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ABSTRACT
Gestational diabetes mellitus (GDM) is a common pregnancy complication and a risk factor for the subsequent development of type 2 diabetes (T2D) in mothers and of several metabolic diseases in offspring. However, the molecular underpinnings of these risks are not well understood. Genome-wide association studies and epigenetic studies may provide complementary insights into the causal relationships between GDM exposure and maternal/offspring metabolic outcomes. Here, we discuss the potential pathophysiological role of specific genetic variants and commonly reported differentially methylated loci in GDM development, and their link to the progression to T2D in both the mother and the offspring in later life, pointing to the potential for tailored interventional strategies based on these genetic and epigenetic mechanisms.







[bookmark: _Hlk188202316]
Gestational diabetes mellitus associates with the risk of type 2 diabetes development in mother and child
Gestational diabetes mellitus (GDM) is defined as glucose intolerance that is first recognized in pregnancy and poses risks of serious health complications for the mother and fetus if left unmanaged. Normal pregnancy adaptation in the mother involves pancreatic β-cell expansion during the first trimester in anticipation of a physiological increase in insulin resistance from the second trimester onwards. As gestation progresses, maternal insulin resistance increases because of placental hormones and other bioactive factors, which act to promote the fetal supply of nutrients necessary for growth and development [1]. In healthy pregnancies, pancreatic β-cells respond by increasing insulin production to maintain glucose homeostasis in later pregnancy. However, if maternal β-cells are not able to expand and adapt to produce sufficient insulin to overcome the increases in insulin resistance, this results in hyperglycemia and a GDM diagnosis [2]. GDM presents with higher blood glucose levels in the mother and, consequently, the fetus, given the ease of transplacental glucose passage. GDM mostly resolves itself after delivery, back to euglycemia. Even with good management of hyperglycemia following a GDM diagnosis, this relatively short period of gestational hyperglycemia and associated physiological dysregulation can have long-lasting implications on the future health of both the mother and child (Figure 1).

With increased screening, more GDM cases are now being recognized globally. The prevalence of GDM varies worldwide depending on ethnicity, screening practices, and diagnostic criteria, averaging 14% of pregnancies globally in 2021 using the International Association of Diabetes and Pregnancy Study Groups (IADPSG) criteria [3]. Ethnic groups at higher risk of GDM include Middle Eastern, Pacific islanders, and Aboriginal women in Australia [4-6] and South-Asians (Indian, Sri Lankan, Pakistani, Fijian) [6-8]. Possible explanations for these differences include heritable genetic risk, cultural factors, lifestyles, and socioeconomic stressors. To standardize the diagnostic criteria for GDM, the IADPSG put forward a unified guideline for screening and diagnosis of GDM with a one-step approach using a single 75g three timepoint oral glucose tolerance test (OGTT) at 24-28 weeks of gestation. Compared to the alternative two-step approach using a 50g glucose challenge followed by a diagnostic 100g OGTT, no difference in impact on adverse short-term pregnancy outcomes was found [9]. 

[bookmark: _Hlk188203953]Hyperglycemia is a late manifestation of GDM pathophysiology, and there are multiple pathways leading to its development [10]. Some women display predominantly insulin-resistant features, while others show mainly insufficient insulin secretion, with ethnically-driven differences reported; indeed, East Asians and South Asians show poorer HOMA-β-cell function than Western Europeans [11]. Hence, some have argued for a subclassification of GDM by phenotype and genotype to improve management and outcomes [10] (Box 1). The Treatment of Booking Gestational Diabetes Mellitus (TOBOGM) trial [12] reinforced the notion that earlier pregnancy screening for GDM and appropriate management can further reduce neonatal complications.

GDM diagnosis is particularly associated with a long-term adverse health risk of metabolic syndrome [13], later cardiovascular morbidity [13], and type 2 diabetes (T2D), with studies finding the relative risk of T2D development to be 10 times higher in women with GDM pregnancies [14]. Pre-existing risk factors such as high body mass index (BMI) and a history of abnormal glucose tolerance likely contribute to both the development of GDM and later development of GDM-associated longer-term outcomes, but some studies suggest an etiological role for poorly controlled GDM itself in increasing the risk of later T2D development, regardless of baseline glycemia at diagnosis [15]. Additionally, some ethnicities demonstrate a higher prevalence of T2D development after GDM than others, with the incidence of T2D development within 16 years of a GDM pregnancy ranging from 17-63% [16, 17]. Meta-analysis of 20 studies found the cumulative incidence of T2D in women with previous GDM to be 16.5% in women of mixed ethnicity, 15.6% in a predominantly non-white, and 9.9% in a white population [14]. It is not entirely clear why Caucasian women have the lowest risk of T2D after GDM but a higher chance of developing metabolic syndrome compared to Asian women; this may perhaps relate to Caucasian women being more likely to have increased abdominal obesity and higher BMI compared to matched Asian counterparts [18]. In particular, South Asian women exhibit greater insulin resistance (and therefore T2D risk) despite having comparable blood glucose levels post-GDM [19]. After a GDM pregnancy, women also show a substantial risk of pre-diabetes, with one multi-ethnic Asian study reporting that 43.4% had developed dysglycemia at 4-6 years post-delivery [20].

[bookmark: _Hlk193023803][bookmark: _Hlk193024204][bookmark: _Hlk188218343]Offspring born to women who had GDM are also at long-term risk of obesity, T2D, and cardiometabolic ill-heath. A study found that approximately 20% of offspring exposed to GDM in utero developed prediabetes or diabetes by age 22 years [21], with a doubling in the risk of being overweight and quadrupling in the risk of developing metabolic syndrome [22]. This represents a vicious intergenerational cycle of GDM and T2D (Figure 1). The metabolically-dysregulated in utero environment can alter fetal growth and metabolism, manifesting as various phenotypes including large for gestational age (LGA), small for gestational age (SGA), and neonatal hypoglycemia [23]. Across ten countries, the Hyperglycemia and Adverse Pregnancy Outcomes (HAPO) study concluded that exposure to higher maternal glucose levels is significantly associated with childhood glycemia and insulin resistance independent of other risk factors such as BMI and family history [24]. Further, children exposed to GDM are 29% more likely to develop early-onset cardiovascular conditions like cardiac failure [25] and have increased risks of wheeze/asthma, high refractive error, attention deficit hyperactivity and psychiatric disorders [26]. Genetics and epigenetics play crucial roles in potential development of T2D after GDM by influencing insulin regulation, pancreatic β-cell function and glucose metabolism. Genetic variations can predispose individuals to T2D. Epigenetic modifications shaped by environmental factors such as in utero exposure to hyperglycemia and diet, can further modulate gene expression and increase disease susceptibility across generations [27]. Significant attempts have been made recently to understand the genetic and epigenetic links between GDM and later T2D and metabolic syndrome risks, but it is unclear how these insights might inform improvements in GDM management during and after pregnancy, and in the offspring. Here, by integrating existing genetics and DNA methylation (See Glossary) studies, we aim to deepen understanding of the link between GDM and T2D, enabling the development of new intervention strategies.

[bookmark: _Hlk193013663]Shared mechanisms predisposing to GDM and T2D
Both GDM and T2D pathophysiology involve insulin resistance and β-cell dysfunction caused by genetic and environmental factors. However, the mechanistic pathways leading to GDM and T2D differ in several respects. In T2D, on top of genetic predisposition, insulin resistance develops over time through factors such as obesity, poor diet, and physical inactivity, while in GDM maternal β-cell dysfunction emerges over a very short period and insulin resistance is strongly influenced by the time-limited exposure to hormonal changes and bioactive factors released by the placenta during the few months of pregnancy. Consequently, glucose intolerance typically resolves after childbirth, as the metabolic challenges requiring increased insulin secretion are no longer present. However, the epidemiology of GDM suggests subtle lasting effects on physiological functioning may remain in the women, predisposing them to T2D development. Whilst both overlapping and distinct sets of genes associated with GDM and T2D are to be expected [28], it is unclear to what extent genetics (pre-disease fixed risk factor) is responsible for the development of T2D after GDM as opposed to modifiable factors, with some women with GDM never progressing to T2D while others experience an early T2D onset.


GDM-associated genetic loci across ethnic groups
Over 700 T2D risk loci have been identified through multi-ancestry GWAS approaches [29]. A multi-ancestry meta-analysis of GDM identified five loci (MTNR1B, TCF7L2, CDKAL1, CDKN2A-CDKN2B, HKDC1) that reached genome-wide significance; notably, four of these are also significantly associated with T2D, while the HKDC1 locus was unique to GDM [30]. Until recently, studies seeking genes specifically associated with GDM, and those shared between GDM and T2D have been limited (Figure 1). The largest GWAS of GDM compared 12,332 women with GDM to 131,109 parous female controls from the FinnGen biobank [28]. Thirteen GDM-associated loci were identified, nine of which had not been previously linked to GDM. While generalizability is limited by the homogenous Finnish population, these results suggest that the genetics of GDM risk falls into two groups: 1) conventional T2D polygenic risk or 2) pregnancy-specific GDM risk [28]. Notably, both studies identified the gene MTNR1B (Box 2). Overall, studies seeking common pathophysiological mechanisms between GDM and T2D based on shared genetic variants have revealed dysfunctions in β-cell and hepatic lipid metabolism as likely pathways [31]. Further studies are needed to confirm a causal role for these genes; if so, they could be targeted for effective intervention. 

Potential underlying mechanisms of GDM have been investigated in genome-wide association studies (GWAS), generally postulating a shared genetic predisposition for GDM and T2D, impacting common pathophysiological pathways, including increased insulin resistance and β-cell insufficiency [28, 32-35]. While some genetic loci  like TCF7L2 and MTNR1B are consistently associated with GDM risk across multiple populations, others, such as KCNQ1, have stronger associations in specific ethnic groups, particularly Asian populations [28, 30, 36]. In the largest GWAS of GDM susceptibility in 3,317 Chinese women with GDM compared against 19,565 pregnant controls, four loci reached genome-wide significance, notably rs10830963 in MTNR1B, rs7766070 in CDKAL1, rs13266634 in SLC30A8, and rs1597916 in CPO [37]. MTNR1B, CDKAL1, and SLC30A8 have roles in β-cell function and insulin secretion, while the specific role of CPO in GDM pathogenesis remains unclear.

[bookmark: _Hlk193015608][bookmark: _Hlk193015620]A smaller Chinese population study of 321 GDM cases and 316 controls also found significant associations in the CDKAL1 gene, albeit at different SNP variants, rs9295478 and rs6935599 [38]. While single ancestry studies can reduce genetic heterogeneity and confounding factors, they may be limited by sample size, lowering statistical power and increasing false positives, hence the need for multi-population studies. One meta-analysis of five GWAS studies from China, Malaysia, India, Korea, and Denmark also found two single nucleotide polymorphisms (SNPs), rs7756992 and rs7754840, in the CDKAL1 gene, to be associated with a higher risk of GDM across multiple populations [39]. One potential reason for the differences in genes and variants found to be associated with GDM could be due to the heterogeneity of GDM itself and of varied diagnostic criteria across different populations. However, it was also noted that rs9295478 is in linkage disequilibrium with rs7756992, suggesting some degree of consistency between these two studies, increasing the confidence that these SNPs in the CDKAL1 gene contribute to GDM pathophysiology. There is known ancestry-correlated heterogeneity in the CDKAL1 gene [30], which further emphasizes the need for GWAS in different populations. 
[bookmark: _Hlk193023126]Whilst GWAS have identified numerous SNPs associated with GDM, the next step would be to apply statistical fine-mapping, which narrows likely casual variants [40]. A recent GWAS on the Finnish population identified 14 fine-mapped signals, including a signal at the CDKAL1 gene [28]. By doing multi-ancestry meta-analysis followed by fine-mapping, genome-wide significance was reported at rs9663238 (HKDC1). It should be noted that due to the transient nature of GDM (resolves after pregnancy) and difficulties assembling data from different cohorts (different diagnostic criteria), there is limited GWAS on GDM. To maximize the utility of GWAS data, trans-ethnic fine-mapping methods should be considered to integrate data from multiple populations to identify shared and population-specific variants. 

Epigenetic alterations in GDM: insights from maternal and offspring samples
[bookmark: _Hlk188143921]In addition to genetics, epigenetic processes, such as DNA methylation, are widely postulated to contribute to the progression of GDM to T2D (Box 3). DNA methylation and demethylation processes peak and are dynamically altered during development; continued methylation alterations occur throughout life to facilitate adaptation to new environments [41]. While genetics fundamentally determine disease susceptibility, DNA methylation allows environmental factors to modulate gene expression. 
[bookmark: _Hlk193022415]


Maternal inheritance and intrauterine environmental exposure synergistically contribute to the offspring’s methylome
The human epigenome is largely reset during embryonic development, albeit with some retention of epigenetic memory and intergenerational epigenetic inheritance [42]. Maternal and offspring samples exhibit distinct DNA methylation signatures, suggesting that the intrauterine environment can induce DNA methylation changes in the offspring, notwithstanding the additional influence of paternal methylation patterns.  Highly similar maternal blood methylation profiles were found across GDM, obesity, and control groups, whereas corresponding fetal blood methylation profiles were very different, suggesting that intrauterine exposures are a stronger determinant of the offspring’s methylome than direct maternal inheritance [43]. Moreover, using maternal blood and fetal umbilical cord tissue, another study found that maternal methylation and GDM status may synergistically contribute to shape the offspring’s methylome [44]. Whether such GDM-related DNA methylation marks in the offspring can be passed on to the next generation and eventually contribute to explaining the intergenerational cycle of diabetes-begetting-diabetes, is unclear. While studies have observed the persistence of DNA methylation changes induced by the in utero or early ex utero environment into later life, it is not clear whether this causes the next generation to develop diabetes [45, 46]. 

[bookmark: _Hlk193040744]Persistence of differential DNA methylation marks and epigenetic memory
Differential DNA methylation marks may be persistent and reflect disease-associated marks. A study in mothers with GDM, compared with non-GDM mothers, found differential DNA methylation marks that were consistent across two time points, suggesting the persistence of disease-related marks [47]. Additionally, in offspring of GDM pregnancies, specific persistent loci have been identified, which have been found to be predictive of future cardiometabolic outcomes; some of these may be GDM-induced in utero (Box 3). Gen3G cohort has associated (fetal) cord blood DNA methylation at specific CpG sites with children’s BMI at three years old [48]. Similarly, the EarlyBird cohort showed that temporally stable blood DNA methylation at specific CpG loci measured across ages 5-14 years may have utility in predicting cardiometabolic disease risk [49]. More longitudinal cohort studies will be needed to demonstrate whether these are persistent through to later life to explain development of cardiometabolic disease and whether they could be passed on to the next generation, perpetuating intergenerational disease cycles. 

The occurrence of a periconception genome-wide erase presents an opportunity to break the intergenerational cycle of diabetes at the time of conception, and more research in this area is required to exploit this physiological event. We need to understand how some epigenetic memory may still reshape how disease-associated epigenetic changes may be reinstated and transmitted following periconceptional genome-wide erase [50]. This may involve both protective and exacerbating methylation changes, allowing for both increases and decreases in the possibility of disease transmission across generations [51]. 


Other epigenetic mechanisms 
Besides DNA methylation, other epigenetic mechanisms, such as histone modification, alterations in non-coding RNAs (ncRNAs) and topologically associating domains (TADs), that are known to be influenced by environmental factors, can also affect gene expression. Preliminary studies have investigated these other mechanisms in the context of GDM [52, 53], but they remain less explored than DNA methylation. Notably, there is a lack of studies that have integrated different types of epigenetic mechanisms to investigate how they synergistically contribute to disease progression. Further studies are needed to investigate their collective effects. 

Actionable points to improve outcomes in mothers and offspring
GDM subtypes for precision medicine
There are various proposals to classify GDM into different subtypes based on different criteria (Box 1) but our understanding of the clinical implications of these subclassifications remain poor and is a subject of much research. Presently, women with GDM generally receive standard diet and lifestyle advice as first-line treatment followed by the addition of insulin or metformin if glycemic control is still suboptimal, without considering the predominant underlying mechanisms at play in individual women [54] and whether different GDM interventions could have different impacts on the offspring. This has been a limitation of existing studies assessing the impact of GDM interventions. For example, a meta-analysis that explored the effects of different GDM-diet interventions on fetal growth found no significant difference [55]; one possible explanation could be the lack of differentiation between the different GDM subtypes that may respond differently to the same intervention, neutralizing effects in combined analyses. GDM sub-classification based on clinical phenotypes may possibly help develop more precise, customized and effective intervention strategies while reducing side effects. Two ongoing clinical trials are investigating the efficacy of different diets [NCT04187521] or drug treatments [NCT03029702] based on GDM subtypes. In addition to GDM subtypes, subclassification of pregnant women based on their genetic and epigenetic information may help to further stratify women into groups that are more sensitive to certain interventions. The NiPPeR randomized controlled trial (RCT) of a specific combined formulation of nutritional supplementation (myo-inositol, probiotics, additional micronutrients) starting preconception and taken through pregnancy to promote euglycemia found no difference in gestational glycemia and GDM incidence compared to a standard prenatal supplement [56]. This may suggest a need for population stratification based on pre-existing factors including genetics, as well as the need to consider subclassification of outcomes such as GDM to uncover efficacious interventions. Indeed, some ethnic variation in the glycemic response to the myo-inositol component of the NiPPeR intervention was evident [57].

PRS and differential methylation signatures for disease risk prediction 
Identifying genes and variants specific to GDM development may help develop predictive models that facilitate GDM diagnosis earlier than the current 24-28 gestational week timeframe. Early screening and diagnosis have been associated with improved neonatal outcomes [12]. Several groups have already published polygenic risk scores (PRS) for GDM, selecting SNPs to be associated with GDM, T2D, and glycemic traits in single populations with varying levels of success [58-60]. With the emergence of large-scale databases, such as the UK Biobank and FinnGen, novel genes and SNPs are being identified with genome-wide significance in specific populations. Post-GDM-pregnancy, PRS can also help predict the risk of developing T2D. Indeed, incorporating T2D PRS into risk prediction models has improved the predictive ability for later T2D development amongst women with a history of GDM [61]. Further improvements in prediction can consider integrating multi-ancestry GWAS data with epigenomics. Such an approach would additionally provide deeper insights into mechanistic pathways of disease development and progression that could guide intervention approaches. 

[bookmark: _Hlk193034143]Differential DNA methylation has been a major area of epigenomics that has been investigated in relation to GDM and T2D. Similar to PRS, methylation risk score (MRS) may provide a platform for predicting disease risk. Blood-based DNA methylation information can significantly improve the prediction for T2D over the use of standard classical risk factors alone [62]. T2D and GDM share similar MRS [63], suggesting that GDM and T2D share common epigenetic marks that can be used for disease prediction. Another study found that DNA methylation-based epigenetic ageing predicted mortality risk in patients with T2D [64], suggesting that the utility of DNA-methylation assessment may extend also to disease prognostication. Although no one has (yet) combined PRS and MRS to predict GDM or T2D, a study on BMI prediction showed that combining PRS and MRS can explain more cardiometabolic variables and achieve better prediction results [65]. A future direction could be to leverage a large cohort dataset (such as FinnGen, UK Biobank) to evaluate the performance of combined PRS and MRS model in GDM and T2D risk prediction. If improved prediction can be achieved, this combined model should be researched further as it may have greater clinical utility than traditional single mode prediction approaches.

Putative actionable targets based on genetics and DNA methylation
Although women with GDM have a higher risk of developing T2D in the future, good glycemic control during pregnancy could reduce this risk [66] and may additionally reduce the adverse glycemia-induced programming effects in the offspring. Researchers can now begin to develop targeted intervention strategies preconception and in pregnancy based on genetic information of loci associated with an increased risk of GDM and T2D. A study found that women carrying the TCF7L2 rs7903146 T-allele who were on a Mediterranean diet (MedDiet) have a significantly lower risk of developing GDM compared to those carrying CC alleles [67]. Similarly, two further independent studies (on T2D) also found the effectiveness of particular dietary intervention in carriers of the TCF7L2 rs7903146 CC alleles compared with those carrying any T-alleles [68, 69]. In relation to the MTNR1B gene, a study found that physical activity was more effective than diet intervention in reducing insulin resistance in women with homozygous G alleles at rs10830962 in MTNR1B [70]. These studies demonstrate that personalized treatment based on certain genotypes might achieve better clinical outcomes.

More general genetic information can also be used to evaluate the effectiveness of intervention strategies. A study of an East Asian cohort showed that those with a high PRS for T2D tended to have lower baseline pancreatic β-cell function, which also declined more rapidly during follow-up. Although a healthy lifestyle was effective in preserving β-cell function in all genetic risk groups (study on T2D) [71], resources might be more cost-effectively targeted on those with a high genetic risk. Accordingly, a Finnish study showed that lifestyle interventions could effectively reduce the incidence of GDM and postpartum diabetes only amongst those with the highest genetic risk [72, 73].

Epigenetic changes from intervention in pregnancy
[bookmark: _Hlk193039470]From the perspective of epigenetics, the human epigenome is continually reshaped by the environment [74], although the greatest reshaping occurs periconception, in utero, and early life. A healthy lifestyle, including adequate exercise and a good diet, can change the methylation pattern of certain genes [75], which may help suppress, delay or reverse the adverse effects caused by GDM, both in the mother and in the offspring, thereby reducing T2D risk. For example, a study in non-pregnant adults that focused on the effects of a six-month exercise regimen on the human epigenome found that exercise changed the DNA methylation and transcript expression in a group of genes in adipose tissues, such as TCF7L2 and KCNQ1 [76]. Interestingly, maternal exercise during pregnancy could also programme and enhance insulin-stimulated glycogen synthesis in the offspring’s umbilical cord-derived mesenchymal stromal cells and during their early differentiation into myocytes [77]. In the UK Pregnancy Better Eating and Activity Trial (UPBEAT) RCT of a complex lifestyle intervention (low glycemic index diet, reduced saturated fat intake, and increased physical activity) in pregnant women with obesity, intervention lowered gestational weight gain and reduced infant adiposity at age 6 months; intervention attenuated the  DNA methylation changes in the infant cord blood associated with maternal dysglycemia, demonstrating that the epigenetic impact of a dysglycemic prenatal maternal environment can be modified by maternal lifestyle intervention in pregnancy [78]. Future studies should follow-up to track long term effects of these lifestyle interventions, associating the epigenetic changes with health outcomes. 

These studies highlight the potential to use lifestyle changes to target the alteration of DNA methylation in the prevention and treatment of various metabolic diseases, highlighting the need to study interactions between environmental factors and DNA methylation. Future studies are also needed to explore detailed mechanisms of how environmental factors, such as diet and physical activity, change the human epigenome, thus playing a positive role in disease prevention.

[bookmark: _Hlk193013905]Concluding Remarks and Future Perspectives 
Genetic and epigenetic research is making progress in uncovering the molecular architecture of GDM predisposition and progression toward T2D. The integration of GWAS and EWAS data, potentially together with multi-omic datasets can help us better understand and predict the progression of GDM to T2D and the intergenerational cycle of T2D, ultimately providing insights that can be exploited to break this cycle. However, our overall understanding remains limited due to the general lack of longitudinal studies and longer-term follow-up with molecular studies, as well as relevant animal and cellular models that are representative of GDM or T2D. The transient nature of GDM and lower lifetime prevalence (compared to T2D) makes it a challenge to assemble larger multi-ethnic cohorts with multiple GDM-subtypes. Clinically, more studies will be needed on GDM subtypes, especially from the genetics and epigenetics points of view, in order to use this information for precision medicine (Figure 2). There is an urgent need to fill knowledge gaps at the population, cellular and molecular levels in the field of GDM, and to characterize the mechanisms underlying their progress into later T2D in mothers and future cardiometabolic disease in the offspring (see Outstanding Questions). Key overlapping genes between GDM and T2D need to be identified and studied, to better understand their role in causation and in this intergenerational disease cycle. Additionally, more careful interpretation and molecular follow-up studies on DNA methylation and other epigenetic modifications will be needed to address discrepancies and make these insights useful in guiding clinical interventions. As a relatively new field, SNPs with protective effects may also be studied in the future. 
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GLOSSARY 
DNA methylation: A process of adding a methyl group to DNA, including 5mC, 4mC, and 6mA at CpG sites and non-CpG sites, amongst which 5mC at CpG sites is the most well-studied.
Gen3G cohort: A prospective mother-child cohort study in Canada, abbreviated for Genetics of Glucose regulation in Gestation and Growth.
Methylation risk score (MRS): An estimate of a person’s risk of having diseases or traits based on DNA methylation information on pre-selected CpG sites.
Parous: Having produced one or more offspring.
Polygenic risk score (PRS): An estimate of a person’s genetic risk of having diseases or traits based on pre-selected genetic variants.
Single nucleotide polymorphism (SNP): Genetic diversity present in a certain population caused by a single nucleotide substitution in the DNA sequence.






TEXT BOXES
[bookmark: _Hlk193047183][bookmark: _Hlk193034219]Box 1: GDM subtypes for precision medicine
[bookmark: _Hlk193047306][bookmark: _Hlk193047164][bookmark: _Hlk193047271]GDM can be classified into four subtypes: GDM with 1) insulin secretion defects (GDM-secretion), 2) insulin sensitivity defects (GDM-sensitivity), 3) insulin secretion and sensitivity defects (GDM-mix), and 4) neither insulin secretion nor sensitivity defects (GDM-neither). These subtypes have also been linked to T2D genetics, where patients with GDM-mix and GDM-secretion carry increased T2D-associated genetic variant burden [10]. However, the association between different GDM subtypes with the mother’s future risk of developing T2D is inconsistent across different studies. No differences across different GDM subtypes were found in a North American population, while women with GDM-mixed were reported to have the highest risk of developing T2D amongst a Mexican population [79, 80]. Regarding adverse pregnancy outcomes, although results vary, studies have found that GDM-sensitivity and GDM-mix have a generally higher risk compared with non-GDM cases or GDM-secretion (Supplementary Table 2) [54, 79, 81-86]. However, GDM subtypes have been differentially associated with neonatal and childhood outcomes [85]. GDM with insulin resistance seem to display more adverse outcomes in the offspring, such as macrosomia, SGA, and childhood obesity, possibly because insulin resistance is often associated with increased inflammation [87], which may affect placental function and fetal development. To understand genetic underpinnings of GDM, Powe et al. identified GDM-associated clusters using PRS [31]. Recently, another study found that signals at rs1260326 (GCKR) and rs10830963 (MTNR1B) showed genome-wide significance in overall GDM and GDM-sensitivity group compared to normal glucose tolerance (NGT) group; while for GDM-secretion group, only rs1260326 (GCKR) showed a trend [88].

GDM can also be classified based on hyperglycemia patterns: GDM with 1) isolated fasting hyperglycemia (GDM-IFH), 2) isolated post-load hyperglycemia (GDM-IPH), and 3) fasting and post-load hyperglycemia (GDM-CH) [89, 90]. Compared with non-GDM controls or GDM-IPH, the subtypes GDM-IFH and GDM-CH have higher HOMA-IR and lower HOMA-B, and are associated with earlier development of post-delivery adverse metabolic outcomes in mother [89, 90]. Interestingly, GDM-sensitivity usually exhibits fasting hyperglycemia, while GDM-secretion exhibits post-load hyperglycemia [79, 80, 83], suggesting a degree of alignment between the two subclassification systems. Besides these two classification systems, GDM can also be divided into GDMA1 (diet controlled) and GDMA2 (drug treatment) according to whether drug treatment is needed [91], and divided into early onset (E-GDM) and late onset (L-GDM) according to the time of diagnosis [92]. However, it remains to be determined which of these subclassifications provides more clinically useful information for precision medicine and customization of GDM management for improved outcomes, if indeed it does. 




[bookmark: _Hlk188217858]Box 2: Insights into the role of MTNR1B in GDM and T2D risk 
Most commonly, studies have found genetic loci associated with fasting glucose and other glycemic traits in pregnancy and GDM, among pre-selected variants on the basis of their association with T2D [59]. MTNR1B gene variants have consistently been associated with both GDM and T2D throughout the years across many populations. MTNR1B encodes melatonin receptor 1B, a G protein-coupled receptor that binds to melatonin, a critical circadian hormone contributing to circadian regulation and glucose homeostasis [93]. Substantial efforts have been made to uncover the full diversity of mechanisms through which the MTNR1B gene and melatonin contribute to glucose metabolism and ultimately increase the risk of T2D [93]. Melatonin levels increase in pregnancy, suggesting why changes in the signal transduction of this hormone, mediated by MTNR1B variants, may alter glucose metabolism antenatally and contribute to GDM development. MTNR1B variants are associated with the response to oral glucose tolerance tests and insulin secretion during pregnancy, but it is unclear how these variants lead to GDM development. One study found that the rs10830963 G allele is associated with disturbed circadian phenotype and elevated melatonin secretion, which increases the risk of impaired glucose tolerance and T2D in non-pregnant individuals [93]. The same variant was linked to the overexpression of MTNR1B in human islet cells in T2D [94]. Several studies have suggested that the ethnic diversity in MTNR1B variants is consistent with the “thrifty gene” hypothesis, where evolutionary pressures promoted the survival of the rs10830963 G allele, which may have helped human ancestors to adapt to long nights, food shortages and nocturnal hypoglycemia [93]. However, with the availability of food and higher energy intake today, this variant may no longer be beneficial but instead confers susceptibility to T2D. MTNR1B variants are strongly associated with GDM and T2D; however, how they are specifically implicated in GDM pregnancies or whether they could be responsible for later T2D progression remains unclear. 















Box 3: Differentially methylated genes may be involved in GDM and T2D development in the offspring 
KCNQ1 encodes for a voltage-gated potassium channel that regulates insulin secretion and is involved in β-cell function [95, 96]. Genomic variants of KCNQ1 have been associated with GDM in the mother; moreover, methylation of this gene is commonly altered in GDM offspring samples [48, 97-99]. As such, a high-risk KCNQ1 variant inherited from the mother, coupled with differential DNA methylation of the gene induced by in utero hyperglycemia, may predispose the offspring to later life T2D. 

Other commonly identified genes include PTPRN2 and PRDM16 (Supplementary Table 1). PTPRN2 encodes a protein localized in insulin secretory granules, is a major islet autoantigen in type 1 diabetes (T1D), and may play roles in glucose-stimulated insulin secretion and regulating pancreatic β-cell growth and function [100-103]. Differential PTPRN2 methylation could lead to differential expression, contributing to T2D development. PRDM16 is a transcription factor involved in the transformation between different types of adipocytes and thermogenesis [104], proposed as a potential therapeutic target in diabetes [104]. With >1000 diverse differentially-methylated CpG sites identified around the PTPRN2 and PRDM16 loci and no consistency across studies, the mechanism(s) by which differential methylation patterns could alter gene expression and contribute to GDM and T2D in mothers and offspring remain unclear.  

A fixed-effects meta-analysis of eight large cohorts found two CpG sites in TXNIP to be hypomethylated in neonatal blood following GDM exposure [105]. High TXNIP (a protein that can bind and inhibit thioredoxin) expression induces β-cell apoptosis, while low expression promotes cell survival [106]. If the two hypomethylated CpG sites can promote TXNIP expression, it may explain how GDM could accelerate β-cell destruction and increase T2D risk. 

While evidence for the persistence of DNA methylation in the mother beyond the GDM pregnancy and in the neonate from birth to later life is sparse, separate studies have reported KCNQ1, PTPRN2, and TXNIP as differentially-methylated in T2D [107-110], suggesting their involvement in GDM and in the intergenerational disease cycle leading to T2D. Databases such as The EWAS Open Platform [111] and The EWAS Catalog [112] provide easy retrieval of disease-related CpG sites, supporting the study of epigenetics in diseases such as GDM and T2D. Further studies need to elucidate the specific molecular mechanisms involved in how differential methylation of genes could lead to these conditions.





[bookmark: _Hlk193040246][bookmark: _Hlk193050346]Box 4: Challenges for current epigenome-wide association studies (EWAS)
[bookmark: _Hlk193047564]Many studies now leverage DNA methylation technologies to investigate the longer-term and intergenerational impacts of GDM (Supplementary Table 1), albeit with notable limitations. EPIC array and RRBS are often chosen for EWAS based on cost and reliability but have limited coverage (3-10% of human genome) [113, 114]. Peripheral blood samples from the mother, umbilical cord blood (UCB), cord tissue and placenta are most commonly analyzed, with a few studies using more homogeneous samples of HUVECs and HUAECs to improve the detection of disease-induced differences. Recently, saliva samples from the offspring were used [115]. However, a major limitation remains – the potential epigenetic variation within individual tissues of mothers and offspring is technically challenging to delineate without direct biopsy of these tissues.

[bookmark: _Hlk193046480]The field of DNA methylation also faces some challenges. First, there are limited cell types that can be accessed, and the choice of surrogate tissue influences neonatal EWAS findings [116]. Second, clinical covariates such as ethnicity, maternal BMI, maternal age, neonatal sex, and neonatal gestational age are associated with DNA methylation in umbilical cord blood and tissue. They can confound the effects of maternal glycemia [117]. Third, limitations of present experimental platforms and data analytical methods. Sequencing depth can affect DNA methylation estimates for individual CpG sites [118]. For data analysis, different methods for data filtering, normalization, batch effect correction, cellular heterogeneity considerations and thresholds for identifying differential methylation can all lead to different results. For example, introduction of false positive results by ComBat package when correcting for batch effect [119]. Fourth, few studies have combined differential DNA methylation findings with changes in transcript expression in relevant cells to substantiate underlying mechanisms. Many CpG sites are located in intronic regions of genes, making it difficult to determine whether and how they affect gene expression [120]. Analysis methods such as Mendelian randomization also provide a good approach to link differential methylations of specific CpG sites with offspring traits using population databases. In addition, CpG sites do not act alone in gene regulation. Hence, combining genetic-based knowledge about SNPs of key genes [121] with epigenetic understanding of these and other relevant genes can help elucidate mechanisms. Finally, more longitudinal cohort studies are needed to determine the persistence of differential methylation marks and whether they truly play an etiological and pathophysiological role in disease progression. Nevertheless, these DNA methylation marks are promising biomarkers for risk prediction and prognosis in various pathologies, including GDM and T2D. 
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FIGURE LEGENDS
[bookmark: _Hlk188822844][bookmark: _Hlk188821864] Figure 1. Intergenerational impact of GDM. Key maternal risk factors include advanced gestational age, family history of T2D, and high BMI. In GDM pregnancies, maternal β-cell dysfunction leads to elevated blood glucose, resulting in a short-term high blood glucose environment. The epigenetic and metabolic changes in the fetus increase the risk of future metabolic diseases, including GDM and T2D, forming an intergenerational cycle of diabetes. In the mother, SNPs in/near key genes such as TCF7L2, MTNR1B, and KCNQ1 are associated with GDM and T2D, and differential DNA methylation in key genes such as KCNQ1 might be associated with GDM and/or T2D. Similarly, in the offspring, SNPs inherited from the mother are associated with T2D, and differential DNA methylation in key genes such as TXNIP and PTPRN2 are associated with maternal GDM might also be associated with future T2D risk. Figure was generated using BioRender.

Figure 2. GDM subtypes for precision medicine. GDM can be classified into four different subtypes based on insulin secretion and/or insulin sensitivity defects, by fine-mapping approach (using Bayesian or probabilistic models), causal SNP or differential DNA methylation marks can be obtained from GWAS and EWAS data. In silico methods, such as PRS, MRS, or PRS + MRS, can provide insights into disease risk prediction, particularly at the GDM-subtype level, driving more precise clinical application. Figure was created using BioRender. 
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