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Abstract

BACKGROUND

contrast to overt diabetes mellitus (DM), gestational DM (GDM) is defined as impaired
glucose tolerance induced by pregnancy, which may arise from exaggerated physiologic
changes in glucose metabolism. GDM prevalence is reported to be as high as 20% among
egnancies depending on the screening method, gestational age, and the population
studied. Maternal and fetal effects of uncontrolled GDM include stillbirth, macrosomia,
neonatal diabetes, birth trauma, and subsequent postpartum hemorrhage. Therefore, it is

essential to find the potential target population and associated predictive and preventive

measures for future intensive peripartum care.

AIM
To review studies that explored the cellular and molecular mechanisms of GDM as well

as predictive measures and prevention strategies.

METHODS




The search was performed in the Medline and PubMed databases using the terms

L

“gestational diabetes mellitus,” “overt diabetes mellitus,” and “insulin resistance.” In the
literature, only full-text articles were considered for inclusion (237 articles). Furthermore,
articles published before 1997 and duplicate articles were excluded. After a final review
by two experts, all studies (1997-2023) included in the review met the search terms and

search strategy (identification from the database, screening of the studies, selection of

potential articles, and final inclusion).

RESULTS

Finally, a total of 79 articles were collected for review. Reported risk factors for GDM
included maternal obesity or overweight, pre-existing DM, and polycystic ovary
syndrome. The pathophysiology of GDM involves genetic variants responsible for
insulin secretion and glycemic control, pancreatic 3 cell depletion or dysfunction,
aggravated insulin resistance due to failure in the plasma membrane translocation of
glucose transporter 4, and the effects of chronic, low-grade inflammation. Currently,
many antepartum measurements including adipokines (leptin), body mass ratio (waist
circumference and waist-to-hip ratio], and biomarkers (microRNA in extracellular
vesicles) have been studied and confirmed to be useful markers for predicting GDM. For
preventing GDM, physical activity and dietary approaches are effective interventions to

control body weight, improve glycemic control, and reduce insulin resistance.

CONCLUSION




This review explored the possible factors that influence GDM and the underlying
molecular and cellular mechanisms of GDM and provided predictive measures and
prevention strategies based on results of clinical studies.

INTRODUCTION

Gestational diabetes mellitus (GDM) poses a severe and neglected threat to maternal and
neonatal health. According to data from the International Diabetes Federation,
approximately 223 million women globally are living with diabetesl!l. By 2045, this
number is projected to increase to 343 million, and it is estimated that 1 in 6 births will be
affected by GDMU, The majority of hyperglycemia cases during pregnancy occur low-
income and middle-income countries where access to maternal care is limited(ll. The
rising incidence of obesity has contributed to an increase in the occurrence of GDM and
related complications during pregnancy and the perinatal period[2l. Various risk factors
for GDM include excessive weight gain during early adulthood and before 24 wk
gestation, advanced maternal age, a history of prior GDM, a family history of overt
diabetes, prepregnancy body mass index (BMI) = 30 kg/m2, prepregnancy polycystic
ovary syndrome, and prior delivery of a newborn more than 4000 gl>¢l. Several
races / ethnicities (Native and Hispanic American, Native Hawaiian, Native Alaskan, East
or South Asian, and Pacific Islander) are also at a greater risk for the development of
GDMI79l,

Recommendations for universal screening of GDM advise conducting the screening
between 24 wk and 28 wk of gestation, based on randomized controlled trials (RCTs)
demonstrating improved maternal and perinatal outcomes with GDM treatment!'0l,
However, there is currently no consensus on the optimal diagnostic method for

gestational diabetes. Two screening approaches (one-step vs two-step) are considered




acceptable. Proposed by the International Association of the Diabetes and Pregnancy

Study Groups (IADPSG) and used by the American Diabetes Association (ADA), the one-
step approach employs a 2-h oral glucose tolerance test (OGTT) in all pregnant women.
Despite the advantage of concurrent screening and diagnosis within a single visit,
pregnant women have to fast before the examination and wait for a subsequent 2-h
examination!!?l. Recommended by American College of Obstetricians and
Gynecologists (ACOG), the two-step approach involves a non-fasting 1-h glucose
challenge test and seems more convenient for the participants. If the patient passes the
first step, further screening is usually unnecessary. However, those who fail the initial
screening undergo the 3-h 100 g OGTT to confirm the diagnosis of GDMI'0l, Despite the
availability of these two screening options, there is currently a lack of consensus
regarding the preferred approach. The ACOG has not fully opted the one-step process
due to insufficient evidence regarding its impact on pregnancy outcomesl?l. Hillier ef all10]
conducted a RCT and concluded that even the one-step approach can detect more cases
of GDM in comparison with the two-step approach. ere was no significant difference
between the two groups regarding the risks of maternal and perinatal complications.
Maternal hyperglycemia stimulates fetal hyperglycemia, which in turn triggers the
release of fetal insulin. As insulin possesses both metabolic and anabolic effects, fetal
hyperinsulinemia can induce excessive fetal growth and subsequent adverse perinatal
outcomes including neonatal shoulder dystocia, birth injury, prematurity, and death and
an increased likelihood of cesarean sectionl'll. It was observed that 93% of women who
exceeded the gestational weight gain guidelines set by the Institute of Medicine

experienced excessive early gestational weight gainl''l. Excessive early gestational weight

gain in low-risk nulliparous women was associated with the development of GDM and




increased fetal growth!''l. The results of the Hyperglycemia and Adverse Pregnancy
Outcomes (HAPO) study revealed close relations between maternal hyperglycemia and
adverse perinatal outcomes, including preterm delivery, shoulder dystocia, or other birth
injury, conversion to cesarean delivery, neonatal hypoglycemia or hyperbilirubinemia,
and the need for intensive neonatal care. These associations were attributed to the clinical
consequences of maternal hyperglycemia, namely fetal overgrowth and
hyperinsulinemial'?l. The aforementioned findings further supported the role of glucose-
lowering therapy as a priority for women who were diagnosed with GDMI[2l.

This review explored the underlying molecular and cellular mechanisms of GDM as
well as the potential influencing factors. Additionally, we discussed predictive and
preventive measures based on both basic and clinical studies that have investigated the
etiology, pathophysiology, and management of GDM. Understanding the cellular and
molecular mechanisms involved in GDM will enhance our knowledge of the current
principles of drug action and may provide insights into identifying new treatment

targets.

MATERIALS AND METHODS

Search terms and strategies in the literature

The objective of this review was to identify relevant studies in the literature that
investigated the underlying cellular and molecular mechanisms of GDM as well as
potential influencing factors, predictive measures, and preventive strategies. A
systematic search was conducted in the Medline and PubMed databases using keywords
such as “gestational diabetes mellitus,” “overt diabetes mellitus,” and “insulin

resistance.” The flowchart in Figure 1 illustrates the search terms, strategy, and the




process of study screening and selection. Initially, only full-text articles were considered
for further analysis, followed by the exclusion of articles published prior to 1997 and any
duplicates. Out of the 237 articles initially identified, 111 articles published between 1997
and 2023 met the inclusion criteria.

Following the article selection process, two experts in the field conducted
independent reviews of the selected articles, evaluating various aspects such as
demographics, research designs, and outcomes to identify relevant basic and clinical
studies for inclusion. Articles with inadequate research designs, questionable sampling
methods, or incongruent outcomes were excluded at this stage. Any discrepancies
between the experts were resolved through mutual communication to establish a
consensus. All eligible studies included in this review adhered to the predefined search
terms and strategy, which encompassed database identification, study screening, article
selection, and final inclusion. In the end, a total of 79 articles were included in the review
out of the initial 237 identified articles. Among these selected articles (n = 79),
approximately 60% (n = 47) were published between 2018 and 2023, ensuring the novelty

of the review.

EPIDEMIOLOGY

GDM is a worldwide health problem that threatens both maternal and fetal health, and

its prevalence is increasing. Both global and regional prevalence of GDM are affected by
different race/ethnicities, age, body composition, and geological regions('>14]. Prevalence
is also affected by variations between different screening strategies and diagnostic
criterial’®l. Noted international organizations, including the ADA, Federation

International of Gynecology and Obstetrics, and the World Health Organization, have all




adopted the diagnostic criteria for GDM adopted by the IADPSG after the landmark
HAPO study. According to the statistics and data collected by the International Diabetes
Federation using the 2021 IADPSG diagnostic criteria, the global prevalence of GDM was
14%[151¢]. The regional prevalence of GDM was 20.7% in North America and Caribbean,
15.0% in Europe, 15.8% in South America and Central America, 13.0% in Africa, 14.0% in
the Western Pacific, 25.9% in South-East Asia, and 14.1% in the Middle East and North

Africa. A high prevalence of GDM was noted especially in Asia and North Americall.

ETIOLOGY AND RISK FACTORS

The specific and detailed cause of GDM is not fully known, although theories have been
proposed for its etiology and pathophysiology. During pregnancy, the placenta supplies
not only nutrition to the fetus but also a variety of hormones to maintain the pregnancy,
such as human placental lactogen and estrogen. These hormones can cause insulin
resistance, starting usually from 20-24 wk of pregnancy and becoming more prominent
in the later stages of pregnancy. Thus, the [ cells of the pancreas need to produce more
insulin to overcome insulin resistance. Once this additional production of insulin is not
enough to overcome the resistance, GDM occurs/7l.

Many well-established risk factors are associated with GDM. ach of these risk
factors is either directly or indirectly associated with impaired P cell function and insulin
resistance. Several risk factors increase concurrently with the rising prevalence of GDM,
including pregestational overweight and obesity, excessive gestational weight gain, and

advanced maternal agel'®2!. Other risk factors include a previous history of GDM, a

family history of DM, and endocrine diseases such as hypothyroidism and polycystic




ovary syndrome (PCOS)I819 Most of the identified factors can be categorized into

several groups.

Risk factors related to the mother

Obesity is one of the key factors causing overt DM and GDM. BMI is commonly used to
measure the severity of obesity. Therefore, pregestational BMI is one of the most
important risk factors associated with GDM. According to a recent umbrella review and
other studies, a convincing correlation was shown between BMI and GDMU8191. A meta-
analysis in Asia has also shown that pregestational BMI = 25 kg/m? increased the risk of
GDM by more than three-fold compared to the risk in those with normal BMI before
pregnancyl”l. Moreover, pregestational BMI and gestational weight gain, both of which
result in elevated gestational BMI, are major risk factors for GDM. High rates of
bodyweight gain, particularly during early pregnancy, has been shown to increase the
risk of GDM. This is also more prominent in those who are already overweight/obese
before pregnancyl22.21.

Advanced maternal age is another important risk factor for GDM. The risk is more
prominent for women with a maternal age of 35 years or older, by more than three-fold.
According to ystematic review and meta-analysis of over 120 million participants, for
each l-ar increase in maternal age from 18 years, the risk of GDM increases by 7.90%
for the overall population(2!l. According to previous reports, e odds ratios (ORs) and
95% confidence intervals (Cls) for the risk of GDM acquired from this large-scale
population of women aged 30-34 years, 35-39 years, and > 40 years were 3 (95%CI:
2.28-3.27), 3.54 (95%Cl: 2.88-4.34) and 4.86 (95%CI: 3.78-6.24), respectively!2+25l. These age-

related results were attributed to decreased insulin sensitivity and pancreatic 3 cell




function, which eventually led to glucose and lipid metabolism abnormalities during

pregnancy.

Risk factors associated with personal and family history of GDM or DM

Experiencing a previous pregnancy complicated by GDM is a well-established risk factor
for developing GDM in subsequent pregnancies, as highlighted in various studies,
systematic reviews, and meta-analyses[l%2]. A meta-analysis focusing on Asian
populations found that pregnant women with a history of GDM were at least eight times
more likely to develop GDM in their subsequent pregnancy compared to those without
such a history(19].

In addition to a personal history of GDM, having a family history of DM is also
significant as a risk factor. Females with a family history of DM, particularly in first-
degree relatives, have a genetic predisposition and increased susceptibility to GDM.
Multiple studies, including a systematic review and meta-analysis, have reported that
pregnant women with a family history of DM are at least twice as likely to develop GDM
compared to those without a family history[18.26-28],

PCOS is a complex condition characterized by irregular menstruation/oligo-
ovulation, or anovulation, and excess androgens and/or small cysts on one or both
ovaries[??l. Due to the hormone imbalance of hyperandrogenism, the majority of women
with PCOS also manifest insulin resistance. This gives females with PCOS a higher risk
of developing GDM. A recent systematic review and meta-analysis displayed the positive
relationship between PCOS and GDM with an OR of 2.33 (95%CI: 1.72-3.17), consistent
with the underlying pathophysiology!®?l. This finding was further supported by an

umbrella review in 201908l Our previous study of a large population (> 1000000




nationals) also reported that prepregnancy PCOS was significantly associated with

subsequent GDM (adjusted OR: 2.15; 95%CI: 1.96-2.37)[301,

Hypothyroidism disorders and GDM are among the most common
endocrinopathies during pregnancy. A meta-analysis of 5995 cases revealed a significant
association between hypothyroidism and GDMP!, A recent umbrella review also
provided convincing evidence to support this point of view!!8l. Based on these results,

routine screening of thyroid function appears to be necessary in pregnant women.

Other risk factors

Several risk factors that are less frequently documented yet identified by a number of
studies and reviews include previous congenital anomalies of fetuses, previous
macrosomia, a history of stillbirth, previous abortion, multiparity = 2, and previous
preterm delivery with ORs ranging from 1.37 to 4.25[1°l. Other reported influence factors

include ethnicity, lifestyles, and socioeconomic statusl3>31,

PATHOPHYSIOLOGY: CELLULAR AND MOLECULAR MECHANISMS OF GDM

GDM is characterized by an imbalance in glucose control during pregnancy, involving
complex interactions among insulin sensitivity, glucose production, and the body’s cells.
Throughout pregnancy, insulin requirements naturally increase due to factors such as
heightened ternal caloric intake, maternal weight gain, and the influence of placental
hormones like placental growth hormone and human placental lactogen?. Additionally,
there is an approximate 50% decrease in maternal insulin sensitivity, which is

compensated by a 250% increase in maternal insulin production to maintain normal

blood sugar levels during pregnancy!?l. Figure 2 provides a concise overview of insulin




signaling and subsequent translocation of glucose transporter 4 (GLUT4), illustrating the

cellular and molecular mechanisms implicated in GDM.

Genetic components of GDM

GDM is influenced by a combination of genetic variants, nutritional factors, and
environmental influences. The pathophysiological changes observed in GDM are similar
to those found in type 2 DM (T2DM), characterized by impaired insulin secretion and
increased insulin resistance. This indicates a strong association between the two forms of
diabetes. Consequently, research on GDM has focused on investigating genetic variants
associated with T2DM susceptibility. Several case-control studies and meta-analyses
using single nucleotide polymorphisms have revealed common pathogenic pathways
shared by GDM and T2DM. A genome-wide association study conducted on a South
Korean cohort showed a significant association between GDM and specific single
nucleotide polymorphisms in genes already known to be associated with T2DM
susceptibility, highlighting the genetic overlap between the two forms of diabetes. Many
of the genetic loci associated with GDM primarily impact P cell functions. Various
genome-wide association studies have identified variants in the HKDC1 and BACE2

genes, which influence glycemic traits during pregnancy and exhibit specific associations

with GDM in different ethnic groupsl3.

P cell dysfunction

The mechanisms underlying  cell dysfunction and inadequate insulin production in
2

GDM are intricate and diverse. efects can occur at various stages of the process,

including pro-insulin synthesis, post-translational modifications, granule storage,




glucose sensing, and granule exocytosis. However, the majority of susceptibility genes
associated with GDM primarily relate to  cell functions, such as potassium voltage-gated
channel KQT-like 1 and glucokinase. Minor deficiencies in P cell machinery may only
become evident during metabolic stress, such as pregnancy. Animal studies have
demonstrated that the quantity of [ cells plays a crucial role in glucose homeostasis. A
reduction in [ cell mass, associated with the epigenetic downregulation of pancreatic
homeobox transcription factor, has been linked to GDM. Additionally, adequate 3 cell
proliferation relies on prolactin, as evidenced in mouse models with prolactin receptor
knockouts (Prlr-/-). lucotoxicity is also believed to contribute to  cell apoptosis over
time. Pancreatic samples from patients with T2DM showed a reduction in 3 cell mass
ranging from 40% to 60%, while a loss of less than 24% has been reported after 5 years of
the disease. Animal studies and limited post-mortem human studies suggest that
reduced P cell hyperplasia may also play arole in the pathophysiology of GDM. Overall,
a reduced P cell mass, decreased number of [ cells, cell dysfunction, or a combination
of these factors contribute to GDM, depending on the individuall!7l.

Chronic insulin resistance

In clinical practice, insulin resistance refers to a state in which a given concentration of
insulin is associated with a subnormal glucose response. At the molecular level, GLUT4
serves as e primary transporter responsible for bringing glucose into the cell to use as
an energy source. Insulin resistance is usually a failure of insulin signaling, which is
associated with inadequate plasma membrane translocation of GLUT4 (Figure 2)I'71.

ELUT4 has the unique characteristic of a mostly intracellular disposition in the

unstimulated state in storage vesicles called GLUT4 storage vesicles that are acutely




redistributed in the plasma membrane in response to insulin and other stimuli, like
exercise. The major insulin signaling pathway involved in GLUT4 storage vesicles
translocation is the phosphatidylinositol 3 kinase/ phosphoinositide-dependent protein
kinase 1/protein kinase B athway through phosphorylation of the AS160 substrate.
AS160 is a guanosine triphosphatase-activating protein that blocks the exchange of
guanosine triphosphate for guanosine diphosphate when small G proteins called RAB
that are involved in membrane trafficking are activated by phosphorylation. Atypical
protein kinases C isoforms also appear to be involved downstream of phosphoinositide-

dependent protein kinase 1 but not through protein kinase BI*],

Dysfunction of leptin signaling pathways

Another notable etiology that is responsible for GDM is dysfunction of the leptin
signaling pathways (Figure 3). Leptin signaling is mediated by the JAK2/signal
transducer and activator of transcription 3 (STAT3) pathway to exert its anorexigenic
effect. Binding to the leptin receptor, leptin activates JAK2, STAT3, and MAPK wvia
phosphorylation of different sites on the leptin receptor and subsequent binding to
downstream molecules®%]. Thus, JAK2 and STAT3 are phosphorylated. The activated
STATS3 translocates to the nucleus and activates the transcription of the target genes,
which mediates the anorexigenic effect of leptin. The negative regulators of JAK2,
including suppressor of cytokine signaling 3 and protein tyrosine phosphatase 1B, which
act as feedback inhibitors of leptin signaling, have been reported to promote obesity and
diabetes. On the other hand, leptin also regulates MAPK and phosphatidylinositol 3

kinase signaling through phosphorylation of insulin receptor substrate. In addition,




leptin inhibits appetite-stimulators neuropeptide Y and agouti-related peptide, thus

activating the anorexigenic polypeptide pro-opiomelanocortinl3637l,

Inflammation underlying GDM: Nuclear factor-kappa B signaling pathway

During pregnancy, a regulated inflammatory profile is necessary for successful
implantation and fetal development. However, conditions like GDM, obesity, and
metabolic diseases are associated with chronic low-grade inflammation, leading to
altered immune profiles and the promotion of a proinflammatory environment in various
tissues, including adipose tissue, liver, kidney, heart, and pancreas. This chronic
inflammation, characterized by increased levels of proinflammatory cytokines (IL-1[3, IL-
6, TNFa, and leptin) and decreased levels of anti-inflammatory molecules (IL-4, IL-10,
and adiponectin), plays a significant role in the pathophysiology of GDM. Studies have
shown that inflammation in pregnant women with obesity or GDM can affect fetal
development. Experimental animal models and clinical studies provide evidence that
maternal and placental inflammation associated with GDM and obesity can influence
neurodevelopment and alter inflammatory responses in offspring34.

The nuclear factor kappa B (NF-xB) signaling pathway is a central detailed
mechanism in the inflammatory process (Figure 4). The proteins in the NF-«xB family
combine with each other to form homodimers or heterodimers to exert stimulative or
repressive functions after transcription. As suppressors, the inhibitory regulators of NF-
kB bind to the NF-xB dimers to form a complex that remains sequestered and inactive in
the cytoplasm of non-stimulated cellsl®l. Under the status of insulin resistance,
proinflammatory cytokines, including IL-1f, IL-6, and TNFa, are increased to initiate the

NF-«B signaling pathway. After receiving stimulation from the aforementioned cytokines




and toll-like receptors, the inhibitory regulators of NF-kB s are rapidly phosphorylated,
ubiquitinated, and then degraded, exposing a nuclear localization sequence on the NF-

kB proteins. Thus, the NF-kB dimers translocate to the nucleus to regulate gene

transcription and induce inflammatory cascades(3l.

PREDICTING GDM

Recently, many antepartum measurements, including adipokines (leptin), body mass
ratio [waist circumference (WC) and waist-to-hip ratio], and biomarkers (microRNA in
extracellular vesicles) have been studied and confirmed to be useful as markers for
predicting development of GDM during pregnancy. The HAPO study has provided
compelling evidence of the associations between maternal BMI, hyperglycemia, and
pregnancy complications. Both factors are correlated with higher tes of excessive fetal
growth, primary cesarean birth, clinical neonatal hypoglycemia, fetal adiposity, neonatal
hyperinsulinemia, and hypertensive disorders of pregnancy. The relationship between
hyperglycemia and adverse outcomes generally follows a linear pattern, while BMI
exhibits a quadratic pattern with diminishing increments in the highest BMI categories.
Moreover, considering BMI and GDM together, the HAPO study has shown that they are
associated with pregnancy complications.

GDM often serves as a precursor to the later development of T2DM and indicates a
higher risk of (premature) cardiovascular disease in females. Hoorn et all3%] concluded
that predictive models incorporating multiple clinical characteristics and early pregnancy
glucose measurements exhibited the best performance. Research has also indicated that

interventions initiated early in pregnancy can reduce the incidence of GDM in

overweight and obese pregnant women!(4l.




Leptin

Adipokines, such as leptin, play a crucial role in regulating various [;-iocesses in the
human body, including glucose and lipid metabolism, insulin sensitivity, appetite,
immune response, and inflammation, and may serve as potential targets for predictive
and therapeutic strategies in different medical conditions!!7l. Leptin, marily secreted
by adipocytes in response to adequate fuel stores, acts on neurons within the
hypothalamic arcuate nucleus to decrease appetite and increase energy expenditure.
During normal pregnancy, a certain degree of leptin resistance develops to ensure
sufficient fat stores. However, in GDM, leptin resistance is further exacerbated, leading
to hyperleptinemia. The placenta becomes the primary source of leptin during pregnancy
and increases its production, facilitating the passage of amino acids to the fetus. Elevated
leptin levels have been associated with obesity, GDM, and the risk of fetal macrosomia.
Therefore, hyperleptinemia can serve as a marker for predicting the occurrence of GDM.
Additionally, leptin has been implicated in placental neoformation, functioning as a
growth factor, angiogenic factor, and immunomodulatorl4°],

M represents a stage of subclinical inflammation and serves as a risk factor for
the subsequent development of T2DM and cardiovascular diseases. Leptin has been
associated with vascular and metabolic changes in GDM, although findings regarding its
involvement in maternal, perinatal, and future complications have been inconsistent and
varied. Several studies have demonstrated significantly higher leptin levels in
participants with GDM compared to controls. Moreover, leptin has been incorporated

into first-trimester risk prediction models for GDM, and elevated levels have been

observed in females who later develop GDM, confirming its predictive value. Leptin has




also been identified as a promising diagnostic biomarker for GDM, showing high
sensitivity and specificity in adequate sample sizes. During pregnancy, circulating leptin
concentrations increase, reaching a peak around 28 wk of gestation and returning to
prepregnancy levels postpartum. Pregnant women with GDM exhibit even higher leptin

levels, further highlighting its potential as a predictive marker for GDM/4l,

Obesity
Maternal obesity contributes to increased risks during pregnancy, including the
development of GDM. Women with a BMI of kg/m? or higher are considered at risk
and should receive additional care. Nicola et al, in a systematic review, presented
comprehensive evidence on the relationship between adiposity measures in early
pregnancy and maternal health outcomes. WC was the most commonly studied adiposity
measure during early pregnancy. Both meta-analyses and narrative syntheses
consistently demonstrated that WC is a robust predictor of adverse maternal health
outcomes. It consistently exhibits a significant association with GDM, ypertensive
disorders, delivery-related outcomes, metabolic syndrome, and composite adverse
pregnancy outcomes. Waist-to-hip ratios also show potential associations with these
conditions, as they are significantly linked to GDM, hypertensive disorders, and delivery-
related outcomes. Furthermore, several other measures such as fat mass, neck
circumference, skinfold thickness, visceral fat measures, arm circumference, and waist-
to-height ratio exhibit significant associations with various adverse outcomes/*1l.
Meta-analyses have indicated significantly increased odds of GDM in higher WC
categories (OR: E’:l[], 95% CI: 1.04-1.88) and per unit increase in WC (OR:@1,95%CI: 1.03-

1.67), suggesting that women with GDM have larger WC measurements compared to




controls (mean difference: 6.18 cm, 95%CI: 3.92-8.44 cm). Although data on other
adiposity measures are limited, fat mass, neck circumference, skinfold thickness, and
visceral fat exhibit significant associations with adverse outcomes. This study
emphasized the importance of exploring the utility of adiposity measures in predicting
the risk of GDM during pregnancy beyond BMI alone, highlighting the need for

personalized care based on specific requirements of pregnant womenl41,

Other predictive factors
GDM is linked to abnormal acentation and early pregnancy markers commonly used
for predicting aneuploidy, such as pregnancy-associated plasma protein A and free
human chorionic gonadotropin. These markers have been integrated into predictive
models. Proteomic screening during early pregnancy has identified potential protein
markers, including a cluster related to insulin secretion, binding, resistance, and
signaling, which may have implications for the development of GDM later on.
Additionally, extracellular vesicles (ECVs) have been investigated as potential
markers for GDM. ECVs primarily contain microRNAs and are associated with glucose
metabolism. These circulating particles originate mainly from the placenta and adipose
tissue during pregnancy and carry various protein and RNA molecules that can be
transported specific sites. James-Allan et al demonstrated that specific small ECVs are
associated with GDM and that infusing ECVs from females with GDM induced insulin
resistance and reduced insulin secretion in rodents, aligning with the pathophysiology of
GDM. Yoffe et all*] conducted a case-control study and suggested that microRNA-223

and microRNA-23a in first-trimester blood samples strongly predict the development of

GDM (area under the receiver operating characteristic curve: 0.91)[%1. Similarly, another




recent cohort study confirmed similar findings for microRNA-233136%], These cohort
studies have examined various clinical, demographic, and molecular biomarkers,
including early pregnancy glycemic measurements, to uncover complex networks of
predictive factors. For molecular biomarkers to be clinically useful, they must outperform
clinical risk factors and simple glucose measurements in predicting GDM and pregnancy
outcomes/¥.

Cohort studies have examined single or multiple clinical and demographic
measures, including early pregnancy glycemic measurements, and have expanded their
focus to include complex networks of molecular biomarkers. To be applicable in routine
clinical practice, molecular biomarkers need to demonstrate superior performance
compared to ginical risk factors and simple glucose measurements in predicting GDM

and pregnancy outcomesl®1.

PREVENTING GDM

Numerous reviews and studies have revealed that early intervention and prevention of
GDM reduces the risk of perinatal and long-term complications. Therefore, it is important
to provide early intervention to achieve optimal outcomes. Several meta-analyses have
emphasized the effectiveness of lifestyle interventions, including both dietary
interventions and physical exercise for prevention of GDM.

One meta-analysis involving 29 RCTs with around 11500 participants demonstrated
t either diet or physical activity may result in an overall 18% reduction in the risk of
GDM, especially in early pregnancy ore the 15t gestational week [relative risk (RR):
0.80, 95%CI: 0.66-0.97]142l. A meta-analysis involving 47 RCTs with more than 15000

individuals showed that diet and exercise during pregnancy were preventive factors for




GDM (RR: 0.77, 95% CI: 0.69-0.87)[43]. A review indicated that moderate-intensity exercise
for 50-60 min twice a week reduced the incidence of GDM by about 24%*43]l. Another
systematic review and meta-analysis soliciting 45 studies also reported that dietary
management and physical activity during pregnancy reduced the risk of GDM y 44 %
(RR: 0.56, 95% CI: 0.36-0.87) and 38% (RR: 0.62, 95%CI: 0.50-0.78), respectivelyl#.

In contrast, another systematic review and network meta-analysis pointed out that
neither diet, physical activity, nor a combination of both offered significant benefit in
preventing GDM in overweight/obese women, despite that these measures were all
remarkably beneficial for gestational weight gain restriction. Although most studies
concluded that combining diet with physical activity may still tend to prevent GDM
development, more studies are required to compensate for the inconsistency between

studies*3l. Table 1 summarizes the preventive strategies for GDM.

Physical activity

Physical activity is an effective intervention for controlling body weight, improving
glycemic control, and reducing insulin resistance. At one time, physical activity alone
was considered not effective enough in reducing the risk of developing GDM. However,
the American Dietetic Association and the American Nutrition Society published a study
in 2009 that overweight and obese females who practiced moderate exercise during
pregnancy not only gained significantly less fat but also reduced the risk of GDMU¢l. Two
meta-analyses in 2015 and 2016, which analyzed 2873 pregnant women from 13 RCT's
and 11487 pregnant women from 29 RCTs, respectively, revealed that physical exercise

during pregnancy decreased gle risk of GDM by 31% (RR:0.69; P =0.009)#7l and 20% (RR:




0.80, 95%CI: 0.66-0.97)142], respectively, especially during the early stage of pregnancy
(before the 15th wk)l42l,

Moreover, a 2018 systematic review and meta-analysis that examined a total of 106
RCTs including 273182 participants with moderate-to-high-quality evidence revealed
that exercise-only interventions were effective in reducing the risk of GDM by a
remarkable 38% (OR: 0.62, 95% CI: 0.52-0.75)148]. A recent umbrella review in 2022 focusing
on the relationship between exercise during pregnancy and GDM prevention further
confirmed the effectiveness of early initiated (first trimester), low-to-moderate intensity
exercise in reducing the incidence of GDM!#1,

In addition to the advantage of preventing GDM, ysiological studies have
reported that exercise in pregnant women improved cardiovascular functions, resulting
in improved fitness, blood pressure, and peripheral edema. An ACOG report also
showed that exercise improved the symptoms of constipation, bloating, fatigue, and
insomnia in pregnant women. For the fetus, the benefits of moderate maternal exercise
included an increase in amniotic fluid, increases in placenta viability and volume,
improvement in neurological system development, and reduction in body fat percentage.
However, excessive exercise may elevate the incidence of antepartum hemorrhage and
the risk of preterm birth. Considering these disadvantages of excess exercise, physical
exercise should be avoided in pregnant women with restrictive lung disease, pre-
eclampsia, persistent bleeding in the second or third trimester, incompetent cervix,
placenta previa, hemodynamically significant heart disease, and higher-order multiple

gestations (2 triplets) 50l

Dietary approaches




Several types of diets have been devised and studied to reduce the risk of GDM. These
diets included a low glycemic index (GI) diet, energy restriction diet, low carbohydrate
content with high fat substitute, e Mediterranean diet (MedDiet), and Dietary
Approaches to Stop Hypertension (DASH) 51531, The low GI diet ranks ds on a scale
from 0 to 100 based on their effects on blood sugar. A food with a low GI was less likely
to impact the blood sugar levels significantly. Although the diet was introduced to reduce
insulin resistance and to decrease the risk of GDM, a meta-analysis from 2016 and an
overview of Cochrane Reviews from 2020 displayed conflicting results of benefit from
the low GI diet on reducing the risk of GDMI>+%]. Therefore, the effect of a low GI diet on
reducing the incidence of GDM still remains inconclusive.

The restricted-energy diet and low carbohydrate diet have been suggested to
minimize weight gain during pregnancy, while some approaches tried to replace dietary
carbohydrates with fat. Excessive fat or a ketogenic diet may have an impact on maternal
insulin resistance and will result in excessive fat accumulation in the fetus/®l. To date, no
sufficient data are available to support the safety of the ketogenic diet in the GDM
population!¥l, In addition, these diets are not practical as there is still a minimum
requirement of daily carbohydrates of at least 175 g to ensure appropriate fetal growth
and development. The Institute of Medicine has recommended that 46%-65% of calories
come from carbohydrates/585.

The MedDiet is considered one of the healthiest forms of nutrition and is confirmed
safe for GDMI*], Itis composed of a high vegetable and fruit content along with legumes,

olive oil, cereals, fish, and limited animal products. Olive oil is the main source of

additional fat, and the consumption of processed meat is low. Several RCT's that studied




284, 874, and 1252 participants, respectively, have reported the positive impact of the
MedDiet on lowering the incidence of GDM to around 35%[60-62],

DASH was originally veloped for reducing hypertension. It consists of a high
intake of vegetables, fruits, legumes, and nuts, with low consumption of sodium and
sweets, moderate low-fat dairy products, and limited processed meat and animal protein.
It was also shown to be effective in reducing the risk of GDM because the majority of its
components overlapped with the MedDiet. In some studies, it was even considered
superior to the MedDietl63-65].

Two double-blind controlled studies have shown that probiotics may reduce the risk
of GDM!I6667], That conclusion was based on the hypothesis that probiotics affect intestinal
microflora, thus they may influence host inflammatory pathways and result in better
control of glucose and lipid metabolism. However, a recent Cochrane Review concluded
that due to low-certainty evidence and limited trials no definitive benefit of probiotics
was identified for GDM control[68¢],

Previous evidence indicated that insufficient supplementation of vitamin D in early
pregnancy may correlate with an increased risk of GDM. However, the mechanism of
reducing GDM risk by supplementing vitamin D was not fully understood. Similar to
probiotics, it was suggested that vitamin D supplements in early pregnancy may also
reduce the risk of GDM. Based on the available studies discussed in several meta-
analyses, no compelling evidence was found to support this practicel®*711,

The functional advantages of low GI foods include lowering postprandial glucose,
preventing excessive increases in postprandial insulin, and inducing satiety, all of which
may contribute to weight loss. To date, however, low GI foods have shown no marked

influence on obstetric, maternal, or fetal outcomes, including maternal weight gain,




neonatal birth weight or the proportion of large-for-gestational-age, and macrosomial”2.
Current evidence has suggested that the low GI nutritional approach is reasonably safe
in GDM. However, further search is needed to develop tools to facilitate patient
adherence to treatment goals, individualize interventions and improve outcomes|7l.

he low-carbohydrate diet results in a lower postprandial glucose, lower daytime
mean glucose concentrations, lower area under the curve for 2-h postprandial glucose,
and lower 24-h total glucose area under the curve when compared with the 60%
carbohydrate diet. However, study results have revealed thatwer carbohydrate intake
will often lead to an increased intake of fat, which outside of pregnancy has been
associated with an increase in serum fatty acids, insulin resistance, increased fetal fat
accretion, and infant adiposity[*]. These disadvantages may further limit the use of the
low-carbohydrate diet as a means of dietary intervention.

The MedDiet may reduce the risk of GDM by alleviating systemic oxidative stress/74l.
Further, the MedDiet may Wnregulate circulating inflammatory biomarkers and favor
glucose homeostasis, improving insulin sensitivity and glycemic postprandial response.
Moreover, the MedDiet has a high fiber content, which increases satiety and controls
weight gainl5l. Similar to the low GI MedDiet, DASH diet in pregnant women with
GDM is associated with a decreased number of macrosomic infants. The DASH diet also
led to lower mean weight and head circumference and ponderal index newborns but did
not affect the infants” body lengths and Apgar scoresl’6l. However, the disadvantages of

dietary control, as mentioned above, lie in the degree of adherence to dietary

interventions by pregnhant women.

DISCUSSION




GDM is a complex condition of pregnancy with significant implications for both the
mother and the fetus. Currently, no scientific consensus has been reached n how best to
diagnose GDM. Expert professional organizations acknowledge two acceptable options:
the DPSG one-step screening approach (currently preferred by the ADA); and the two-
step Carpenter-Coustan screening approach (recommended by the ACOG). Both
organizations have noted e need for additional evidence related to outcomes. Each
approach has advantages and disadvantages. The 1-step approach involves a 2-h OGTT
r all participants; while screening and diagnosis can be completed in a single visit, all
women must fast before screening and allow time for a 2-h visit. The 2-step approach
includes an initial non-fasting 1-h glucose challenge test, which is logistically simpler for
gravidas, and can easily be done as part of a scheduled prenatal visit; most women do
not require further screening. However, approximately 20% of pregnant women fail this
initial screening and must return for a 3-h fasting diagnostic OGTT. In addition, these
two methods have different diagnostic cutoffs. In comparison to the 2-step approach, the
1-step approach identifies women with milder hyperglycemia as having GDM and
expands the target population that will be further treated under the diagnosis of GDM.
Although a clear linear relationship is shown between maternal hyperglycemia and
maternal and perinatal outcomes, the specific effects on these outcomes of identifying
and treating milder cases of GDM are not knownl'0l.

The pathophysiology of GDM is complex and probably involves genetic variants that
are responsible for insulin secretion and glycemic control, pancreatic 3 cell depletion or

dysfunction, aggravated insulin resistance due to failure in the plasma membrane

translocation of GLUT4, and the actions of chronic, low-grade inflammation. In practice,




each factor or a combination of the aforementioned factors may contribute to the
development of GDM.

Currently, many antepartum measurements, including adipokines (leptin), body
mass ratio (WC and waist-to-hip ratio), and biomarkers (microRNA in ECVs) have been
studied and confirmed as appropriate markers for predicting the occurrence of GDM
during pregnancy. Leptin resistance is further augmented in GDM. Thus, the resultant
hyperleptinemia can be used as a marker in predicting the occurrence of GDM.

For preventing GDM, physical activity is an effective intervention to control body
weight, improve glycemic control, and reduce insulin resistance. On the other hand,
several RCT's have reported the positive impact of dietary control (such as the MedDiet)
on lowering the incidence of GDM to around 35 [60-62].

To update this overview of GDM, the current treatment for GDM is very frequently
suboptimal. he most common oral pharmacological interventions that have been
assessed include metformin, probiotics, and vitamin D administration. However, no
single intervention appears to be universally superior to placebo/no intervention for
preventing GDMI77]. Currently, insulin injection is the preferred medication for treating
hyperglycemia in GDM. Metformin and glyburide are not regarded as first-line agents
since both cross the placenta to the fetus. Even though sufficient data are available
confirming the safety and effectiveness of metformin in pregnant omen with GDM,
data are very limited concerning the long-term effects of metformin on the offspring.
Furthermore, glyburide should be used with caution, as it increases the risk of neonatal

hypoglycemia. Some studies have also shown that glyburide increases the risk of

macrosomia. Overall, oral agents may be a therapeutic option in women with GDM after




the known risks have been reviewed along with the need for more long-term safety data

in the offspringl?7l.

The INTERCOVID study investigated the role of overt or GDM and high BMI as risk
factors for coronavirus disease 2019 (COVID-19) infection during pregnancyl’l. The
udy, conducted between March 2020 and February 2021 across 43 institutions in 18
countries, included 2184 pregnant women aged = 18 years. Each pregnant woman
diagnosed with COVID-19 was matched with two females without COVID-19 who
received antenatal care or delivered at the same institution. The findings of the study
indicated that COVID-19 was associated with pre-existing DM (RR: 1.94, 95%CI: 1.55-
2.42), overweight or obesity (RR: 1.20, 95%Cl: 1.06-1.37), and GDM (RR: 1.21, 95%CI: 0.99-
1.46). Specifically, the association between COVID-19 and GDM was observed among
women requiring insulin, regardless of their weight (RR: 1.79, 95% CI: 1.06-3.01) or being
overweight or obese (RR: 1.77, 95%ClI: 1.28-2.45). A somewhat stronger association with
COVID-19 diagnosis was observed among women with pre-existing DM, regardless of
their weight (RR: 1.93, 95%Cl: 1.18-3.17) or being overweight or obese (RR: 2.32, 95%CI:
1.82-2.97). The study concluded that gM and overweight or obesity were risk factors for
COVID-19 diagnosis during pregnancy, with insulin-dependent GDM being particularly
associated with the disease. Therefore, it is crucial to prioritize the vaccination of women
with these comorbidities!7sl.

Subsequently, a large prospective, observational study (INTERCOVID-2022)
involving 41 hospitals across 18 countries, enrolled 4618 pregnant women from
November 27, 2021 to June 30, 20227°l. During pregnancy, each woman with a COVID-
19 diagnosis was matched with two females without COVID-19. Overall, females 1th a

COVID-19 diagnosis had an increased risk for morbidity and mortality index (RR: 1.16,




95%ClI: 1.03-1.31), severe perinatal morbidity and mortality index (RR: 1.21, 95%CI: 1.00-
1.46), and severe neonatal morbidity index (RR: 1.23, 95%CI: 0.88-1.71) compared to those
without a COVID-19 diagnosis!”!. Moreover, vere COVID-19 symptoms in the total
sample increased the risk of severe maternal complications (RR: 2.51, 95%CI: 1.84-3.43),
perinatal complications (RR: 1.84, 95%CI: 1.02-3.34), and referral, intensive care unit
admission, or death (RR: 11.83, 95%CI: 6.67-20.97). Notably, accine effectiveness (all
vaccines combined) for severe complications of COVID-19 in all females who completed
the gimen was 48% (95%Cl: 22-65) and 76% (47-89) after a booster dosel’?l. The study
conclusion stated that COVID-19 in pregnancy as associated with increased risk of
severe maternal morbidity and mortality, especially among symptomatic and
unvaccinated women. Females with complete or boosted vaccine doses had a reduced
risk for severe symptoms, complications, and death. Accordingly, COVID-19 vaccination
coverage among pregnant women remains a priority7l.

The present review of the literature has identified several cellular and molecular
mechanisms associated with GDM as well as influence factors and risk factors that can
affect its development. Additionally, we have identified a number of potential predictive
and preventive measures that can be employed to help reduce the incidence of GDM.
These measures include lifestyle modifications, such as dietary changes and increased
physical activity, and screening for risk factors and early diagnosis. Advances in our
understanding of the pathophysiology of GDM have enabled the development of more
effective preventive strategies, which can have a significant impact on the health of both
mother and child. It is our hope that the findings of this review will contribute to the

ongoing effort to improve the management of GDM and ultimately lead to better health

outcomes for women and their offspring.




CONCLUSION

GDM is a complex condition of pregnancy with significant implications for both the
mother and the fetus. Currently, no scientific consensus has been reached on how best to
diagnose GDM, either by one-step or two-step OGTT. The pathophysiology of GDM
undoubtedly involves genetic variants, pancreatic 3 cell depletion or dysfunction, and
aggravated insulin resistance due to failure in the plasma membrane translocation of
GLUT4. GDM pathophysiology is also associated with the negative regulation of leptin
signaling pathways and the actions of chronic low-grade inflammation, which involve
the NF-xB signaling pathway. Currently, leptin and body mass ratio are used as markers
for predicting the occurrence of GDM during pregnancy. For preventing GDM, physical
activity and dietary control are substantial interventions. Nevertheless, many detailed
cellular and molecular mechanisms underlying GDM, as well as prediction and

prevention, remain unexplored and warrant further investigation.
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