gene
implicated in various cellular processes and diseases, including cancer) genes in the F1 and
F2 generations, respectively [43].

A study carried out in The Gambia revealed that seasonal exposure to hunger is
associated with altered methylation of the pro-opiomelanocortin (POMC) gene, which
helps regulate body weight [44]. The peri-conceptual stage is emphasized in this study as a
crucial time for epigenetic modification and developmental flexibility. Children conceived
during the rainy or “hungry” season, when nutrition was less abundant, showed higher
levels of POMC gene methylation, higher BMIs, and an increased risk of obesity compared
to those conceived during the dry season, when nutrition was more abundant [44].

Although the transgenerational transfer of characteristics has been documented up
to the F2 offspring, there is still conflicting evidence about the transmission to the F3 and
later generations [45]. Despite compelling evidence that epigenetic alterations are passed
down across generations in mice and rats, some have questioned the applicability of this
idea to humans [46]. This comes as a result of a complicated combination of numerous
confounding factors, such as ecological and cultural inheritance [47].

4. Offspring Complications Associated with Maternal GDM
4.1. Macrosomia and Neonatal Complications

One of the most immediate concerns related to the offspring of a mother with GDM
is fetal macrosomia. The prevalence of fetal hyperinsulinemia resulting from maternal
hyperglycemia increases the risk of macrosomia in newborns, with 15–45% of macrosomic
babies born to mothers with GDM [16]. Women with GDM have a 2–3 times greater risk
of delivering macrosomic babies in comparison to women with normal pregnancy [48].
Maternal hyperglycemia, as a result of GDM, leads to an increase in maternal insulin
resistance and subsequently causes an increase in glucose transfer to the fetus through the
placenta [49]. The excess glucose absorbed by the fetus is stored as body fat and in turn
leads to the development of a baby that is large for gestational age (LGA) [49].

Macrosomia refers to newborns with a birth weight ≥4000 g or above the 90th
percentile for gestational age. Among infants of mothers with GDM, 15–45% develop
macrosomia [16], compared to 12% in non-GDM pregnancies, increasing their risk of obe-
sity and type 2 diabetes. Contributing factors include maternal obesity, gestational age
at delivery, pre-pregnancy BMI, weight gain, hypertension, and smoking [49]. Studies
indicate that fetal birth weight is most strongly associated with second- and third-trimester
postprandial blood glucose levels rather than fasting glucose levels, with a threshold
of ≤120 mg/dL correlating to a 20% incidence of macrosomia [49]. If the value of glucose
is as high as 160 mg/dL, then the rate of macrosomia increases to 35%. The pathophysi-



Life 2025, 15, 440 7 of 21

ology of macrosomia is best understood using Pedersen’s hypothesis, which elucidates
the ways in which maternal hyperglycemia leads to fetal hyperinsulinemia and elevated
fetal adipose tissue. Since glucose can freely cross the placenta, while insulin cannot, in the
second trimester the fetus’s pancreas begins secreting its own insulin in response to the
elevated fetal glucose levels. The combination of fetal hyperglycemia and hyperinsulinemia
leads to increased fat and protein storage, resulting in macrosomia. These neonates are at
heightened risk for hypoglycemia, which can lead to central nervous system and cardiopul-
monary complications, including mental retardation, recurrent seizures, developmental
delay, and personality disorders [49].

Macrosomic infants of GDM mothers often exhibit a central deposition of subcutaneous
fat, particularly in the abdomen and interscapular areas, along with increased shoulder and
extremity circumferences but a normal head size. This growth pattern is associated with
an increased risk of shoulder dystocia (SD), a complication that occurs when the infant’s
shoulder becomes lodged behind the symphysis pubis, potentially leading to neonatal
brachial plexus injury, asphyxia, and postpartum hemorrhage [50]. The incidence rate of
SD is significantly higher among macrosomic infants and those born via vacuum-assisted
delivery, occurring at a rate of 196.7 per 1000 births compared to 19.5 per 1000 in the absence
of these risk factors [50].

In addition to SD, macrosomia increases the risk of birth trauma, including Erb’s
palsy, clavicle fractures, and brachial plexus injuries, often necessitating neonatal intensive
care unit (NICU) admission. The Australian Carbohydrate Intolerance Study in Pregnant
Women (ACHOIS) found a strong association between maternal fasting hyperglycemia
severity and SD risk, with each 1-millimole increase in fasting glucose correlating to a
2.09-fold increased risk of SD [49]. Macrosomic newborns weighing ≥4500 g are six times
more likely to experience birth trauma and twenty times more likely to suffer brachial
plexus injuries. Compared to infants of non-GDM mothers, macrosomic neonates have a
five-fold increased risk of severe hypoglycemia and a two-fold increase in neonatal jaundice.

Macrosomia is also linked to increased risk of preterm birth, respiratory difficulties,
feeding issues, infections, and perinatal mortality. The hyperinsulinemic environment of
macrosomic infants drives an increased oxygen demand, triggering erythropoietin (EPO)
secretion and resulting in polycythemia [51]. This condition can lead to neonatal jaundice
due to excessive bilirubin from red blood cell breakdown [49]. Additional congenital
anomalies linked to macrosomia include heart defects and neural tube defects such as
spina bifida [49].

4.2. Neonatal Hypoglycemia and Metabolic Effects

Neonatal hypoglycemia is one of the most common metabolic disorders in infants of
GDM mothers. A prospective cohort study defined severe neonatal hypoglycemia as blood
glucose ≤36 mg/dL and mild hypoglycemia as ≤47 mg/dL, with risk factors including
macrosomia, prematurity, maternal diabetes, and low birth weight for gestational age.
Among 2145 pregnant women screened at 24–28 weeks, GDM was diagnosed in 583, with
neonatal hypoglycemia observed in 33.4% of cases and severe hypoglycemia in 20.2% [52].
Another study on 597 pregnant women with GDM found that 39% of newborns had
hypoglycemia, with the highest incidence in neonates whose mothers were treated with
glyburide, reinforcing the need for careful glucose management to mitigate risks [53].

Maternal hyperglycemia, caused by GDM, induces fetal hyperinsulinemia and in
turn leads to the accelerated fetal reuptake of glucose through the placenta [54]. The
excess fetal reuptake of glucose results in the overgrowth of fetal adipose tissue and can be
identified by the increase in offspring fat mass (FM), percent fat mass (%FM), and skinfold
thickness [54]. Studies have found no significant difference in total adipose tissue volume
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at birth between children born to mothers with GDM or those born to normoglycemic
mothers [55]. However, by the second to third months postnatally, this difference in
total adiposity became notably significant, with infants of mothers with GDM exhibiting
a 16% increase in total adipose tissue volume compared to the control group [55]. According
to this study, the strict management of glucose levels of GDM mothers during pregnancy
might have contributed to the weak variances in neonatal adiposity outcomes between
the group of newborns to mothers with GDM and the control group [55]. GDM infants
showed rapid weight gain, and this could be explained by hypothalamic alteration in
hunger and satiety cues as a result of the prolonged hyperglycemic exposure of GDM
infants in utero [55].

4.3. Long-Term Health Risks: Obesity, Metabolic Syndrome, and Cardiovascular Disease

High birth weight has been linked to a higher risk of obesity and higher body fat
percentage during childhood and adolescence [56]. Studies have shown a positive correla-
tion between maternal hyperglycemia and an increase in total fat percentage in children
aged between 10 and 14 years old [16], whereas, in children of East Asian descent, BMI
values were remarkably analogous between children born to mothers with GDM and
those born to normoglycemic mothers (16.0 kg/m2 and 16.1 kg/m2) [16]. A body com-
position analysis revealed a positive correlation between maternal glucose levels and an
increase in total fat mass in children born to mothers with GDM, irrespective of their
ethnicities [16]. In summary, employing body composition analysis is advantageous for
assessing the risk of adiposity in children born to mothers with GDM, regardless of their
ethnic backgrounds [16].

Obesity in childhood and even adulthood is another complication that has become
linked to pregnancies with GDM. The majority of newborns with mothers who have GDM
are born larger than average, and numerous studies have shown that this excess weight
remains throughout life, leading to overweight or obesity. This increase in BMI has been
proven to cause adverse complications such as diabetes mellitus type 2, cardiovascular
diseases, metabolic syndrome, and even cancers. A multi-ethnic study conducted to assess
the association between exposure to maternal diabetes in utero and BMI growth trajectories
showed that a significant increase in BMI growth velocity was observed among children
between the ages of 10 and 13. In this time frame, children who were exposed to diabetes
in utero experienced a 4.56 kg/m2 increase, compared with a 3.51 kg/m2 increase in unex-
posed children (p = 0.005) [57]. Additionally, this study showed no significant difference in
growth trajectories between the two groups during infancy and early childhood [57]. In
comparison, another study proved that GDM diagnosed using the WHO 1999 [58] criteria
was independently associated with an increased BMI in children ages 1 through 6 [59].
Such inconsistencies may be due to the changes in the diagnostic criteria of GDM, small
sample size, or various other factors such as cross-sectional study design and residual
confounding [60]. On average, the number of women diagnosed with GDM increased
two-fold in 2014 when new diagnostic criteria were set by the IADPSG as compared to
the previous criteria set by the World Health Organization or the American Diabetes
Association [61].

A BMI ≥ 85th percentile but <95th percentile was defined as childhood overweight,
while a BMI ≥ 95th percentile was defined as obesity [61]. In a study conducted
on 10,412 mother–child pairs, with 17.2% involving GDM cases, it was concluded that
the increased BMI Z score and overweight/obesity at ages 2 to 4 were primarily influenced
by the pre-pregnancy BMI of the mother rather than direct GDM exposure [60]. Other
factors that influence the risk of obesity in children born to mothers with GDM include
breastfeeding and lifestyle habits. Studies have shown a 22% decrease in the risk of de-
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veloping childhood obesity in breastfed infants compared to those who have never been
breastfed [62]. However, more extensive research must be conducted regarding this correla-
tion. A longitudinal study conducted on children exposed to GDM and type 1 diabetes in
utero aimed to compare the difference between diabetic breastmilk and nondiabetic banked
donor breastmilk intake during the first week following delivery and its effect on body
weight at age 2 [63]. The results of the study showed an increased body weight in children
consuming diabetic breast milk compared to those who were fed banked donor breast
milk, and this effect was only observed during the first week of life since no association
was found between drinking diabetic breast milk during weeks 2 to 4 and body weight
at age 2 [63]. These findings suggest that the initial week of life may represent a crucial
period for the nutritional programming of offspring born to mothers with GDM.

It is common for a child whose mother had GDM to be overweight or obese. Pediatric
obesity, in itself, augments several cardiovascular risk factors such as high blood pressure,
abnormal lipid profile, impaired glucose tolerance, and metabolic syndrome [64]. This was
further evident in a meta-analysis and systematic review conducted by Umer et al., which
revealed a complex relationship between childhood adiposity and adult blood pressure.
Childhood adiposity was positively associated with adult systolic blood pressure (SBP)
when unadjusted for adult adiposity; however, when adjusted for adult adiposity, the
association became significantly negative. A similar trend was observed for diastolic blood
pressure (DBP), where an initial positive correlation was seen with childhood adiposity,
but when adjusted for adult adiposity, the association turned negative [64].

Another factor that plays a critical role in the development of obesity in GDM-exposed
children is the duration of breastfeeding. Compared to infants breastfed for less than
3 months, those who were breastfed for more than 3 months had a 45% risk reduction of
being overweight at ages 2 to 8 years [65]. Additionally, a study examining the relationship
between GDM exposure and eating behaviors in adolescents, using the Eating in the
Absence of Hunger in Children and Adolescents (EAH-C) questionnaire, found a positive
correlation between the two factors. It was proposed that GDM-exposed children exhibit
dysfunctional hunger and satiety signaling, potentially leading to food consumption in the
absence of hunger, thereby increasing adiposity and excess body weight. Notably, offspring
of GDM pregnancies are overnourished in utero [66]. This study also found significantly
higher EAH-C scores in females exposed to GDM in utero compared to males, with females
also reporting higher scores due to fatigue and/or boredom compared to males. Overall,
the study suggests that the increased risk of obesity in GDM-exposed children may be
driven by increased caloric intake and altered hunger signaling mechanisms [66].

The metabolic consequences of GDM exposure extend beyond childhood eating behav-
iors and obesity risk. Neonatal hypoglycemia is considered as one of the most common fetal
complications of GDM pregnancies [67]. Studies demonstrated that fetal hyperinsulinemia
resulting from exposure to hyperglycemia in utero can lead to hypoglycemia in the newborn
at birth [49]. The persistence of fetal hypoglycemia postnatally can be harmful and raises
serious concerns over its long-term effect on the baby’s neurological development, leading
to mental retardation, recurrent seizures, and developmental delay [49]. The occurrence
of fetal hypoglycemia is correlated with birth weight, term birth, improper feeding, and
maternal GDM [67]. Therefore, preterm babies who are born to mothers with GDM are at a
higher risk of developing hyperinsulinism-related hypoglycemia [67].

For many years, the uterine environment was believed to be sterile, with the first micro-
bial colonization thought to occur during vaginal delivery. However, bacterial DNA detected
in the meconium of newborns challenged this notion [68]. Consequently, the role of gut micro-
biota in mediating GDM complications has been explored. Studies have shown that neonates
born to mothers with GDM exhibit a significantly lower level of operational taxonomic units
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(OTUs) compared to those born to non-GDM mothers. Specifically, GDM-exposed neonates
had alterations in gut microbiota composition, including the enrichment of Faecalibacterium
species and depletion of key genera such as Veillonella, Megasphaera, Prevotella, and Rothia [69].
These findings suggest that maternal GDM influences early gut microbial colonization, which
may have implications for neonatal and long-term metabolic health.

Apart from the increased risk of obesity and diabetes, children born to mothers with
GDM are prone to the development of metabolic syndrome (MetS), which is a collection of
metabolic abnormalities typically characterized as three or more of the following: central
obesity, reduced high-density lipoprotein cholesterol, hypertriglyceridemia, hyperglycemia,
and hypertension. Like GDM, MetS is also associated with an increase in the risk of
developing chronic diseases such as type 2 diabetes mellitus and cardiovascular disease
(CVD). A recent meta-analysis showed that in utero exposure to GDM resulted in a sig-
nificantly increased risk of developing MetS later in life (RR 2.07, 95% CI 1.26–3.42; three
studies, 4421 participants; heterogeneity I2 = 12%; p = 0.33), a two-fold increase compared
to offspring not exposed to GDM [70]. It has been proposed that the increased risk is due
to a GDM-induced hyperinsulinemic environment, resulting in macrosomia and future
obesity. In addition to the increased risk of MetS on offspring, there is an increased risk of
developing MetS in pregnant women suffering from GDM, either during their pregnancy
or at a later stage, typically one year postpartum [70].

There is a robust association between hyperglycemic disorders during pregnancy and
fetal cardiovascular alterations. A study conducted on 264 mother–child pairs, including
116 cases where the mothers had GDM, identified several notable differences between
children born to mothers with GDM and those born to healthy mothers. For instance,
children born to mothers with GDM were shown to have a thicker posterior left ventricular
wall but a significantly lower end systolic left ventricular volume. Additionally, they had
significantly smaller aortic valve ejection time and pulmonary valve maximal velocity
compared to children born to mothers without GDM [71]. Another study showed that
these children were more prone to developing a variety of valvular defects [72].

4.4. Neurodevelopmental Disorders and Gut Microbiota Alterations

In addition to all the physical implications of GDM on offspring, recent studies have
been conducted to identify the association between GDM and neurodevelopmental disor-
ders such as autism spectrum disorder (ASD) and attention-deficit hyperactivity disorder
(ADHD). Both ASD and ADHD are common neurodevelopmental disorders, often diag-
nosed in childhood. ASD encompasses a range of conditions such as impaired communica-
tion and repetitive behaviors, while ADHD is characterized by impulsivity, hyperactivity,
and the inability to remain focused. Both disorders heavily impact an individual’s quality
of life, leading to struggles in both personal and professional life. A meta-analysis and sys-
tematic review found that children under 18 exposed to GDM in utero had a 42% increased
risk of developing ASD (pooled OR 1.42, 95% CI 1.22–1.65), while no significant association
was observed for ADHD (pooled OR 1.01, 95% CI 0.79–1.28) [73]. This elevation could
be attributed to either the selection of at-risk samples or the systematic measurement of
symptoms. Compared to the general population, the median prevalence in those exposed to
GDM was higher, with ASD having a median prevalence of 16.3% and ADHD 14.4% [74,75].
Considerable heterogeneity was observed among these studies, as shown by the wide IQRs
for these medians. However, since the baseline risk of the development of neurobehavioral
disorders is low in the general population, the relative risk of developing ASD or ADHD in
an offspring born to a mother with GDM is also relatively low [73]. To provide a clearer
understanding of the complications in offspring associated with maternal GDM, we have
summarized all available information in Table 1.
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Table 1. Summary of studies on offspring complications associated with maternal GDM.

Author Name Year Study Design Sample Characteristics Complications Discussed Findings Limitations

Moon et al. [16] 2022 Review Not applicable GDM-related maternal and
offspring complications

Summarizes diagnostic approaches and
maternal–offspring complications of GDM

Lacks primary data; relies
on existing literature

Blasi et al. [48] 2023 Observational Women with GDM
Fetal growth, neonatal

hypoglycemia, and
hyperbilirubinemia

Identifies correlations between glycemic
variability and neonatal outcomes

Potential confounders not
fully controlled

Kc et al. [49] 2015 Literature review Not applicable Macrosomia Summarizes associations between GDM
and macrosomia Does not provide new data

Voormolen et al. [52] 2018 Cohort study Pregnant women with GDM Neonatal hypoglycemia Finds higher neonatal hypoglycemia risk in
GDM pregnancies

Limited generalizability
due to sample size

Kole et al. [53] 2020 Observational Neonates of GDM mothers Neonatal hypoglycemia Identifies factors associated with
neonatal hypoglycemia

Retrospective design may
introduce bias

Logan et al. [55] 2016 Cohort study Infants of mothers with
GDM Early adiposity Finds increased adiposity in infants exposed

to GDM Lack of long-term follow-up

Crume et al. [57] 2011 Longitudinal cohort Children exposed to
maternal diabetes BMI growth trajectories Finds increased BMI growth velocity in

exposed children
Potential for unmeasured

confounders

Wang et al. [59] 2019 Cohort study Children aged 0–6 years Offspring growth Finds higher BMI in GDM-exposed children Limited ethnic diversity

Shi et al. [60] 2020 Cohort study Children aged 1–4 years Offspring BMI Links maternal GDM to increased BMI in
young children

Cross-sectional analysis
limits causal inference

Yan et al. [62] 2014 Meta-analysis Breastfeeding and
childhood obesity Childhood obesity Finds breastfeeding reduces obesity risk Heterogeneity among

included studies

Plagemann et al. [63] 2002 Longitudinal study Children of diabetic
mothers

Neonatal breastfeeding and
metabolic outcomes

Finds neonatal breastfeeding impacts body
weight and glucose tolerance Small sample size

Shapiro et al. [66] 2017 Observational Adolescents exposed to
maternal diabetes Eating behavior Links maternal diabetes to altered

eating behaviors
Self-reported data may

introduce bias

Zhao et al. [67] 2020 Observational Neonates Neonatal hypoglycemia Identifies risk effectors for
neonatal hypoglycemia

Single-center study limits
generalizability

Crusell et al. [69] 2020 Comparative study Offspring of mothers with
and without GDM Gut microbiota Finds differences in gut microbiota

composition in GDM-exposed neonates
Lack of longitudinal

follow-up

Pathirana et al. [70] 2021 Meta-analysis Women with GDM and
offspring Metabolic syndrome Finds increased metabolic syndrome risk in

GDM-exposed offspring
Heterogeneity among

included studies

Hromadnikova et al. [72] 2020 Molecular study Children of GDM mothers Diabetes and cardiovascular risk Finds altered microRNA expression in
GDM-exposed offspring Needs clinical validation

Rowland et al. [73] 2021 Meta-analysis Children of mothers
with GDM ASD and ADHD Finds GDM exposure increases ASD risk but

not ADHD Potential publication bias
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5. Clinical Implications on Management
GDM is an early indicator of type 2 diabetes, creating a disrupted intrauterine en-

vironment that profoundly affects fetal development. Maternal hyperglycemia exposes
the fetus to abnormal glucose levels, increasing the likelihood of both low and high birth
weights, each carrying distinct long-term metabolic risks. Low birth weight, often a result
of placental insufficiency, is linked to insulin resistance and a heightened susceptibility to
metabolic syndrome, while high birth weight (macrosomia) is associated with an increased
risk of childhood obesity, type 2 diabetes, and cardiovascular disease [29].

Given these risks, pregnancy serves as a critical window for intervention, offering
a unique opportunity to implement preventative measures against type 2 diabetes for
both the mother and child. By incorporating early screening, nutritional guidance, and
structured physical activity, maternal glucose metabolism can be improved, reducing
excessive fetal exposure to glucose and mitigating metabolic dysfunction in offspring [76].
Moreover, targeted prenatal interventions can play a pivotal role in breaking the cycle of
intergenerational diabetes transmission, improving long-term health outcomes.

With the rapid rise in maternal obesity and sedentary lifestyles, the urgency for these
interventions has never been greater. Poor maternal health behaviors contribute not only
to excessive fetal growth but also to metabolic reprogramming, predisposing offspring to
chronic diseases that manifest well into adulthood. Pregnancy presents a prime opportunity
to counteract these effects by promoting healthy dietary habits and physical activity, which
can prevent the downward spiral toward metabolic disease. Addressing these risk factors
through prenatal and postpartum care could significantly reduce the global diabetes burden
and enhance overall public health [77,78].

5.1. Screening and Diagnosis of GDM

Screening for GDM is crucial, as it allows for the early identification, timely interven-
tion, and prevention of serious maternal and fetal complications [79]. Screening helps detect
GDM in asymptomatic pregnant women, enabling proactive management [16]. The Inter-
national Association of the Diabetes and Pregnancy Study Groups (IADPSG) developed
clinical criteria for GDM screening, which includes a glucose challenge test (GCT). This
involves administering 50 g of glucose and measuring serum glucose levels after one hour,
without fasting. A result of ≥130–140 mg/dL is considered positive, requiring confirmation
with an OGTT [16]. Many countries implement this two-step screening approach to achieve
early diagnosis, particularly in the first trimester [80]. In Spain, adopting this method led
to an increased incidence of GDM diagnoses, yet reduced adverse pregnancy outcomes
due to earlier intervention [16]. However, while this approach helped treat more women, it
did not significantly decrease the incidence of LGA births [81].

Another approach for the early screening of GDM involves measuring glycosylated
hemoglobin (HbA1c) levels [82]. Although its use as a GDM screening marker remains
controversial [83], HbA1c has been suggested as a promising early indicator of GDM [84].
It is favored over other screening methods due to its ease of measurement and potential for
early prediction [85]. However, HbA1c alone has low sensitivity for diagnosing GDM [86].
An HbA1c level >5.4% suggests an increased risk of developing GDM, warranting an
OGTT for confirmation [87]. Elevated HbA1c levels in early pregnancy correlate with
higher risks of fetal complications [88]. Conversely, first-trimester HbA1c (Ft-HbA1c) levels
<5.2% classify pregnant women as low risk, eliminating the need for additional testing [83].
Even if early HbA1c screening appears normal, it is recommended to repeat screening in
the third trimester, particularly if initial levels were near the borderline range [85]. While
HbA1c is mainly a screening marker, some studies propose HbA1c ≥ 5.5% as a diagnostic
threshold when combined with other risk factors [89].
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5.2. Preferred Methods for GDM Screening and Diagnosis

The selection of the most appropriate screening method depends on the individual risk
profile of the pregnant woman [90]. If a woman presents with multiple risk factors for GDM,
HbA1c screening is preferred due to its early detectability and ease of use [91–94]. However,
while the GCT is widely used, its low accuracy prevents it from replacing the OGTT, which
remains the gold standard for definitive GDM diagnosis [94]. Similarly, HbA1c alone is
insufficient for diagnosis, but when used in combination with other clinical indicators, it
can contribute to GDM detection [91]. Furthermore, incorporating HbA1c screening may
reduce the number of OGTT tests required, thereby lowering healthcare costs [92].

5.3. Monitoring GDM

Once GDM is diagnosed, it is essential to monitor glucose levels to prevent
maternal–fetal complications [95]. One of the most effective monitoring tools is continuous
glucose monitoring (CGM), which allows for real-time glucose tracking and facilitates early
intervention through lifestyle modifications or pharmacotherapy [96]. Studies show that
CGM helps regulate maternal weight gain and reduces fetal macrosomia postpartum [95].
Although capillary blood glucose (CBG) measurement is also used, its effectiveness is
limited to a narrow range of complications. For example, CBG monitoring alone has not
been shown to reduce the incidence of macrosomia [97].

There are additional monitoring methods aimed at reducing postpartum complications
associated with GDM. One of the most common is ultrasound, which is recommended for
mothers with GDM to assess fetal growth and identify macrosomia or LGA fetuses [98,99].
Some studies suggest that high ultrasonographic fetal biomarkers (>90th percentile) during
the second trimester may indicate an increased risk of developing pregnancy-related
complications, including GDM, although these biomarkers are not exclusive to GDM [100].

Another important prenatal monitoring tool is non-stress testing (NST), which evalu-
ates fetal well-being by assessing fetal heart rate patterns in response to movement [101].
NST is widely used in GDM-complicated pregnancies to reduce neonatal complications
and determine the optimal delivery timing [102–104]. A reactive NST, characterized by
fetal heart rate acceleration in response to movement, indicates a lower risk of fetal distress
and stillbirth due to maternal hyperglycemia exposure [101].

5.4. Interventions for Managing GDM

To prevent maternal and neonatal complications, patients with GDM undergo var-
ious interventions, including medical nutritional therapy (MNT) and pharmacological
treatment [2] (Figure 3). Approximately 80–90% of patients are managed with MNT alone,
which helps reduce macrosomia and neonatal adiposity, although achieving postpartum
weight goals remains challenging [105]. MNT emphasizes balanced meals rich in whole
grains, proteins, and unsaturated fats to maintain a low glycemic index (GI) [106]. Some
studies suggest that increasing protein intake from plant-based sources may be more
beneficial than from red meat, as it helps improve insulin sensitivity [5].

In addition, probiotic supplementation has been explored as a means of improving
glycemic control and reducing the incidence of GDM [107]. Probiotics restore gut micro-
biota balance, normalize intestinal permeability, and modulate pro-inflammatory markers,
thereby lowering glycemic levels and improving lipid metabolism [108,109]. Meal planning
is also critical in managing postprandial glucose spikes, and bedtime snacking has been
shown to prevent starvation ketosis that may develop during overnight fasting [2].

Pairing MNT with physical activity is essential, with moderate aerobic exercise of 30 min
per session, at least five days per week, totaling 150 min per week being recommended [110].
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However, any consistent form of physical activity, regardless of duration, is beneficial for
women with GDM [111].
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When MNT alone is insufficient, pharmacological therapy is implemented. Insulin is
the preferred medication, as it does not cross the placenta and can be tailored to patient
needs [2]. Depending on gestational age and insulin resistance levels, dosages are adjusted
within a range of 0.7–1 unit per kg [2]. Long-acting or intermediate-acting insulin may be
combined with rapid-acting insulin based on glycemic requirements [2].

Finally, oral hypoglycemic agents, such as metformin and glyburide, are generally
not recommended. Metformin crosses the placenta and may result in fetal concentrations
equal to or higher than maternal levels [112]. While metformin improves insulin action,
reduces gluconeogenesis, and lowers pregnancy-induced hypertension, it is also associated
with higher rates of preterm birth [112,113]. Glyburide use has been linked to neonatal
complications, including macrosomia and neonatal hypoglycemia [114].

6. Conclusions
GDM is associated with multiple fetal complications, including fetal hyperinsulinemia,

neonatal hypoglycemia, macrosomia, which is associated with polycythemia, and delivery
complications such as shoulder dystocia. GDM increases the risk of preterm delivery
through multiple mechanisms, including epigenetic changes, fetal overgrowth, and excess
amniotic fluid, all of which can necessitate early medical intervention. Finally, GDM
correlates strongly with increased birth weights and rapid weight gain later in life, possibly
from hypothalamic alterations, leading to obesity.

GDM increases the risk of both the mother and offspring acquiring non-communicable
diseases. This is determined by developmental programming, which indicates that early
intrauterine events have a major impact on developing diseases later in life. Nutritional
deficiencies during pregnancy can predispose the offspring to glucose intolerance later
in life, regardless of when the deficiency occurs. However, if the deficiency happens
during the first trimester, it specifically increases the risk of developing cardiovascular
diseases in the future. In addition, maternal obesity and diabetes may lead to placental
insufficiency, which may result in either fetal growth restriction or overgrowth. Fetal

https://www.biorender.com
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overgrowth predisposes to both childhood and adult obesity. Many of these complications
seem to be mediated via epigenetic mechanisms and modifications supporting long-term
consequences in the progeny.

Screening and monitoring for GDM is important in the early identification and man-
agement of the disease. This involves the glucose challenge test, Hb1Ac, continuous glucose
monitoring, ultrasound, and prenatal non-stress testing. However, definitive diagnosis is
through the oral glucose tolerance test.

There exist some interventions to mitigate the GDM effect on infants. These include
medical nutritional therapy, the use of probiotics, and if needed, pharmacological therapy.
Insulin infusion is the gold standard, as it does not cross the placenta. Oral agents can be
used but they are not recommended because glyburides have other adverse effects on the
infant, and metformin can cross the placenta and reach the infant. Incretins can act directly
or indirectly through activating insulin, but their effect is minimal.

Management of potential complication due to macrosomia entails delivery through
cesarean section to prevent shoulder dystocia. Neonatal hypoglycemia can be managed by
decreasing the mother’s glucose levels intrapartum. Hyperbilirubinemia can be treated
with phototherapy and non-invasive respiratory support in the NICU for NRDS and infants
with bronchopulmonary dysplasia. As for hypocalcemia, IV calcium infusion can be used
in acute phases, and vitamin D or calcium supplements in chronic hypocalcemia. Preterm
birth infants with feeding problems are managed through continuous breastfeeding and
feeding modifications. Childhood obesity is managed prenatally through monitoring of
the mother’s diet and pharmacological treatment and postpartum through altering the
newborn’s diet, with the Mediterranean diet being recommended. Routine physical activity
is recommended to reduce the risk of developing metabolic syndrome.

Research on the complications of GDM on both the mother and offspring has yielded
several positive outcomes with regards to screening and diagnosis, which have significantly
improved in the early identification of women with GDM, leading to timely intervention.
This has greatly improved neonatal pregnancy outcomes and promoted long-term health
for GDM women [115]. Improvement in patient counseling has played a large role, with
healthcare providers discussing the risks and the healthy lifestyles to be implemented
to reduce the risks of GDM. Self-management postpartum is possible, with a healthier
lifestyle preventing diabetes after pregnancy [116]. Being a risk factor for cardio-metabolic
disease [117], the approach to GDM requires an integrative approach into addressing the
long-term offspring complications [6].

Understanding GDM and its complications has many implications in public health. It
allows the healthcare system to implement preventative measures to reduce the incidence
of GDM and its associated complications. This may be accomplished in several ways,
as simple as promoting healthy lifestyles [118,119] and increasing awareness about and
access to prenatal care [120,121]. This is achieved by the deployment of policies aiming at
providing prenatal healthcare to underserved populations. One example was constructing
a public health-based endocrine specialty clinic, which helped in providing healthcare to
low-income pregnant women with GDM [122]. It is important to raise awareness on the
importance of early detection and the risks of developing GDM. This awareness should
address both pregnant women and healthcare providers through health education [123].

In conclusion, GDM is a complex and potentially preventable condition with signifi-
cant short- and long-term sequelae. It is essential to address this implication by applying
proactive measures that aim at improving the health and well-being of the mother with
GDM and her fetus. Improving early detection and management is the key to preventing
any complications. It is important to merge the efforts of healthcare practitioners, poli-
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cymakers, and basic researchers culminating in better health outcomes for the pregnant
mother, fetus, newborn, and future adult.

Author Contributions: Conceptualization, F.H.; writing—original draft preparation, E.A.B., C.E.B.,
K.K., O.S. and S.S.; writing—review and editing, F.S., H.E.G., S.A., A.K. and F.H.; visualization, F.H.;
supervision, S.A., A.K. and F.H.; project administration, S.A. and F.H.; funding acquisition, S.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Acknowledgments: We would like to thank the faculty of Medicine and Medical Sciences at the
University of Balamand, represented by its Sami Azar, for providing the assistance for the APC fees.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Mou, S.S.; Gillies, C.; Hu, J.; Danielli, M.; Al Wattar, B.H.; Khunti, K.; Tan, B.K. Association between HbA1c Levels and Fetal

Macrosomia and Large for Gestational Age Babies in Women with Gestational Diabetes Mellitus: A Systematic Review and
Meta-Analysis of 17,711 Women. J. Clin. Med. 2023, 12, 3852. [CrossRef] [PubMed]

2. Szmuilowicz, E.D.; Josefson, J.L.; Metzger, B.E. Gestational Diabetes Mellitus. Endocrinol. Metab. Clin. North Am. 2019, 48, 479–493.
[CrossRef] [PubMed]

3. Ye, W.; Luo, C.; Huang, J.; Li, C.; Liu, Z.; Liu, F. Gestational diabetes mellitus and adverse pregnancy outcomes: Systematic review
and meta-analysis. BMJ 2022, 377, e067946. [CrossRef] [PubMed]

4. Vedika, R.; Sharma, P.; Reddy, A. Signature precursor and mature microRNAs in cervical ripening during gestational diabetes
mellitus lead to pre-term labor and other impediments in future. J. Diabetes Metab. Disord. 2023, 22, 945–965. [CrossRef]

5. Rasmussen, L.; Poulsen, C.W.; Kampmann, U.; Smedegaard, S.B.; Ovesen, P.G.; Fuglsang, J. Diet and Healthy Lifestyle in the
Management of Gestational Diabetes Mellitus. Nutrients 2020, 12, 3050. [CrossRef]

6. Sweeting, A.; Wong, J.; Murphy, H.R.; Ross, G.P. A Clinical Update on Gestational Diabetes Mellitus. Endocr. Rev. 2022, 43,
763–793. [CrossRef]

7. Quintanilla Rodriguez, B.S.; Mahdy, H. Gestational Diabetes; StatPearls: Treasure Island, FL, USA, 2024.
8. Karkia, R.; Giacchino, T.; Shah, S.; Gough, A.; Ramadan, G.; Akolekar, R. Gestational Diabetes Mellitus: Association with Maternal

and Neonatal Complications. Medicina 2023, 59, 2096. [CrossRef]
9. Bianco, M.E.; Josefson, J.L. Hyperglycemia During Pregnancy and Long-Term Offspring Outcomes. Curr. Diab Rep. 2019, 19, 143.

[CrossRef]
10. Yu, Y.; Arah, O.A.; Liew, Z.; Cnattingius, S.; Olsen, J.; Sorensen, H.T.; Qin, G.; Li, J. Maternal diabetes during pregnancy and early

onset of cardiovascular disease in offspring: Population based cohort study with 40 years of follow-up. BMJ 2019, 367, l6398.
[CrossRef]

11. Sinha, N.; Lydia Walker, G.; Sen, A. Looking at the Future Through the Mother’s Womb: Gestational Diabetes and Offspring
Fertility. Endocrinology 2021, 162, bqab209. [CrossRef]

12. Valentini, F.; Rocchi, G.; Vespasiani-Gentilucci, U.; Guarino, M.P.L.; Altomare, A.; Carotti, S. The Origins of NAFLD: The Potential
Implication of Intrauterine Life and Early Postnatal Period. Cells 2022, 11, 562. [CrossRef] [PubMed]

13. Salinas-Roca, B.; Rubio-Pique, L.; Montull-Lopez, A. Polyphenol Intake in Pregnant Women on Gestational Diabetes Risk and
Neurodevelopmental Disorders in Offspring: A Systematic Review. Nutrients 2022, 14, 3753. [CrossRef] [PubMed]

14. Mansur, J.L.; Oliveri, B.; Giacoia, E.; Fusaro, D.; Costanzo, P.R. Vitamin D: Before, during and after Pregnancy: Effect on Neonates
and Children. Nutrients 2022, 14, 1900. [CrossRef]

15. Yang, X.; Leng, J.; Liu, H.; Wang, L.; Li, W.; Li, W.; Yang, X.; Liu, M.; Hu, G. Maternal gestational diabetes and childhood
hyperlipidemia. Diabet. Med. 2021, 38, e14606. [CrossRef]

16. Moon, J.H.; Jang, H.C. Gestational Diabetes Mellitus: Diagnostic Approaches and Maternal-Offspring Complications. Diabetes
Metab. J. 2022, 46, 3–14. [CrossRef]

17. American Diabetes, A. 2. Classification and Diagnosis of Diabetes. Diabetes Care 2017, 40, S11–S24. [CrossRef]
18. Perkins, J.M.; Dunn, J.P.; Jagasia, S.M. Perspectives in Gestational Diabetes Mellitus: A Review of Screening, Diagnosis, and

Treatment. Clin. Diabetes 2007, 25, 57–62. [CrossRef]
19. Chu, A.H.Y.; Godfrey, K.M. Gestational Diabetes Mellitus and Developmental Programming. Ann. Nutr. Metab. 2020, 76

(Suppl. S3), 4–15. [CrossRef]

https://doi.org/10.3390/jcm12113852
https://www.ncbi.nlm.nih.gov/pubmed/37298047
https://doi.org/10.1016/j.ecl.2019.05.001
https://www.ncbi.nlm.nih.gov/pubmed/31345518
https://doi.org/10.1136/bmj-2021-067946
https://www.ncbi.nlm.nih.gov/pubmed/35613728
https://doi.org/10.1007/s40200-023-01232-2
https://doi.org/10.3390/nu12103050
https://doi.org/10.1210/endrev/bnac003
https://doi.org/10.3390/medicina59122096
https://doi.org/10.1007/s11892-019-1267-6
https://doi.org/10.1136/bmj.l6398
https://doi.org/10.1210/endocr/bqab209
https://doi.org/10.3390/cells11030562
https://www.ncbi.nlm.nih.gov/pubmed/35159371
https://doi.org/10.3390/nu14183753
https://www.ncbi.nlm.nih.gov/pubmed/36145129
https://doi.org/10.3390/nu14091900
https://doi.org/10.1111/dme.14606
https://doi.org/10.4093/dmj.2021.0335
https://doi.org/10.2337/dc17-S005
https://doi.org/10.2337/diaclin.25.2.57
https://doi.org/10.1159/000509902


Life 2025, 15, 440 17 of 21

20. Balbus, J.M.; Boxall, A.B.; Fenske, R.A.; McKone, T.E.; Zeise, L. Implications of global climate change for the assessment and
management of human health risks of chemicals in the natural environment. Environ. Toxicol. Chem. 2013, 32, 62–78. [CrossRef]

21. Gluckman, P.D.; Hanson, M.A.; Low, F.M. The role of developmental plasticity and epigenetics in human health. Birth Defects Res.
C Embryo Today 2011, 93, 12–18. [CrossRef]

22. Hanson, M.A.; Gluckman, P.D. Developmental origins of health and disease--global public health implications. Best Pract. Res.
Clin. Obstet. Gynaecol. 2015, 29, 24–31. [CrossRef] [PubMed]

23. Barker, D.J.; Osmond, C.; Forsen, T.J.; Kajantie, E.; Eriksson, J.G. Trajectories of growth among children who have coronary events
as adults. N. Engl. J. Med. 2005, 353, 1802–1809. [CrossRef] [PubMed]

24. Eberle, C.; Kirchner, M.F.; Herden, R.; Stichling, S. Paternal metabolic and cardiovascular programming of their offspring: A
systematic scoping review. PLoS ONE 2020, 15, e0244826. [CrossRef] [PubMed]

25. Ingvorsen, C.; Brix, S.; Ozanne, S.E.; Hellgren, L.I. The effect of maternal Inflammation on foetal programming of metabolic
disease. Acta Physiol. 2015, 214, 440–449. [CrossRef]

26. Van de Meent, M.; Nijholt, K.T.; Joemmanbaks, S.C.A.; Kooiman, J.; Schipper, H.S.; Wever, K.E.; Lely, A.T.; Terstappen, F.
Understanding changes in echocardiographic parameters at different ages following fetal growth restriction: A systematic review
and meta-analysis. Am. J. Physiol. Heart Circ. Physiol. 2024, 326, H1469–H1488. [CrossRef]

27. Whincup, P.H.; Kaye, S.J.; Owen, C.G.; Huxley, R.; Cook, D.G.; Anazawa, S.; Barrett-Connor, E.; Bhargava, S.K.; Birgisdottir, B.E.;
Carlsson, S.; et al. Birth weight and risk of type 2 diabetes: A systematic review. JAMA 2008, 300, 2886–2897. [CrossRef]

28. Moreno-Fernandez, J.; Ochoa, J.J.; Lopez-Frias, M.; Diaz-Castro, J. Impact of Early Nutrition, Physical Activity and Sleep on the
Fetal Programming of Disease in the Pregnancy: A Narrative Review. Nutrients 2020, 12, 3900. [CrossRef]

29. Fall, C.H.D.; Kumaran, K. Metabolic programming in early life in humans. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2019,
374, 20180123. [CrossRef]

30. Fernandez-Twinn, D.S.; Ozanne, S.E. Early life nutrition and metabolic programming. Ann. N. Y. Acad. Sci. 2010, 1212, 78–96.
[CrossRef]

31. Roseboom, T.; de Rooij, S.; Painter, R. The Dutch famine and its long-term consequences for adult health. Early Hum. Dev. 2006,
82, 485–491. [CrossRef]

32. Simpson, J. Developmental Origins of Disease: Intra-Uterine Programming of Offspring Metabolic Function and Long-Term
Markers of Health. Ph.D. Thesis, University of Glasgow, Glasgow, UK, 2021.

33. Metzger, B.E.; Lowe, L.P.; Dyer, A.R.; Trimble, E.R.; Sheridan, B.; Hod, M.; Chen, R.; Yogev, Y.; Coustan, D.R.; Catalano, P.M.; et al.
Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study: Associations with neonatal anthropometrics. Diabetes 2009, 58,
453–459. [CrossRef]

34. Ehrlich, S.F.; Rosas, L.G.; Ferrara, A.; King, J.C.; Abrams, B.; Harley, K.G.; Hedderson, M.M.; Eskenazi, B. Pregnancy glycemia in
Mexican-American women without diabetes or gestational diabetes and programming for childhood obesity. Am. J. Epidemiol.
2013, 177, 768–775. [CrossRef] [PubMed]

35. Hamilton, J.K.; Odrobina, E.; Yin, J.; Hanley, A.J.; Zinman, B.; Retnakaran, R. Maternal insulin sensitivity during pregnancy
predicts infant weight gain and adiposity at 1 year of age. Obesity 2010, 18, 340–346. [CrossRef]

36. Godfrey, K.M.; Costello, P.M.; Lillycrop, K.A. The developmental environment, epigenetic biomarkers and long-term health.
J. Dev. Orig. Health Dis. 2015, 6, 399–406. [CrossRef]

37. Howe, C.G.; Cox, B.; Fore, R.; Jungius, J.; Kvist, T.; Lent, S.; Miles, H.E.; Salas, L.A.; Rifas-Shiman, S.; Starling, A.P.; et al. Maternal
Gestational Diabetes Mellitus and Newborn DNA Methylation: Findings From the Pregnancy and Childhood Epigenetics
Consortium. Diabetes Care 2020, 43, 98–105. [CrossRef]

38. Wang, G.; Xu, R.; Zhang, B.; Hong, X.; Bartell, T.R.; Pearson, C.; Liang, L.; Wang, X. Impact of intrauterine exposure to maternal
diabetes on preterm birth: Fetal DNA methylation alteration is an important mediator. Clin. Epigenet. 2023, 15, 59. [CrossRef]

39. Milani, N.; Ghalezou, M.S.; Farkhani, E.M.; Vakili, V.; Khorasani, Z.M.; Kabiri, M. Assessment of Neonatal and Maternal
Complications in Pregnant Women with Gestational Diabetes in the Iranian Population. Acta Endocrinol. 2023, 19, 59–67.
[CrossRef]

40. Janssen, L.E.; Gieskes, A.A.; Kok, M.; de Groot, C.J.M.; Oudijk, M.A.; de Boer, M.A. Stress-reducing interventions in pregnancy
for the prevention of preterm birth: A systematic review and meta-analysis. J. Psychosom. Obstet. Gynaecol. 2023, 44, 2281238.
[CrossRef]

41. Preda, A.; Iliescu, D.G.; Comanescu, A.; Zorila, G.L.; Vladu, I.M.; Fortofoiu, M.C.; Tenea-Cojan, T.S.; Preda, S.D.; Diaconu, I.D.;
Mota, E.; et al. Gestational Diabetes and Preterm Birth: What Do We Know? Our Experience and Mini-Review of the Literature.
J. Clin. Med. 2023, 12, 4572. [CrossRef]

42. Hartling, L.; Dryden, D.M.; Guthrie, A.; Muise, M.; Vandermeer, B.; Donovan, L. Diagnostic thresholds for gestational diabetes
and their impact on pregnancy outcomes: A systematic review. Diabet. Med. 2014, 31, 319–331. [CrossRef]

43. Jiang, Y.; Yu, Y.C.; Ding, G.L.; Gao, Q.; Chen, F.; Luo, Q. Intrauterine hyperglycemia induces intergenerational Dlk1-Gtl2
methylation changes in mouse placenta. Oncotarget 2018, 9, 22398–22405. [CrossRef] [PubMed]

https://doi.org/10.1002/etc.2046
https://doi.org/10.1002/bdrc.20198
https://doi.org/10.1016/j.bpobgyn.2014.06.007
https://www.ncbi.nlm.nih.gov/pubmed/25225058
https://doi.org/10.1056/NEJMoa044160
https://www.ncbi.nlm.nih.gov/pubmed/16251536
https://doi.org/10.1371/journal.pone.0244826
https://www.ncbi.nlm.nih.gov/pubmed/33382823
https://doi.org/10.1111/apha.12533
https://doi.org/10.1152/ajpheart.00052.2024
https://doi.org/10.1001/jama.2008.886
https://doi.org/10.3390/nu12123900
https://doi.org/10.1098/rstb.2018.0123
https://doi.org/10.1111/j.1749-6632.2010.05798.x
https://doi.org/10.1016/j.earlhumdev.2006.07.001
https://doi.org/10.2337/db08-1112
https://doi.org/10.1093/aje/kws312
https://www.ncbi.nlm.nih.gov/pubmed/23504745
https://doi.org/10.1038/oby.2009.231
https://doi.org/10.1017/S204017441500121X
https://doi.org/10.2337/dc19-0524
https://doi.org/10.1186/s13148-023-01473-1
https://doi.org/10.4183/aeb.2023.59
https://doi.org/10.1080/0167482X.2023.2281238
https://doi.org/10.3390/jcm12144572
https://doi.org/10.1111/dme.12357
https://doi.org/10.18632/oncotarget.23976
https://www.ncbi.nlm.nih.gov/pubmed/29854287


Life 2025, 15, 440 18 of 21

44. Kuhnen, P.; Handke, D.; Waterland, R.A.; Hennig, B.J.; Silver, M.; Fulford, A.J.; Dominguez-Salas, P.; Moore, S.E.; Prentice, A.M.;
Spranger, J.; et al. Interindividual Variation in DNA Methylation at a Putative POMC Metastable Epiallele Is Associated with
Obesity. Cell Metab. 2016, 24, 502–509. [CrossRef] [PubMed]

45. Aiken, C.E.; Ozanne, S.E. Transgenerational developmental programming. Hum. Reprod. Update 2014, 20, 63–75. [CrossRef]
[PubMed]

46. Heard, E.; Martienssen, R.A. Transgenerational epigenetic inheritance: Myths and mechanisms. Cell 2014, 157, 95–109. [CrossRef]
47. Horsthemke, B. A critical view on transgenerational epigenetic inheritance in humans. Nat. Commun. 2018, 9, 2973. [CrossRef]
48. Blasi, I.; Daolio, J.; Pugni, V.; Comitini, G.; Morciano, M.; Grassi, G.; Todros, T.; Gargano, G.; Aguzzoli, L. Correlations

between parameters of glycaemic variability and foetal growth, neonatal hypoglycaemia and hyperbilirubinemia in women with
gestational diabetes. PLoS ONE 2023, 18, e0282895. [CrossRef]

49. Kc, K.; Shakya, S.; Zhang, H. Gestational diabetes mellitus and macrosomia: A literature review. Ann. Nutr. Metab. 2015, 66
(Suppl. S2), 14–20. [CrossRef]

50. Youssefzadeh, A.C.; Tavakoli, A.; Panchal, V.R.; Mandelbaum, R.S.; Ouzounian, J.G.; Matsuo, K. Incidence trends of shoulder
dystocia and associated risk factors: A nationwide analysis in the United States. Int. J. Gynaecol. Obstet. 2023, 162, 578–589.
[CrossRef]

51. Thevarajah, A.; Simmons, D. Risk factors and outcomes for neonatal hypoglycaemia and neonatal hyperbilirubinaemia in
pregnancies complicated by gestational diabetes mellitus: A single centre retrospective 3-year review. Diabet. Med. 2019, 36,
1109–1117. [CrossRef]

52. Voormolen, D.N.; de Wit, L.; van Rijn, B.B.; DeVries, J.H.; Heringa, M.P.; Franx, A.; Groenendaal, F.; Lamain-de Ruiter, M.
Neonatal Hypoglycemia Following Diet-Controlled and Insulin-Treated Gestational Diabetes Mellitus. Diabetes Care 2018, 41,
1385–1390. [CrossRef]

53. Kole, M.B.; Ayala, N.K.; Clark, M.A.; Has, P.; Esposito, M.; Werner, E.F. Factors Associated With Hypoglycemia Among Neonates
Born to Mothers With Gestational Diabetes Mellitus. Diabetes Care 2020, 43, e194–e195. [CrossRef] [PubMed]

54. Herath, M.P.; Beckett, J.M.; Hills, A.P.; Byrne, N.M.; Ahuja, K.D.K. Gestational Diabetes Mellitus and Infant Adiposity at Birth: A
Systematic Review and Meta-Analysis of Therapeutic Interventions. J. Clin. Med. 2021, 10, 835. [CrossRef] [PubMed]

55. Logan, K.M.; Emsley, R.J.; Jeffries, S.; Andrzejewska, I.; Hyde, M.J.; Gale, C.; Chappell, K.; Mandalia, S.; Santhakumaran, S.;
Parkinson, J.R.; et al. Development of Early Adiposity in Infants of Mothers With Gestational Diabetes Mellitus. Diabetes Care
2016, 39, 1045–1051. [CrossRef]

56. Callanan, S.; Killeen, S.L.; Delahunt, A.; Cooney, N.; Cushion, R.; McKenna, M.J.; Crowley, R.K.; Twomey, P.J.; Kilbane, M.T.;
McDonnell, C.M.; et al. The impact of macrosomia on cardiometabolic health in preteens: Findings from the ROLO longitudinal
birth cohort study. Nutr. Metab. 2023, 20, 37. [CrossRef]

57. Crume, T.L.; Ogden, L.; Daniels, S.; Hamman, R.F.; Norris, J.M.; Dabelea, D. The impact of in utero exposure to diabetes on
childhood body mass index growth trajectories: The EPOCH study. J. Pediatr. 2011, 158, 941–946. [CrossRef]

58. World Health Organization. Definition and Classification of Diabetes Mellitus and its Complications. Report of a WHO Consultation.
Part 1: Diagnosis and Classification of Diabetes Mellitus; WHO: Geneva, Switzerland, 1999.

59. Wang, J.; Pan, L.; Liu, E.; Liu, H.; Liu, J.; Wang, S.; Guo, J.; Li, N.; Zhang, C.; Hu, G. Gestational diabetes and offspring’s growth
from birth to 6 years old. Int. J. Obes. 2019, 43, 663–672. [CrossRef]

60. Shi, X.; Wang, D.; Lin, M.; Su, W.; Wang, L.; Xiao, F.; Huang, P.; Liu, W.; Zeng, J.; Song, H.; et al. Maternal Gestational Diabetes
Mellitus and Offspring Body Mass Index from 1 to 4 Years. Endocr. Pract. 2020, 26, 619–626. [CrossRef]

61. Li, H.; Ji, C.Y.; Zong, X.N.; Zhang, Y.Q. [Body mass index growth curves for Chinese children and adolescents aged 0 to 18 years].
Zhonghua Er Ke Za Zhi 2009, 47, 493–498.

62. Yan, J.; Liu, L.; Zhu, Y.; Huang, G.; Wang, P.P. The association between breastfeeding and childhood obesity: A meta-analysis.
BMC Public Health 2014, 14, 1267. [CrossRef]

63. Plagemann, A.; Harder, T.; Franke, K.; Kohlhoff, R. Long-term impact of neonatal breast-feeding on body weight and glucose
tolerance in children of diabetic mothers. Diabetes Care 2002, 25, 16–22. [CrossRef]

64. Umer, A.; Kelley, G.A.; Cottrell, L.E.; Giacobbi, P., Jr.; Innes, K.E.; Lilly, C.L. Childhood obesity and adult cardiovascular disease
risk factors: A systematic review with meta-analysis. BMC Public Health 2017, 17, 683. [CrossRef] [PubMed]

65. Schaefer-Graf, U.M.; Hartmann, R.; Pawliczak, J.; Passow, D.; Abou-Dakn, M.; Vetter, K.; Kordonouri, O. Association of breast-
feeding and early childhood overweight in children from mothers with gestational diabetes mellitus. Diabetes Care 2006, 29,
1105–1107. [CrossRef] [PubMed]

66. Shapiro, A.L.B.; Sauder, K.A.; Tregellas, J.R.; Legget, K.T.; Gravitz, S.L.; Ringham, B.M.; Glueck, D.H.; Johnson, S.L.; Dabelea, D.
Exposure to maternal diabetes in utero and offspring eating behavior: The EPOCH study. Appetite 2017, 116, 610–615. [CrossRef]

67. Zhao, T.; Liu, Q.; Zhou, M.; Dai, W.; Xu, Y.; Kuang, L.; Ming, Y.; Sun, G. Identifying risk effectors involved in neonatal
hypoglycemia occurrence. Biosci. Rep. 2020, 40, BSR20192589. [CrossRef] [PubMed]

https://doi.org/10.1016/j.cmet.2016.08.001
https://www.ncbi.nlm.nih.gov/pubmed/27568547
https://doi.org/10.1093/humupd/dmt043
https://www.ncbi.nlm.nih.gov/pubmed/24082037
https://doi.org/10.1016/j.cell.2014.02.045
https://doi.org/10.1038/s41467-018-05445-5
https://doi.org/10.1371/journal.pone.0282895
https://doi.org/10.1159/000371628
https://doi.org/10.1002/ijgo.14699
https://doi.org/10.1111/dme.13962
https://doi.org/10.2337/dc18-0048
https://doi.org/10.2337/dc20-1261
https://www.ncbi.nlm.nih.gov/pubmed/33051333
https://doi.org/10.3390/jcm10040835
https://www.ncbi.nlm.nih.gov/pubmed/33670645
https://doi.org/10.2337/dc16-0030
https://doi.org/10.1186/s12986-023-00759-8
https://doi.org/10.1016/j.jpeds.2010.12.007
https://doi.org/10.1038/s41366-018-0193-z
https://doi.org/10.4158/EP-2019-0415
https://doi.org/10.1186/1471-2458-14-1267
https://doi.org/10.2337/diacare.25.1.16
https://doi.org/10.1186/s12889-017-4691-z
https://www.ncbi.nlm.nih.gov/pubmed/28851330
https://doi.org/10.2337/dc05-2413
https://www.ncbi.nlm.nih.gov/pubmed/16644645
https://doi.org/10.1016/j.appet.2017.05.005
https://doi.org/10.1042/BSR20192589
https://www.ncbi.nlm.nih.gov/pubmed/32083294


Life 2025, 15, 440 19 of 21

68. Jimenez, E.; Marin, M.L.; Martin, R.; Odriozola, J.M.; Olivares, M.; Xaus, J.; Fernandez, L.; Rodriguez, J.M. Is meconium from
healthy newborns actually sterile? Res. Microbiol. 2008, 159, 187–193. [CrossRef]

69. Crusell, M.K.W.; Hansen, T.H.; Nielsen, T.; Allin, K.H.; Ruhlemann, M.C.; Damm, P.; Vestergaard, H.; Rorbye, C.; Jorgensen, N.R.;
Christiansen, O.B.; et al. Comparative Studies of the Gut Microbiota in the Offspring of Mothers With and Without Gestational
Diabetes. Front. Cell. Infect. Microbiol. 2020, 10, 536282. [CrossRef]

70. Pathirana, M.M.; Lassi, Z.S.; Ali, A.; Arstall, M.A.; Roberts, C.T.; Andraweera, P.H. Association between metabolic syndrome and
gestational diabetes mellitus in women and their children: A systematic review and meta-analysis. Endocrine 2021, 71, 310–320.
[CrossRef]

71. Di Bernardo, S.C.; Lava, S.A.G.; Epure, A.M.; Younes, S.E.; Chiolero, A.; Sekarski, N.; MySweetHeart Research Group. Conse-
quences of gestational diabetes mellitus on neonatal cardiovascular health: MySweetHeart Cohort study. Pediatr. Res. 2023, 94,
231–238. [CrossRef]

72. Hromadnikova, I.; Kotlabova, K.; Dvorakova, L.; Krofta, L.; Sirc, J. Substantially Altered Expression Profile of Dia-
betes/Cardiovascular/Cerebrovascular Disease Associated microRNAs in Children Descending from Pregnancy Complicated
by Gestational Diabetes Mellitus-One of Several Possible Reasons for an Increased Cardiovascular Risk. Cells 2020, 9, 1557.
[CrossRef]

73. Rowland, J.; Wilson, C.A. The association between gestational diabetes and ASD and ADHD: A systematic review and meta-
analysis. Sci. Rep. 2021, 11, 5136. [CrossRef]

74. Baxter, A.J.; Brugha, T.S.; Erskine, H.E.; Scheurer, R.W.; Vos, T.; Scott, J.G. The epidemiology and global burden of autism spectrum
disorders. Psychol. Med. 2015, 45, 601–613. [CrossRef] [PubMed]

75. Polanczyk, G.; de Lima, M.S.; Horta, B.L.; Biederman, J.; Rohde, L.A. The worldwide prevalence of ADHD: A systematic review
and metaregression analysis. Am. J. Psychiatry 2007, 164, 942–948. [CrossRef] [PubMed]

76. Ahlqvist, E.; Ahluwalia, T.S.; Groop, L. Genetics of type 2 diabetes. Clin. Chem. 2011, 57, 241–254. [CrossRef]
77. NICE. Type 2 Diabetes Prevention: Population and Community-Level Interventions. Available online: https://www.nice.org.uk/

guidance/ph35/ (accessed on 13 January 2025).
78. NICE. Diabetes in Pregnancy: Management from Preconception to the Postnatal Period. Available online: https://www.nice.org.

uk/guidance/ng3 (accessed on 13 January 2025).
79. Thayer, S.M.; Lo, J.O.; Caughey, A.B. Gestational Diabetes: Importance of Follow-up Screening for the Benefit of Long-term

Health. Obstet. Gynecol. Clin. North Am. 2020, 47, 383–396. [CrossRef]
80. Immanuel, J.; Simmons, D. Screening and Treatment for Early-Onset Gestational Diabetes Mellitus: A Systematic Review and

Meta-analysis. Curr. Diab. Rep. 2017, 17, 115. [CrossRef]
81. Davis, E.M.; Abebe, K.Z.; Simhan, H.N.; Catalano, P.; Costacou, T.; Comer, D.; Orris, S.; Ly, K.; Decker, A.; Mendez, D.; et al.

Perinatal Outcomes of Two Screening Strategies for Gestational Diabetes Mellitus: A Randomized Controlled Trial. Obstet.
Gynecol. 2021, 138, 6–15. [CrossRef]

82. Zafman, K.; Bender, W.; Durnwald, C. Elevated HbA1c on universal prenatal screening is associated with decreased postpartum
weight retention. J. Matern. Fetal Neonatal Med. 2022, 35, 10653–10659. [CrossRef]

83. Cetin, C.; Gungor, N.D.; Yavuz, M. First trimester glycosylated hemoglobin for gestational diabetes mellitus screening. Taiwan. J.
Obstet. Gynecol. 2021, 60, 899–902. [CrossRef]

84. Wilkie, G.L.; Leftwich, H.K.; Delpapa, E.; Moore Simas, T.A.; Nunes, A.P. Trends in Screening for Diabetes in Early Pregnancy in
the United States. J. Womens Health 2023, 32, 416–422. [CrossRef]

85. Bender, W.; McCarthy, C.; Elovitz, M.; Parry, S.; Durnwald, C. Universal HbA1c screening and gestational diabetes: A comparison
with clinical risk factors. J. Matern. Fetal Neonatal Med. 2022, 35, 6430–6436. [CrossRef]

86. Kim, K.S.; Kim, S.K.; Cho, Y.W.; Park, S.W. Diagnostic value of haemoglobin A(1c) in post-partum screening of women with
gestational diabetes mellitus. Diabet. Med. 2016, 33, 1668–1672. [CrossRef] [PubMed]

87. Khalafallah, A.; Phuah, E.; Al-Barazan, A.M.; Nikakis, I.; Radford, A.; Clarkson, W.; Trevett, C.; Brain, T.; Gebski, V.; Corbould, A.
Glycosylated haemoglobin for screening and diagnosis of gestational diabetes mellitus. BMJ Open 2016, 6, e011059. [CrossRef]
[PubMed]

88. Jamieson, E.L.; Spry, E.P.; Kirke, A.B.; Griffiths, E.; Porter, C.; Roxburgh, C.; Singleton, S.; Sterry, K.; Atkinson, D.N.; Marley, J.V.
Prediabetes and pregnancy: Early pregnancy HbA(1c) identifies Australian Aboriginal women with high-risk of gestational
diabetes mellitus and adverse perinatal outcomes. Diabetes Res. Clin. Pract. 2021, 176, 108868. [CrossRef] [PubMed]

89. Negrea, M.C.; Oriot, P.; Courcelles, A.; Gruson, D.; Alexopoulou, O. Performance of glycated hemoglobin A1c for the diagnosis of
gestational diabetes mellitus during the SARS-CoV-2 pandemic in Belgium (2020–2021). Eur. J. Obstet. Gynecol. Reprod. Biol. 2023,
289, 36–41. [CrossRef]

90. Bakshi, R.K.; Kumar, A.; Gupta, V.; Radhika, A.G.; Misra, P.; Bhardwaj, P. Review of the Screening Guidelines for Gestational
Diabetes Mellitus: How to Choose Wisely. Indian. J. Community Med. 2023, 48, 828–834. [CrossRef]

https://doi.org/10.1016/j.resmic.2007.12.007
https://doi.org/10.3389/fcimb.2020.536282
https://doi.org/10.1007/s12020-020-02492-1
https://doi.org/10.1038/s41390-022-02390-4
https://doi.org/10.3390/cells9061557
https://doi.org/10.1038/s41598-021-84573-3
https://doi.org/10.1017/S003329171400172X
https://www.ncbi.nlm.nih.gov/pubmed/25108395
https://doi.org/10.1176/ajp.2007.164.6.942
https://www.ncbi.nlm.nih.gov/pubmed/17541055
https://doi.org/10.1373/clinchem.2010.157016
https://www.nice.org.uk/guidance/ph35/
https://www.nice.org.uk/guidance/ph35/
https://www.nice.org.uk/guidance/ng3
https://www.nice.org.uk/guidance/ng3
https://doi.org/10.1016/j.ogc.2020.04.002
https://doi.org/10.1007/s11892-017-0943-7
https://doi.org/10.1097/AOG.0000000000004431
https://doi.org/10.1080/14767058.2022.2153035
https://doi.org/10.1016/j.tjog.2021.08.002
https://doi.org/10.1089/jwh.2022.0305
https://doi.org/10.1080/14767058.2021.1914578
https://doi.org/10.1111/dme.13119
https://www.ncbi.nlm.nih.gov/pubmed/26996814
https://doi.org/10.1136/bmjopen-2016-011059
https://www.ncbi.nlm.nih.gov/pubmed/27044587
https://doi.org/10.1016/j.diabres.2021.108868
https://www.ncbi.nlm.nih.gov/pubmed/34023341
https://doi.org/10.1016/j.ejogrb.2023.08.368
https://doi.org/10.4103/ijcm.ijcm_298_23


Life 2025, 15, 440 20 of 21

91. Liu, X.; Wu, N.; Al-Mureish, A. A Review on Research Progress in the Application of Glycosylated Hemoglobin and Glycated
Albumin in the Screening and Monitoring of Gestational Diabetes. Int. J. Gen. Med. 2021, 14, 1155–1165. [CrossRef]

92. Siricharoenthai, P.; Phupong, V. Diagnostic accuracy of HbA1c in detecting gestational diabetes mellitus. J. Matern. Fetal Neonatal
Med. 2020, 33, 3497–3500. [CrossRef]

93. Valadan, M.; Bahramnezhad, Z.; Golshahi, F.; Feizabad, E. The role of first-trimester HbA1c in the early detection of gestational
diabetes. BMC Pregnancy Childbirth 2022, 22, 71. [CrossRef]

94. Van Leeuwen, M.; Louwerse, M.D.; Opmeer, B.C.; Limpens, J.; Serlie, M.J.; Reitsma, J.B.; Mol, B.W. Glucose challenge test for
detecting gestational diabetes mellitus: A systematic review. BJOG 2012, 119, 393–401. [CrossRef]

95. Capobianco, G.; Gulotta, A.; Tupponi, G.; Dessole, F.; Pola, M.; Virdis, G.; Petrillo, M.; Mais, V.; Olzai, G.; Antonucci, R.; et al.
Materno-Fetal and Neonatal Complications of Diabetes in Pregnancy: A Retrospective Study. J. Clin. Med. 2020, 9, 2707. [CrossRef]

96. Garcia-Moreno, R.M.; Benitez-Valderrama, P.; Barquiel, B.; Gonzalez Perez-de-Villar, N.; Hillman, N.; Lora Pablos, D.; Herranz, L.
Efficacy of continuous glucose monitoring on maternal and neonatal outcomes in gestational diabetes mellitus: A systematic
review and meta-analysis of randomized clinical trials. Diabet. Med. 2022, 39, e14703. [CrossRef] [PubMed]

97. Voormolen, D.N.; DeVries, J.H.; Sanson, R.M.E.; Heringa, M.P.; de Valk, H.W.; Kok, M.; van Loon, A.J.; Hoogenberg, K.;
Bekedam, D.J.; Brouwer, T.C.B.; et al. Continuous glucose monitoring during diabetic pregnancy (GlucoMOMS): A multicentre
randomized controlled trial. Diabetes Obes. Metab. 2018, 20, 1894–1902. [CrossRef] [PubMed]

98. Nguyen, M.T.; Ouzounian, J.G. Evaluation and Management of Fetal Macrosomia. Obstet. Gynecol. Clin. North Am. 2021, 48,
387–399. [CrossRef] [PubMed]

99. Rekawek, P.; Liu, L.; Getrajdman, C.; Brooks, C.; Pan, S.; Overbey, J.; Wagner, B. Large-for-gestational age diagnosed during
second-trimester anatomy ultrasound and association with gestational diabetes and large-for-gestational age at birth. Ultrasound
Obstet. Gynecol. 2020, 56, 901–905. [CrossRef]

100. Andersen, A.S.; Linneberg Rathcke, S.; Tang Christensen, T.; Sorensen, A. The association between second trimester ultrasound
fetal biometrics and gestational diabetes. Eur. J. Obstet. Gynecol. Reprod. Biol. 2022, 276, 139–143. [CrossRef]

101. Umana, O.D.; Siccardi, M.A. Prenatal Nonstress Test; StatPearls: Treasure Island, FL, USA, 2024.
102. Niromanesh, S.; Shirazi, M.; Eftekhariyazdi, M.; Mortazavi, F. Comparison of umbilical artery Doppler and non-stress test in

assessment of fetal well-being in gestational diabetes mellitus: A prospective cohort study. Electron. Physician 2017, 9, 6087–6093.
[CrossRef]

103. Siby, R.; Vinsi, M.S.; Mathew, R. Effect of different maternal positions on comfort of antenatal mothers and fetal parameters
during nonstress test. Indian. J. Public Health 2022, 66, 341–343. [CrossRef]

104. Thung, S.F.; Landon, M.B. Fetal surveillance and timing of delivery in pregnancy complicated by diabetes mellitus. Clin. Obstet.
Gynecol. 2013, 56, 837–843. [CrossRef]

105. Crowther, C.A.; Hiller, J.E.; Moss, J.R.; McPhee, A.J.; Jeffries, W.S.; Robinson, J.S.; Australian Carbohydrate Intolerance Study in
Pregnant Women Trial Group. Effect of treatment of gestational diabetes mellitus on pregnancy outcomes. N. Engl. J. Med. 2005,
352, 2477–2486. [CrossRef]

106. McIntyre, H.D.; Catalano, P.; Zhang, C.; Desoye, G.; Mathiesen, E.R.; Damm, P. Gestational diabetes mellitus. Nat. Rev. Dis.
Primers 2019, 5, 47. [CrossRef]

107. Kaminska, K.; Stenclik, D.; Blazejewska, W.; Bogdanski, P.; Moszak, M. Probiotics in the Prevention and Treatment of Gestational
Diabetes Mellitus (GDM): A Review. Nutrients 2022, 14, 4303. [CrossRef]

108. Homayouni, A.; Bagheri, N.; Mohammad-Alizadeh-Charandabi, S.; Kashani, N.; Mobaraki-Asl, N.; Mirghafurvand, M.; Asgharian, H.;
Ansari, F.; Pourjafar, H. Prevention of Gestational Diabetes Mellitus (GDM) and Probiotics: Mechanism of Action: A Review. Curr.
Diabetes Rev. 2020, 16, 538–545. [CrossRef] [PubMed]

109. Kootte, R.S.; Vrieze, A.; Holleman, F.; Dallinga-Thie, G.M.; Zoetendal, E.G.; de Vos, W.M.; Groen, A.K.; Hoekstra, J.B.; Stroes, E.S.;
Nieuwdorp, M. The therapeutic potential of manipulating gut microbiota in obesity and type 2 diabetes mellitus. Diabetes Obes.
Metab. 2012, 14, 112–120. [CrossRef] [PubMed]

110. Caughey, A.B.; Turrentine, M. ACOG Practice Bulletin No. 190: Gestational Diabetes Mellitus. Obstet. Gynecol. 2018, 131, e49–e64.
[CrossRef]

111. Laredo-Aguilera, J.A.; Gallardo-Bravo, M.; Rabanales-Sotos, J.A.; Cobo-Cuenca, A.I.; Carmona-Torres, J.M. Physical Activity
Programs during Pregnancy Are Effective for the Control of Gestational Diabetes Mellitus. Int. J. Environ. Res. Public Health 2020,
17, 6151. [CrossRef]

112. Balsells, M.; Garcia-Patterson, A.; Sola, I.; Roque, M.; Gich, I.; Corcoy, R. Glibenclamide, metformin, and insulin for the treatment
of gestational diabetes: A systematic review and meta-analysis. BMJ 2015, 350, h102. [CrossRef]

113. Krupej-Kedzierska, J.; Cichocka, E.; Kedzierski, L.; Okopien, B.; Gumprecht, J. Metformin therapy in pregnancy [Zastosowanie
metforminy w ciazy]. Endokrynol. Pol. 2020, 71, 184–195. [CrossRef]

114. Schwartz, R.A.; Rosenn, B.; Aleksa, K.; Koren, G. Glyburide transport across the human placenta. Obstet. Gynecol. 2015, 125,
583–588. [CrossRef]

https://doi.org/10.2147/IJGM.S296316
https://doi.org/10.1080/14767058.2019.1576169
https://doi.org/10.1186/s12884-021-04330-2
https://doi.org/10.1111/j.1471-0528.2011.03254.x
https://doi.org/10.3390/jcm9092707
https://doi.org/10.1111/dme.14703
https://www.ncbi.nlm.nih.gov/pubmed/34564868
https://doi.org/10.1111/dom.13310
https://www.ncbi.nlm.nih.gov/pubmed/29603547
https://doi.org/10.1016/j.ogc.2021.02.008
https://www.ncbi.nlm.nih.gov/pubmed/33972073
https://doi.org/10.1002/uog.21930
https://doi.org/10.1016/j.ejogrb.2022.07.015
https://doi.org/10.19082/6087
https://doi.org/10.4103/ijph.ijph_1904_21
https://doi.org/10.1097/GRF.0b013e3182a9e504
https://doi.org/10.1056/NEJMoa042973
https://doi.org/10.1038/s41572-019-0098-8
https://doi.org/10.3390/nu14204303
https://doi.org/10.2174/1573399815666190712193828
https://www.ncbi.nlm.nih.gov/pubmed/31544699
https://doi.org/10.1111/j.1463-1326.2011.01483.x
https://www.ncbi.nlm.nih.gov/pubmed/21812894
https://doi.org/10.1097/AOG.0000000000002501
https://doi.org/10.3390/ijerph17176151
https://doi.org/10.1136/bmj.h102
https://doi.org/10.5603/EP.a2020.0016
https://doi.org/10.1097/AOG.0000000000000672


Life 2025, 15, 440 21 of 21

115. Juan, J.; Yang, H. Prevalence, Prevention, and Lifestyle Intervention of Gestational Diabetes Mellitus in China. Int. J. Environ. Res.
Public Health 2020, 17, 9517. [CrossRef]

116. Karavasileiadou, S.; Almegwely, W.; Alanazi, A.; Alyami, H.; Chatzimichailidou, S. Self-management and self-efficacy of women
with gestational diabetes mellitus: A systematic review. Glob. Health Action 2022, 15, 2087298. [CrossRef]

117. Choudhury, A.A.; Devi Rajeswari, V. Gestational diabetes mellitus - A metabolic and reproductive disorder. Biomed. Pharmacother.
2021, 143, 112183. [CrossRef] [PubMed]

118. Kouiti, M.; Hernandez-Muniz, C.; Youlyouz-Marfak, I.; Salcedo-Bellido, I.; Mozas-Moreno, J.; Jimenez-Moleon, J.J. Preventing
Gestational Diabetes Mellitus by Improving Healthy Diet and/or Physical Activity during Pregnancy: An Umbrella Review.
Nutrients 2022, 14, 2066. [CrossRef] [PubMed]

119. Sadiya, A.; Jakapure, V.; Shaar, G.; Adnan, R.; Tesfa, Y. Lifestyle intervention in early pregnancy can prevent gestational diabetes
in high-risk pregnant women in the UAE: A randomized controlled trial. BMC Pregnancy Childbirth 2022, 22, 668. [CrossRef]

120. Obongo, A.; Tallarek, M.; Spallek, J. Determinants of access to and use of gestational diabetes mellitus services in Kenya: A
multimethod case study protocol. BMJ Open 2023, 13, e074916. [CrossRef]

121. Zakaria, H.; Abusanana, S.; Mussa, B.M.; Al Dhaheri, A.S.; Stojanovska, L.; Mohamad, M.N.; Saleh, S.T.; Ali, H.I.; Cheikh Ismail,
L. The Role of Lifestyle Interventions in the Prevention and Treatment of Gestational Diabetes Mellitus. Medicina 2023, 59, 287.
[CrossRef]

122. Quelly, S.B.; LaManna, J.B.; Stahl, M. Improving Care Access for Low-Income Pregnant Women With Gestational Diabetes.
J. Nurse Pract. 2021, 17, 1023–1027. [CrossRef]

123. Radiana, S.; Vesselina, Y. Improving gestational diabetes management through patient education. In Gestational Diabetes Mellitus;
Miroslav, R., Ed.; IntechOpen: Rijeka, Croatia, 2021; p. 4.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijerph17249517
https://doi.org/10.1080/16549716.2022.2087298
https://doi.org/10.1016/j.biopha.2021.112183
https://www.ncbi.nlm.nih.gov/pubmed/34560536
https://doi.org/10.3390/nu14102066
https://www.ncbi.nlm.nih.gov/pubmed/35631207
https://doi.org/10.1186/s12884-022-04972-w
https://doi.org/10.1136/bmjopen-2023-074916
https://doi.org/10.3390/medicina59020287
https://doi.org/10.1016/j.nurpra.2021.04.009

	Introduction 
	Methods and Literature Search Strategy 
	Fetal Programming and Developmental Origins of Health and Disease (DOHaD) 
	Perinatal Milieu and the Long-Term Developmental Programming of Progeny 
	Developmental Origins of Health and Disease 
	Developmental Programming by Epigenetic Mechanisms 
	Transgenerational Epigenetic Inheritance 

	Offspring Complications Associated with Maternal GDM 
	Macrosomia and Neonatal Complications 
	Neonatal Hypoglycemia and Metabolic Effects 
	Long-Term Health Risks: Obesity, Metabolic Syndrome, and Cardiovascular Disease 
	Neurodevelopmental Disorders and Gut Microbiota Alterations 

	Clinical Implications on Management 
	Screening and Diagnosis of GDM 
	Preferred Methods for GDM Screening and Diagnosis 
	Monitoring GDM 
	Interventions for Managing GDM 

	Conclusions 
	References

