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Maternal obesity and gestational diabetes are associated with childhood obesity and increased cardiovascular risk. In this review, we will discuss and summarize extensive clinical and experimental studies that metabolically imbalanced environment exposure in early life plays a critical role in influencing later susceptibility to chronic inflammatory diseases and metabolic syndrome. The effect of maternal obesity and metabolic disorders, including gestational diabetes cause Large-for-gestational-age (LGA) children to link future development of adverse health issues such as obesity, atherosclerosis, hypertension, and non-alcoholic fatty liver disease by immune reprogramming to adverse micro-environment. This review also addresses intrauterine environment-driven myeloid reprogramming by epigenetic regulations and the epigenetic markers as an underlying mechanism. This will facilitate future investigations regarding maternal-to-fetal immune regulation and the epigenetic mechanisms of obesity and cardiovascular diseases.
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Introduction

Maternal obesity and gestational diabetes have been linked to increased risk of childhood obesity and cardiovascular disease. The prevalence of obesity in women of childbearing age has been increasing, leading to various complications that can also impact both the mothers and the fetus. According to the report by the Centers for Disease Control and Prevention in 2022, 2% to 10% of pregnant women in the United States experience gestational diabetes (1). Maternal obesity, both before and during pregnancy, contributes to complications during pregnancy, such as gestational diabetes and delivery of large-for-gestational-age babies. Additional evidence supports that the maternal environment’s developmental reprogramming influences fetal and infant development, altering the risk profile for disease later in life (Figure 1). This review highlights the study of diseases caused by maternal origin to the fetus and affects childhood.




Figure 1 | Potential mechanism linking altered placental environment and increased risk of metabolic disorders in childhood following exposure to abnormal maternal inflammation. We propose that obesity or pregnancy complications can trigger an inflammatory state within the placenta, leading to the reprogramming of myeloid cells and in the fetal cord blood. Epigenetic reprogramming could play a role in mediating the development of metabolic diseases in the offspring. PRC2, polycomb repressive complex 2; RNAPII, RNA polymerase II; SAM, S-Adenosyl methionine.







Maternal underlying conditions and the impact on fetal health conditions

Maternal obesity has known as a risk factor for cardiometabolic diseases. A study by Gaillard et al. investigated the relationship between maternal and paternal obesity and childhood health outcomes. Maternal obesity was strongly correlated with childhood total body and abdominal fat mass, as well as increased risk factors for cardiometabolic diseases. Childhood obesity and cardiometabolic disease risks were assessed during the different periods of the pregnancy. The findings indicated that higher weight gain in early pregnancy was associated with increased childhood BMI and fat mass. However, weight gain in mid-to-late pregnancy did not show the same association. It is important to note that the study did not specifically explore the mechanisms underlying the relationship between maternal obesity and childhood overweight. Therefore, the precise pathways through which maternal obesity influences childhood weight were not investigated in this study (2, 3).

A study conducted by Catalano et al. examined perinatal risk factors for childhood obesity. They found that maternal pregravid obesity, as determined by BMI, was the most influential perinatal predictor of childhood obesity, in contrast to maternal glucose homeostasis or weight gain during pregnancy. In a prospective study, women with impaired glucose tolerance or gestational diabetes, along with their children, were evaluated at birth and at age. Various data points, including obstetric information, parental anthropometry, and neonatal body composition, were collected and assessed at birth, and diet and activity were assessed at follow-up. Interestingly, in this study, there was no correlation between birth weight and the child’s weight at the follow-up period. However, there was a significant correlation between body fat percentage at birth and follow-up. This suggests that the amount of body fat a newborn possesses may have implications for their weight and body composition later in life. The strength of this study is that it was conducted in a longitudinal cohort that was prospectively studied for more than 18 years. This study highlights the importance of maternal pregravid BMI as a significant factor in fetal obesity. However, a limitation is the relatively small number of subjects (4).

Children born to obese mothers have increased risk of respiratory diseases. Maternal pre-pregnancy obesity was associated with an increased risk of frequent wheezing in children, although no significant association was found with infrequent wheezing (5). In another study conducted by Rajappan et al. focused on the relationship between maternal pre-pregnancy body mass index (BMI), weight gain during pregnancy, and the occurrence of wheezing, and respiratory symptoms in children before a year of age. The finding revealed that higher maternal BMI, regardless of maternal weight gain during pregnancy and paternal BMI, was associated with an increased risk of bronchial hyperreactivity and lower respiratory tract infections in children (6). These observations further contribute to the growing body of evidence supporting the potential impact of in-utero exposure on respiratory disease-related phenotypes in the context of maternal obesity.

During the maturation of immunologic functions in the early stages of childbirth, a number of bacterial and viral infections typically emerge. Maternal immunological disturbances have been recognized as significant contributors to the development of fetal immunity, although the underlying processes are not yet fully understood. In this respect, maturational defects in immunological processes may potentially constitute risk factors due to greater susceptibility to infectious diseases. Training using OM-85 (Microbial-derived immunomodulatory) has an effect on crucial immunoregulatory processes have been seen in both pregnant and fetal mice. These results relate to downstream T-regulatory cells, as well as both cDC (Conventional dendritic cell) and pDC (Plasmacytoid dendritic cell) populations. Consequently, these effects lead to increased resistance in mothers and offspring against the inflammatory effects triggered by allergic, viral, and bacterial stimulation (7). The results demonstrate the significance of maternal immunological status and its impact on fetal immune development. However, further research is necessary, especially human clinical studies, to have a more thorough grasp of the underlying immunomodulatory effect from mother to fetus.

Maternal nutritional status has been linked to an increased risk of future disease in offspring. In a cohort study on Chinese adults, it was found that fetal exposure to maternal famine was associated with an increased risk of adulthood MAFLD (metabolic-associated fatty liver disease), especially in women (8). Additionally, prenatal exposure to maternal famine during early gestation was associated with a higher prevalence of coronary heart disease than non-exposed offspring (9). These studies suggested that maternal nutritional status in the various stages of gestation impact on various cardio-metabolic diseases in new born babies and adulthood health conditions.

In addition to pathophysiological conditions, exposure to maternal psychological stress during pregnancy has been identified as a risk of neuropsychiatric disorders in the offspring. A nationwide follow-up cohort study revealed that gender specifically, boys born to mothers who experienced the loss of a child or a spouse during the pregnancy had a higher hazard ratio for attention-deficit hyperactivity disorder (ADHD). These findings indicate severe stress experienced by mothers during pregnancy may increase the risk of ADHD in the male offspring (10). Furthermore, in a population-based cohort study, it was found that severe stress resulting from loss of a close relative during the first trimester of pregnancy was associated with an increased risk of developing schizophrenia in the offspring. These observations lead to the conclusion that the environment may have an influence on neurodevelopment at feto-placental-maternal interface, as suggested by Khashan AS et al. (11). However, the questions regarding how maternal psychological stress influence to fetal physical health is not well understood yet.

Gestational ages and intra-uterine fetal health conditions have been identified as risk factors for various cardio-metabolic diseases in offspring. In a prospective study, a 30-year follow-up period, it was observed that a low gestational age at birth and pre-term birth was associated with elevated systolic blood pressure and insulin resistance in adulthood. Interestingly, these associations were not found to be influenced by birth weight. These findings suggest that length of gestation, rather than fetal growth, may be a major contributor to cardiovascular risk in adulthood (12). Fetal growth restriction (FGR) was associated with future health problems in offspring. According to a study by Sarah J. et al. measured lung function using spirometry in children aged 8-9 years, comparing those with intrauterine growth restriction (IUGR) based on birth weight and a control group. The findings revealed that children with IUGR had reduced lung function compared to the control group (13). A cohort study conducted over a 30-year period explored the association between various birth characteristics and the development of adult fatty liver. Preterm birth, small for gestational age (SGA), low birth weight, and low birth height were found to have significant odds ratios for adult fatty liver. These results indicate that factors determining intra-uterine conditions which reflect immaturity may serve as risk factors for adult fatty liver (14). Offspring whose parents experienced preeclampsia were found to have an increased risk of having a child with a pregnancy complicated by preeclampsia. A studies conducted by Esplin, M.S et al. and Skjaerven, R. et al. demonstrated that the female group’s offspring have higher risk than male group’s. The findings also provide evidence of both paternal and maternal involvement in predisposition to preeclampsia (15, 16). Furthermore, in a population-based cohort study, it was observed that the offspring of mothers who had experienced preterm birth were more likely to develop hypertension and diabetes during their own pregnancies compared to the control group (17). These clinical studies showed that not only gestational ages and intra-uterine conditions in fetus but also maternal obstetric complications have been associated with reproductive complications in offspring.

Many of evidences that maternal inflammation diseases were linked to adverse effects in offspring. The Helsinki Birth Cohort Study (HBCS) found a positive association between maternal BMI and subsequent health outcomes in the offspring, with the strongest association s observed for cardiovascular disease and type 2 diabetes (18). In the Early Childhood Longitudinal Study–Birth Cohort (ECLS–B), a longitudinal study, maternal obesity and overweight were linked to an increased risk of asthma in offspring by the age of 4 (19). In a prospective cohort study that followed children for over 7 years, maternal obesity determined by increased BMI (≥30.0 kg/m2) was linked to lower intellectual function in offspring compared to children born to normal range BMI. Furthermore, excessive weight gain during pregnancy was linked to a deficit in IQ in offspring. These findings indicate that maternal obesity and excessive weight gain during pregnancy are associated with lower child IQ (20). From these studies, early prevention of overweight and obesity in women of childbearing age is crucial for intellectual development in offspring. In another cohort study that followed up offspring from the earliest possible age that related to maternal autoimmune diseases were with a higher risk of overall mental disorders in offspring and particularly elevated risk for primary biliary cholangitis. The well-established studies reported that offspring of mothers diagnosed with an autoimmune disease during delivery were at increased risk of developing a wide range of neurodevelopmental disorders (eg, intellectual disability, childhood autism, and ADHD), organic disorders, obsessive-compulsive disorder, schizophrenia, and mood disorders (21). A Danish Birth Cohort Study, which followed up offspring until specific outcomes, found that offspring born to mothers with any diabetes diagnosis during pregnancy were more likely to develop overall psychiatric disorder in offspring compared to unexposed offspring (22). Maternal pregestational diabetes, including type 1 and type 2 diabetes, as well as gestational diabetes were associated with an increased likelihood of developing cardiovascular disease early in life, spanning from childhood to early adulthood (23). Maternal infection during pregnancy has been found to impact negative health outcomes in offspring. In a population-based prospective cohort study, it was observed that offspring whose mother was infected with C. trachomatis during pregnancy were more likely to experience wheezing until the age of 10 years and asthma (24). Furthermore, in a retrospective cohort study conducted by Getahun, D. et al., it was found that fetal exposure to chorioamnionitis, an inflammation of the maternal-fetal interface, combined with preterm delivery, was associated with an increased risk of childhood asthma (25). The offspring exposed to maternal inflammatory health conditions impact on their intellectual growth and cardiovascular health. However, those various large clinical studies are lack of in-depth biological, genetic and molecular mechanisms.





Maternal obesity and immune cell reprogramming

Children born to obese mothers have a higher risk of experiencing dysregulation in both innate and acquired immunity and an alteration of immune profiling. Umbilical cord blood (UCB) obtained from babies born to overweight and obese mothers showed lower white blood cell counts, primarily attributed to reduced eosinophil counts and a slight reduction in basophil counts compared to babies born to lean mothers. Additionally, UCB from babies born to obese mothers exhibited reduced numbers of total and naïve CD4 T-cells (26). In a study aiming at cord blood stem cell transplantation, UCB obtained from mothers who were obese displayed increased numbers of various lymphocyte subsets, including CD3+, CD4+, CD8+, NKT, and CD8+CD25+Foxp3+ regulatory T (Treg) cells. However, the number of CD24+ cells that are associated with inflammation induced by obesity in adipose tissue was decreased in comparison to the normal-weight group (27). These results emphasize that maternal obesity can influence the immune profiles of newborns, leading to alterations in different immune cell populations that lead to inflammatory conditions.

The link between obesity-induced inflammation and the observed immune changes highlights the importance of understanding the impact of maternal obesity on immune development in offspring. Cifuentes-Zúñigae et al. analyzed monocytes isolated from cord blood from newborns of obese and lean mothers to identify changes in inflammatory and anti-inflammatory cytokines in macrophages. The basal mRNA expression of pro-inflammatory cytokines such as IL-1β and IL-12B and anti-inflammatory cytokine IL-10 were downregulated in the monocytes of children born to obese mothers, while mRNA levels for TNFα in macrophages from children of obese mothers were upregulated compared to non-obese mothers. Furthermore, in response to M2 stimulation, macrophages from obese mothers exhibited further suppression of the expression of the anti-inflammatory mediator IL-10. These changes in IL-1β and IL-10 in monocytes from obese mothers were associated with alterations in DNA methylation patterns in the promoter regions of fetal monocytes. These alterations have long-term implications for the systemic inflammatory balance and are implicated in the development of chronic diseases such as obesity and type 2 diabetes. Moreover, the observed changes in DNA methylation of key inflammatory genes in neonatal monocytes indicate potential in-utero programming of immune function induced by maternal obesity (28).

A recent meta-analysis was carried out in the Pregnancy and Childhood Epigenetics (PACE) academy to look into the relationship between methylation of DNA and maternal Gestational Diabetes Mellitus (GDM) in cord blood. The finding reveals that lower levels of methylation in two specific regions of cord blood DNA. The OR2L13 gene promoter, which has been connected to autism spectrum disorders is the first area. The second region is the gene body of the CYP2E1, a gene known to be elevated in diabetes of both type 1 and type 2 (29). According to these data, epigenetic pathways may influence the association between the maternal GDM of autistic spectrum disorders and diabetes-related diseases in offspring.





Experimental models of the maternal-to-fetal remodeling

Experimental models of maternal-to-fetal metabolic reprogramming have limitations in reproducing the conditions that are generated in pregnant women transcend to offspring. Because the experiment should be designed from one generation to the next generation. For this reason, there is a lack of in vitro and in vivo models that mimic human models. The diet challenge model conducted in rodents has provided evidence that early exposure to maternal obesity can result in physiological changes and increase the susceptibility of offspring to obesity, hypercholesterolemia, and hypertension (30). Furthermore, experiments using mice fed a high-fat, high-glucose diet, which mimics an obesity-inducing diet that falls within the range of a typical human diet, have demonstrated that exposure to the effects of maternal obesity during developing leads to obesity, as well as cardiovascular and metabolic dysfunction in offspring (31). In a non-human primate model, researchers investigated the effect of maternal consumption of a high-fat/high-calorie diet during pregnancy and the early postnatal period. Offspring born to mothers on the high-fat diet exhibited endothelial dysfunction, characterized by increased expression of vascular inflammatory factors, including VEGF, TNF-α, and ICAM-1. Additionally, their expression levels of several markers associated with fibrinolysis, such as PAI-1 and t-PA, were altered compared to offspring born to mothers on the control diet. Moreover, the offspring from the high-fat diet group displayed thickened intima-media walls and abnormal vessel morphology. These findings suggest that maternal exposure to a high-fat diet may lead to impaired endothelial function in their offspring (32). The study observed that maternal chronic photoperiod shifting (CPS) disrupted amounts of melatonin by Natalia Mendez et al.; it had long-lasting consequences on cardiovascular health and metabolic of adult male offspring in rats. This suggests that alterations in melatonin levels may be crucial in the prenatal programming of chronic diseases associated with gestational chronodisruption. The administration of melatonin medication to mothers could counteract or prevent the alterations shown in adult offspring caused by CPS. Additionally, an inconsistent circadian melatonin rhythm during pregnancy may act as a determining reason for fetal reprogramming for adult female offspring (33). These findings highlight the significance of reprogramming of melatonin and circadian rhythm regulation in prenatal development and the potential implications for long-term health outcomes.

A study using Cohen diabetic rat model for diabetes during pregnancy performed by Sophie Petropoulos et al. demonstrated that gestational diabetes leads to modifications in the placenta’s DNA methylation. This study showed a connection between changes in DNA methylation and pregnant diabetes in genome-wide promoters as well as potential diabetes genes. Importantly, this study not only confirms that gestational diabetes mellitus (GDM) in humans and pregnancy-related diabetes in rats induce changes in the methylome of both rat offspring’s liver and placenta but also highlights that these changes affect cardiovascular and metabolic disease have comparable functional mechanisms. Furthermore, several genes were found to be shared between both species, further supporting the similarities between humans and the Cohen diabetic rat model in relation to diabetes-related alterations in DNA methylation (34).

In a rat model of a pre-eclampsia-like syndrome treated by low-dose lipopolysaccharide (LPS) during pregnancy, female offspring born to F0 mother displayed mild systolic dysfunction, increased expression of genes associated with cardiac growth, altered glucose tolerance, and coagulopathy. On the other hand, male offspring demonstrated changes in glucose tolerance and an accumulation of visceral fat. F2 offspring from F1 females born to LPS-treated F0 mothers experienced growth restriction, which was correlated with CD68 positivity, indicating the presence of macrophages, and reduced expression of glucose transporter-1 in their uteroplacental units (35). These findings suggest that maternal inflammation may serve as a risk factor for cardiovascular and metabolic disease in the offspring generation after generation. Furthermore, the impact of inflammation appears to transcend generations, as evidenced by the observed effects on F2 offspring, highlighting the potential intergenerational influence of abnormal maternal inflammation on the health outcomes of subsequent generations.





Maternal-to-fetal reprogramming of umbilical cord blood

Umbilical cord blood monocytes derived from babies born to obese mothers exhibit impaired responsiveness to Toll-like receptor 1/2 (TLR1/2) and TLR4 ligands, which are pattern recognition receptors involved in recognizing pathogens such as L. monocytogenes, M. hominis, Enterobacteriaceae, C. albicans, Cytomegalovirus (CMV), and respiratory syncytial virus (RSV). This compromised response increases the susceptibility of these newborns to neonatal infections. RNA-sequenced data obtained from UCB monocytes of infants born to obese mothers revealed reduced responses to LPS stimulation. This diminished response can be attributed to a significant decrease in the number of transcription factors that regulate genes activated by the metabolic status of monocytes (36). Furthermore, babies born to obese mothers exhibit differential regulation of gene function. Analysis of gene expression using fetal cord blood RNA extracted from obese mothers demonstrated significant activation of upstream regulators involved in inflammatory signaling. Additionally, factors related to insulin receptor signaling, lipid homeostasis, and cellular responses to oxidative stress were also found to be dysregulated (37). These findings suggest that maternal obesity has an impact on fetal gene expression during pregnancy, leading to dysregulation of inflammatory and immune signaling pathways, as well as increased oxidative stress.





In vivo model

In a mouse model conducted by Friedman et al., it was discovered that offspring born to obese mothers exhibited accelerated fibrosis in the liver. This accelerated fibrosis was accompanied by early recruitment of inflammatory macrophages and microbial heterogeneity during early life. The researchers also observed that bone marrow-derived macrophages (BMDM) played a role in polarizing the inflammatory state during early life and promoting the progression of both inflammatory and fibrotic phases in the offspring. Importantly, these effects persisted into adulthood (38). This study highlighted the detrimental consequences of maternal obesity on liver health in offspring, demonstrating an accelerated fibrotic response accompanied by early inflammatory macrophage recruitment and microbial heterogeneity.

In a germ-free mouse model, Soderbog et al. conducted a study comparing the fecal microbiota of 2-week-old pups born to obese mothers versus normal-weight mothers. The researchers discovered that the fecal microbiome of offspring born to obese mothers showed histological patterns similar to those observed in pediatric non-alcoholic fatty liver disease, due to dysbiosis. Additionally, they observed increased intestinal permeability, impaired macrophage phagocytosis, and reduced cytokine production in the offspring born to obese mothers, suggesting dysfunction in macrophage activity. Furthermore, when the offspring born to obese mothers were exposed to a Western diet, they experienced excessive weight gain and developed non-alcoholic fatty liver disease (39). These findings suggest that the combination of maternal obesity and dysbiosis in early life contributes to the development of metabolic disorders, including non-alcoholic fatty liver disease, in the offspring.

In a mouse model study conducted by Edlow et al., brain microglia and CD11b+ placental cells were isolated from fetuses born to mothers who were fed a high-fat diet to induce obesity. The researchers found a strong correlation between the production of proinflammatory cytokines and the presence of brain microglia in the offspring mice exposed to a high-fat diet. CD11b+ cells obtained from fetuses exposed to maternal obesity exhibited an excessive response to LPS and increased production of TNF-α in both the placenta and brain, as compared to the control group. These findings revealed the impact of maternal obesity on fetal brain microglia and placental macrophages. Maternal obesity was found to trigger excessive production of inflammatory cytokines by these cells in response to immunological stress (40). The study underscores the role of maternal obesity in promoting a proinflammatory environment in both the placenta and the developing brain of the offspring, which may have long-lasting implications for neurodevelopment and immune function.

Restricting calorie intake during pregnancy led to impaired intrauterine development, while calorie restriction has been shown to improve Nrf2 signaling and encourage adult mouse lifespan by reducing reactive oxygen species. The former is associated with fetal reprogramming, elevating the danger of adult diabetes, obesity, and metabolic syndrome. George I. Habeos et al. demonstrated that calories restricted by the mother increased the expression of genes involved in the integrative reaction to stress as well as the fetal liver’s antioxidant and cytoprotective enzymes. These changes are particularly significant as they may be how adult mice respond to various stimuli, including toxins, excessive nutrient intake, and food shortage (41). The identified alterations in metabolic and antioxidant/cytoprotective genes offer insights into the potential mechanisms that the impact of maternal calorie restriction throughout the long term on the offspring’s response to environmental challenges, nutrient imbalances, and limited food availability.

The presence of GDM and intrauterine growth restriction (IUGR) has been found to have an impact on the methylation patterns in offspring. These changes in DNA methylation suggest the involvement of shared genes and pathways that may be connected with a higher chance of getting type 2 diabetes in the future. Particularly, the protein C3orf31 is responsible for assembling and maintaining mitochondrial translocators, which have a known intergenic SNP between it and the VGLL4 gene of interest. Furthermore, C3orf31 is associated with insulin resistance and ACYP2, a gene linked to coronary artery disease (42). These findings suggest that the altered methylation patterns in genes such as C3orf31 and ACYP2 may be a factor in the elevated susceptibility of those with type 2 diabetes exposed to maternal GDM and IUGR. Further research in gene regions and related pathways may offer useful information about the underlying mechanisms linking maternal conditions during pregnancy with the potential occurrence of type 2 diabetes in descendants.





Epigenetic regulations of maternal-to-fetal reprogramming

The maternal metabolic environment during pregnancy has been linked to fetal epigenetic programming. In the clinical birth cohort study involving 40 mother-infant dyads, it was observed that maternal lipid metabolites, including very long chain fatty acids, medium chain acylcarnitines, and histidine, remained stable from the first trimester to delivery and exhibited significant correlations with cord blood metabolites. Moreover, these metabolites were found to be associated with fetal DNA methylation patterns, suggesting a strictly regulated relationship between maternal lipid metabolites and DNA methylation (43). Furthermore, pregnancy complications were found to be associated with developmental epigenetic aging processes in the fetus. A cohort study that harmonized data from 12 pregnancy cohorts across the United States revealed that prenatal exposure to maternal gestational diabetes and preeclampsia led to decelerated epigenetic aging at birth, particularly in female offspring, compared to unexposed neonates. These findings imply that prenatal exposure to gestational diabetes and preeclampsia delays biological maturity, especially in female offspring. Ladd-Acosta C et al. emphasized the importance of further understanding epigenetic mechanisms involved in fetal programming and the relevance of the intrauterine environment in shaping downstream health outcomes in offspring (44). In offspring from dams fed an HFD (High-fat diet), changes in DNA methylation levels have been observed in the leptin and Ppar- α (Peroxisome proliferator-activated receptor α) promoters. Specifically, the female offspring’s livers can retain the leptin promoter’s DNA methylation state from the oocytes of HFD mothers. This methylation pattern influences the regulation of leptin expression, and lower leptin expression has a connection to weight gain. The livers of female offspring of mothers given a high-fat diet produce more Ppar-mRNA and Ppar-protein, indicating that DNA methylation is crucial for offspring’s fat and overweight (45).

Epidemiological research has shown a correlation between the prevalence of gestational diabetes mellitus or pregnancy-related maternal obesity and increased risk factors for cardiometabolic disorders in offspring. Researchers have identified DNA methylation biomarkers that persist throughout the first year of life, which can distinguish between offspring born to mothers who are overweight and those born to mothers who have gestational diabetes. Notably, enrichment analysis revealed that these alterations in DNA methylation patterns are linked to genes and pathways such as CPT1B, SLC38A4, SLC35F3, and FN3K that are involved in fatty acid metabolism, mitochondrial bioenergetics, and postnatal development. 6 months of offspring’s development appear to be a crucial time for epigenetic remodeling, where these changes occur. The findings suggest that systemic intrauterine programming is associated with pregnancy-related diabetes and obesity, which influences the methylome of children after birth. Metabolic pathways are affected by these epigenetic alterations, and they may interact with the common postnatal development processes (46).

Abalo Chango et al. presented a thorough analysis of the significance of dietary elements in altering the epigenetic processes that control gene expression. The effects of maternal diet elements on histone modification, microRNAs, and DNA methylation are given special attention. The crucial stages of fetal development and the first several months after birth are highlighted as times when food components have a profound influence on metabolic programming and epigenetic processes. The authors emphasized the potential for effective maternal nutrition in adult chronic disease prevention. By comprehending how dietary components impact the operation of the epigenetic machinery and have an impact on the expression of metabolic genes, By understanding how nutritional factors affect the epigenetic mechanisms and influence metabolic gene expression, it can be possible to develop effective strategies to enhance long-term health results (47). The evidence from both epidemiological and experimental proof clearly shows that insufficient pregnant woman’s diet and maternal obesity expose developing offspring to unfavorable intrauterine cues, leading to long-term programming of organs for chronic disease throughout their lives. Both obesity and an HFD during pregnancy have been associated with reproductive issues, embryonic growth limitation, developmental problems with the brain, heart issues, and endocrine malfunction, supported by both epidemiological and experimental evidence. Moreover, the hematological system’s vulnerability to metabolic imbalance throughout development is highlighted by the relationship between pregnant woman’s diet, child health, and maternal health that involve immune offspring derived from the hematopoietic stem cell (HSC) compartment (48).

Elevated concentrations of non-esterified fatty acids (NEFA) during the maturation of oocytes in vitro or embryonic growth have been found to impact the transcriptome and epigenetic profiles of resulting blastocysts. This effect is particularly observed in females with metabolic diseases characterized by increased lipolysis. Interestingly, early cleavage embryos exhibited a higher degree of epigenetic dysregulation compared to oocytes during maturation, making them especially more susceptible to change in vitro conditions. These results imply that abnormal maternal metabolism can disrupt the normal epigenetic reprogramming of embryos, potentially having long-term consequences on growth and health in later years of adulthood (49). Individuals exposed to gestational diabetes during gestation have an increased likelihood of later life having metabolic and cardiovascular diseases. This association can be attributed, at least in part, with relation to controlling gene expression through epigenetic mechanisms. Specifically, methylation patterns at certain CpG sites associated with intrauterine exposure have been linked to reduced insulin secretory function, higher body mass index (BMI), and a higher chance of developing type 2 diabetes later. These specific methylation profiles can influence insulin secretion, contribute to weight gain, and increase susceptibility to type 2 diabetes (50).

Pregnant women with gestational diabetes mellitus (GDM) have a higher chance of having children who have metabolic diseases; this risk may be mediated by epigenetic mechanisms. To gain a comprehensive understanding of the complicated interaction between pre-pregnancy maternal BMI and GDM in both epigenetic and metabolic health of offspring, further longitudinal studies incorporating extensive clinical information and biospecimens are needed. There is a chance that changes to the methylation patterns of flowing blood cells will mean the underlying processes of diabetes-related target organ damage, and serve as useful indicators for predicting metabolic disease in the offspring of mothers with GDM (51). Pre-conception obesity has a connection to impaired sex-specific cardiometabolic health in offspring. Specifically, in female offspring, maternal obesity before pregnancy was linked to changes 876 CpG sites, while in male offspring, it was linked to changes in 293 CpG sites. Among these, 57 CpG sites, along with the top 18, were found to be associated with the TAPBP gene in female progeny. Furthermore, Males also showed variations in CpG methylation at the TAPBP gene. These findings suggest the presence of sex-specific effects that may contribute to the observed effects of maternal obesity on particular sex (52). Maternal BMI was discovered to be connected to methylation variations at 9,044 different genomic sites in infants. However, adjusting for projected cell proportions, the amount of relevant CpGs was decreased to 104, with 86 sites overlapping with the unadjusted model. In both infants and adolescents, the direction of the association remained consistent at 72 out of 86 shared locations, suggesting persistent signals overtime. Only 8 out of 86 sites showed evidence of an effect of the mother’s BMI during pregnancy on the offspring’s methylation. However, rather than a causal intrauterine mechanism, these impacts were probably impacted by lifestyle or genetic variables. In conclusion, this well-powered research showed strong relationships between variations in a mother’s obesity and newborn blood DNA methylation (53).





Conclusion

In summary, the studies in this review highlight the various spectrum of disorders related to mothers and their impacts on the offspring (Table 1). The mechanisms were related to the effect of maternal obesity and gestational diabetes on offspring through epigenetic mechanisms. The identified DNA methylation biomarkers provide insights into the underlying molecular pathways involved in fatty acid metabolism, postnatal development, and mitochondrial bioenergetics. These findings contribute to our understanding of the interplay between prenatal factors, epigenetic regulation, and the development of cardiometabolic disorders in children. Lodge-Tulloch NA et al. suggested a potential mechanism linking the acquisition of trained immunity after exposure to abnormal maternal inflammation to increased disease risk (54). A model that may better explain this reprogramming mechanism is proposed to look at immune memory in the bone marrow by analyzing bone marrow cells from HFD mouse mothers and their fetuses. Specifically, by inducing obesity in mothers in a mouse model, causing low-intensity chronic inflammation that leads to the formation of immune memory in the bone marrow, and then providing a secondary stimulus by feeding their offspring a high-fat diet after birth, we can study the epigenetic regulatory mechanisms that influence the development of obesity. Overall, this review underscores the significant impact of maternal diet on epigenetic processes and metabolic programming (Table 2). It highlights the potential of nutritional interventions during critical development periods to positively influence the epigenetic regulations of genes associated with chronic diseases in adulthood. However, the linking mechanism studies in vitro and in vivo were very limited. This comprehensive review sheds light on the intricate relationship between maternal metabolic health, early-life exposures, immune reprogramming, and the subsequent development of obesity and cardiovascular diseases in offsprings born to such mothers. The knowledge synthesized here will serve as a foundation for further research endeavors aimed at elucidating the complex mechanisms driving these associations. Gaining a deeper understanding of the epigenetic mechanisms involved in the developmental origins of obesity and cardiovascular disease will open new avenues for innovative preventive and therapeutic strategies, thus mitigating the long-term health consequences associated with maternal obesity and gestational diabetes.


Table 1 | Summarize the effects on the fetus depending on the maternal disease condition.




Table 2 | Summarize the epigenetic impact of maternal disease on the fetus.







Author contributions

YA: Conceptualization, Funding acquisition, Investigation, Resources, Supervision, Writing – original draft, Writing – review & editing. HK: Conceptualization, Investigation, Writing – review & editing. JK: Conceptualization, Writing – original draft, Writing – review & editing, Resources, Visualization. HM: Conceptualization, Writing – original draft, Writing – review & editing, Resources, Visualization. MC: Writing – original draft, Writing – review & editing, Conceptualization, Resources, Visualization.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Research Foundation (NRF) grant funded by Korea government (MSIT) (No. RS-2023-00243134).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Centers for Disease Control and Prevention. Gestational Diabetes (2022). Available at: https://www.cdc.gov/diabetes/basics/gestational.html.

2. Gaillard, R, Steegers, EAP, Franco, OH, Hofman, A, and Jaddoe, VWV. Maternal weight gain in different periods of pregnancy and childhood cardio-metabolic outcomes. Generation R Study Int J Obes (2015) 39(4):677–85. doi: 10.1038/ijo.2014.175

3. Gaillard, R, Steegers, EA, Duijts, L, Felix, JF, Hofman, A, Franco, OH, et al. Childhood cardiometabolic outcomes of maternal obesity during pregnancy: the generation R study. Hypertension (2014) 63(4):683–91. doi: 10.1161/HYPERTENSIONAHA.113.02671

4. Catalano, PM, Farrell, K, Thomas, A, Huston-Presley, L, Mencin, P, de Mouzon, SH, et al. Perinatal risk factors for childhood obesity and metabolic dysregulation. Am J Clin Nutr (2009) 90(5):1303–13. doi: 10.3945/ajcn.2008.27416

5. Rajappan, A, Pearce, A, Inskip, HM, Baird, J, Crozier, SR, Cooper, C, et al. Maternal body mass index: relation with infant respiratory symptoms and infections. Pediatr Pulmonol (2017) 52(10):1291–9. doi: 10.1002/ppul.23779

6. Guerra, S, Sartini, C, Mendez, M, Morales, E, Guxens, M, Basterrechea, M, et al. Maternal prepregnancy obesity is an independent risk factor for frequent wheezing in infants by age 14 months. Paediatr Perinat Epidemiol (2013) 27(1):100–8. doi: 10.1111/ppe.12013

7. Mincham, KT, Jones, AC, Bodinier, M, Scott, NM, Lauzon-Joset, JF, Stumbles, PA, et al. Transplacental innate immune training via maternal microbial exposure: role of xbp1-ern1 axis in dendritic cell precursor programming. Front Immunol (2020) 11:601494. doi: 10.3389/fimmu.2020.601494

8. Liu, J, Wang, G, Wu, Y, Guan, Y, Luo, Z, Zhao, G, et al. Early-life exposure to famine and risk of metabolic associated fatty liver disease in Chinese adults. Nutrients (2021) 13(11):4063. doi: 10.3390/nu13114063

9. Roseboom, TJ, JHPvd, M, Osmond, C, Barker, DJP, Ravelli, ACJ, Schroeder-Tanka, JM, et al. Coronary heart disease after prenatal exposure to the dutch famine, 1944–45. Heart (2000) 84(6):595–8. doi: 10.1136/heart.84.6.595

10. Li, J, Olsen, J, Vestergaard, M, and Obel, C. Attention-deficit/hyperactivity disorder in the offspring following prenatal maternal bereavement: A nationwide follow-up study in Denmark. Eur Child Adolesc Psychiatry (2010) 19(10):747–53. doi: 10.1007/s00787-010-0113-9

11. Khashan, AS, Abel, KM, McNamee, R, Pedersen, MG, Webb, RT, Baker, PN, et al. Higher risk of offspring schizophrenia following antenatal maternal exposure to severe adverse life events. Arch Gen Psychiatry (2008) 65(2):146–52. doi: 10.1001/archgenpsychiatry.2007.20

12. Dalziel, SR, Parag, V, Rodgers, A, and Harding, JE. Cardiovascular risk factors at age 30 following pre-term birth. Int J Epidemiol (2007) 36(4):907–15. doi: 10.1093/ije/dym067

13. Kotecha, SJ, Watkins, WJ, Heron, J, Henderson, J, Dunstan, FD, and Kotecha, S. Spirometric lung function in school-age children. Am J Respir Crit Care Med (2010) 181(9):969–74. doi: 10.1164/rccm.200906-0897OC

14. Suomela, E, Oikonen, M, Pitkanen, N, Ahola-Olli, A, Virtanen, J, Parkkola, R, et al. Childhood predictors of adult fatty liver. The cardiovascular risk in young finns study. J Hepatol (2016) 65(4):784–90. doi: 10.1016/j.jhep.2016.05.020

15. Esplin, MS, Fausett, MB, Fraser, A, Kerber, R, Mineau, G, Carrillo, J, et al. Paternal and maternal components of the predisposition to preeclampsia. New Engl J Med (2001) 344(12):867–72. doi: 10.1056/nejm200103223441201

16. Skjærven, R, Vatten, LJ, Wilcox, AJ, Rønning, T, Irgens, LM, and Lie, RT. Recurrence of pre-eclampsia across generations: exploring fetal and maternal genetic components in a population based cohort. BMJ (2005) 331(7521):877. doi: 10.1136/bmj.38555.462685.8F

17. Boivin, A, Luo, Z-C, Audibert, F, Mâsse, B, Lefebvre, F, Tessier, R, et al. Pregnancy complications among women born preterm. Can Med Assoc J (2012) 184(16):1777–84. doi: 10.1503/cmaj.120143

18. Eriksson, JG, Sandboge, S, Salonen, MK, Kajantie, E, and Osmond, C. Long-term consequences of maternal overweight in pregnancy on offspring later health: findings from the helsinki birth cohort study. Ann Med (2014) 46(6):434–8. doi: 10.3109/07853890.2014.919728

19. Polinski, KJ, Liu, J, Boghossian, NS, and McLain, AC. Maternal obesity, gestational weight gain, and asthma in offspring. Prev Chronic Dis (2017) 14:E109. doi: 10.5888/pcd14.170196

20. Huang, L, Yu, X, Keim, S, Li, L, Zhang, L, and Zhang, J. Maternal prepregnancy obesity and child neurodevelopment in the collaborative perinatal project. Int J Epidemiol (2014) 43(3):783–92. doi: 10.1093/ije/dyu030

21. He, H, Yu, Y, Liew, Z, Gissler, M, Laszlo, KD, Valdimarsdottir, UA, et al. Association of maternal autoimmune diseases with risk of mental disorders in offspring in Denmark. JAMA Netw Open (2022) 5(4):e227503. doi: 10.1001/jamanetworkopen.2022.7503

22. Nogueira Avelar, ESR, Yu, Y, Liew, Z, Vested, A, Sorensen, HT, and Li, J. Associations of maternal diabetes during pregnancy with psychiatric disorders in offspring during the first 4 decades of life in a population-based danish birth cohort. JAMA Netw Open (2021) 4(10):e2128005. doi: 10.1001/jamanetworkopen.2021.28005

23. Yu, Y, Arah, OA, Liew, Z, Cnattingius, S, Olsen, J, Sorensen, HT, et al. Maternal diabetes during pregnancy and early onset of cardiovascular disease in offspring: population based cohort study with 40 years of follow-up. BMJ (2019) 367:l6398. doi: 10.1136/bmj.l6398

24. van Meel, ER, Attanasi, M, Jaddoe, VWV, Reiss, IKM, Moll, HA, de Jongste, JC, et al. C hlamydia trachomatis during pregnancy and childhood asthma-related morbidity: A population-based prospective cohort. Eur Respir J (2020) 56(1):1901829. doi: 10.1183/13993003.01829-2019

25. Getahun, D, Strickland, D, Zeiger, RS, Fassett, MJ, Chen, W, Rhoads, GG, et al. Effect of chorioamnionitis on early childhood asthma. Arch Pediatr Adolesc Med (2010) 164(2):187–92. doi: 10.1001/archpediatrics.2009.238

26. Wilson, RM, Marshall, NE, Jeske, DR, Purnell, JQ, Thornburg, K, and Messaoudi, I. Maternal obesity alters immune cell frequencies and responses in umbilical cord blood samples. Pediatr Allergy Immunol (2015) 26(4):344–51. doi: 10.1111/pai.12387

27. Gonzalez-Espinosa, LO, Montiel-Cervantes, LA, Guerra-Marquez, A, Penaflor-Juarez, K, Reyes-Maldonado, E, and Vela-Ojeda, J. Maternal obesity associated with increase in natural killer T cells and cd8+ Regulatory T cells in cord blood units. Transfusion (2016) 56(5):1075–81. doi: 10.1111/trf.13481

28. Cifuentes-Zuniga, F, Arroyo-Jousse, V, Soto-Carrasco, G, Casanello, P, Uauy, R, Krause, BJ, et al. Il-10 expression in macrophages from neonates born from obese mothers is suppressed by il-4 and lps/infgamma. J Cell Physiol (2017) 232(12):3693–701. doi: 10.1002/jcp.25845

29. Howe, CG, Cox, B, Fore, R, Jungius, J, Kvist, T, Lent, S, et al. Maternal gestational diabetes mellitus and newborn DNA methylation: findings from the pregnancy and childhood epigenetics consortium. Diabetes Care (2020) 43(1):98–105. doi: 10.2337/dc19-0524

30. Elahi, MM, Cagampang, FR, Mukhtar, D, Anthony, FW, Ohri, SK, and Hanson, MA. Long-term maternal high-fat feeding from weaning through pregnancy and lactation predisposes offspring to hypertension, raised plasma lipids and fatty liver in mice. Br J Nutr (2009) 102(4):514–9. doi: 10.1017/S000711450820749X

31. Samuelsson, AM, Matthews, PA, Argenton, M, Christie, MR, McConnell, JM, Jansen, EH, et al. Diet-induced obesity in female mice leads to offspring hyperphagia, adiposity, hypertension, and insulin resistance: A novel murine model of developmental programming. Hypertension (2008) 51(2):383–92. doi: 10.1161/HYPERTENSIONAHA.107.101477

32. Fan, L, Lindsley, SR, Comstock, SM, Takahashi, DL, Evans, AE, He, GW, et al. Maternal high-fat diet impacts endothelial function in nonhuman primate offspring. Int J Obes (Lond) (2013) 37(2):254–62. doi: 10.1038/ijo.2012.42

33. Mendez, N, Halabi, D, Salazar-Petres, ER, Vergara, K, Corvalan, F, Richter, HG, et al. Maternal melatonin treatment rescues endocrine, inflammatory, and transcriptional deregulation in the adult rat female offspring from gestational chronodisruption. Front Neurosci (2022) 16:1039977. doi: 10.3389/fnins.2022.1039977

34. Petropoulos, S, Guillemin, C, Ergaz, Z, Dimov, S, Suderman, M, Weinstein-Fudim, L, et al. Gestational diabetes alters offspring DNA methylation profiles in human and rat: identification of key pathways involved in endocrine system disorders, insulin signaling, diabetes signaling, and ilk signaling. Endocrinology (2015) 156(6):2222–38. doi: 10.1210/en.2014-1643

35. Ushida, T, Cotechini, T, Protopapas, N, Atallah, A, Collyer, C, Toews, AJ, et al. Aberrant inflammation in rat pregnancy leads to cardiometabolic alterations in the offspring and intrauterine growth restriction in the F2 generation. J Dev Orig Health Dis (2022) 13(6):706–18. doi: 10.1017/S2040174422000265

36. Sureshchandra, S, Wilson, RM, Rais, M, Marshall, NE, Purnell, JQ, Thornburg, KL, et al. Maternal pregravid obesity remodels the DNA methylation landscape of cord blood monocytes disrupting their inflammatory program. J Immunol (2017) 199(8):2729–44. doi: 10.4049/jimmunol.1700434

37. Edlow, AG, Hui, L, Wick, HC, Fried, I, and Bianchi, DW. Assessing the fetal effects of maternal obesity via transcriptomic analysis of cord blood: A prospective case-control study. BJOG (2016) 123(2):180–9. doi: 10.1111/1471-0528.13795

38. Friedman, JE, Dobrinskikh, E, Alfonso-Garcia, A, Fast, A, Janssen, RC, Soderborg, TK, et al. Pyrroloquinoline quinone prevents developmental programming of microbial dysbiosis and macrophage polarization to attenuate liver fibrosis in offspring of obese mice. Hepatol Commun (2018) 2(3):313–28. doi: 10.1002/hep4.1139

39. Soderborg, TK, Clark, SE, Mulligan, CE, Janssen, RC, Babcock, L, Ir, D, et al. The gut microbiota in infants of obese mothers increases inflammation and susceptibility to nafld. Nat Commun (2018) 9(1):4462. doi: 10.1038/s41467-018-06929-0

40. Edlow, AG, Glass, RM, Smith, CJ, Tran, PK, James, K, and Bilbo, S. Placental macrophages: A window into fetal microglial function in maternal obesity. Int J Dev Neurosci (2019) 77:60–8. doi: 10.1016/j.ijdevneu.2018.11.004

41. Habeos, GI, Filippopoulou, F, Habeos, EE, Kalaitzopoulou, E, Skipitari, M, Papadea, P, et al. Maternal calorie restriction induces a transcriptional cytoprotective response in embryonic liver partially dependent on nrf2. Antioxidants (Basel) (2022) 11(11):2274. doi: 10.3390/antiox11112274

42. Quilter, CR, Cooper, WN, Cliffe, KM, Skinner, BM, Prentice, PM, Nelson, L, et al. Impact on offspring methylation patterns of maternal gestational diabetes mellitus and intrauterine growth restraint suggest common genes and pathways linked to subsequent type 2 diabetes risk. FASEB J (2014) 28(11):4868–79. doi: 10.1096/fj.14-255240

43. Marchlewicz, EH, Dolinoy, DC, Tang, L, Milewski, S, Jones, TR, Goodrich, JM, et al. Lipid metabolism is associated with developmental epigenetic programming. Sci Rep (2016) 6:34857. doi: 10.1038/srep34857

44. Ladd-Acosta, C, Vang, E, Barrett, ES, Bulka, CM, Bush, NR, Cardenas, A, et al. Analysis of pregnancy complications and epigenetic gestational age of newborns. JAMA Netw Open (2023) 6(2):e230672. doi: 10.1001/jamanetworkopen.2023.0672

45. Ge, ZJ, Luo, SM, Lin, F, Liang, QX, Huang, L, Wei, YC, et al. DNA methylation in oocytes and liver of female mice and their offspring: effects of high-fat-diet-induced obesity. Environ Health Perspect (2014) 122(2):159–64. doi: 10.1289/ehp.1307047

46. Alba-Linares, JJ, Perez, RF, Tejedor, JR, Bastante-Rodriguez, D, Ponce, F, Carbonell, NG, et al. Maternal obesity and gestational diabetes reprogram the methylome of offspring beyond birth by inducing epigenetic signatures in metabolic and developmental pathways. Cardiovasc Diabetol (2023) 22(1):44. doi: 10.1186/s12933-023-01774-y

47. Chango, A, and Pogribny, IP. Considering maternal dietary modulators for epigenetic regulation and programming of the fetal epigenome. Nutrients (2015) 7(4):2748–70. doi: 10.3390/nu7042748

48. Kamimae-Lanning, AN, Krasnow, SM, Goloviznina, NA, Zhu, X, Roth-Carter, QR, Levasseur, PR, et al. Maternal high-fat diet and obesity compromise fetal hematopoiesis. Mol Metab (2015) 4(1):25–38. doi: 10.1016/j.molmet.2014.11.001

49. Desmet, KL, Van Hoeck, V, Gagne, D, Fournier, E, Thakur, A, O'Doherty, AM, et al. Exposure of bovine oocytes and embryos to elevated non-esterified fatty acid concentrations: integration of epigenetic and transcriptomic signatures in resultant blastocysts. BMC Genomics (2016) 17(1):1004. doi: 10.1186/s12864-016-3366-y

50. Chen, P, Piaggi, P, Traurig, M, Bogardus, C, Knowler, WC, Baier, LJ, et al. Differential methylation of genes in individuals exposed to maternal diabetes in utero. Diabetologia (2017) 60(4):645–55. doi: 10.1007/s00125-016-4203-1

51. Hjort, L, Martino, D, Grunnet, LG, Naeem, H, Maksimovic, J, Olsson, AH, et al. Gestational diabetes and maternal obesity are associated with epigenome-wide methylation changes in children. JCI Insight (2018) 3(17):e122572. doi: 10.1172/jci.insight.122572

52. Martin, CL, Jima, D, Sharp, GC, McCullough, LE, Park, SS, Gowdy, KM, et al. Maternal pre-pregnancy obesity, offspring cord blood DNA methylation, and offspring cardiometabolic health in early childhood: an epigenome-wide association study. Epigenetics (2019) 14(4):325–40. doi: 10.1080/15592294.2019.1581594

53. Sharp, GC, Salas, LA, Monnereau, C, Allard, C, Yousefi, P, Everson, TM, et al. Maternal bmi at the start of pregnancy and offspring epigenome-wide DNA methylation: findings from the pregnancy and childhood epigenetics (Pace) consortium. Hum Mol Genet (2017) 26(20):4067–85. doi: 10.1093/hmg/ddx290

54. Lodge-Tulloch, NA, Toews, AJ, Atallah, A, Cotechini, T, Girard, S, and Graham, CH. Cross-generational impact of innate immune memory following pregnancy complications. Cells (2022) 11(23):3935. doi: 10.3390/cells11233935




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Kweon, Mun, Choi, Kim and Ahn. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-14-1256075-g001.jpg
Abnormal Inflammation

Methylation

PRC2

RNAPII

SAM

e3Jll Mes ] mes il Me3)

Unhealthy
diet
exercise

Metabolic Disorders
in Childhood

Maternal Condition

Placental Environment Change Myeloid Reprogramming
and Increased Inflammation





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Maternal obesity induced metabolic disorders in offspring and myeloid reprogramming by epigenetic regulation

      

        		

          Introduction

        



        		

          Maternal underlying conditions and the impact on fetal health conditions

        



        		

          Maternal obesity and immune cell reprogramming

        



        		

          Experimental models of the maternal-to-fetal remodeling

        



        		

          Maternal-to-fetal reprogramming of umbilical cord blood

        



        		

          In vivo model

        



        		

          Epigenetic regulations of maternal-to-fetal reprogramming

        



        		

          Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo.2023.1256075_cover.jpg
& frontiers | Frontiers in Endocrinology

Maternal obesity induced metabolic
disorders in offspring and myeloid
reprogramming by epigenetic regulation





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Potential

Targets

Myeloid cell
reprogramming

DNA
methylation

Others

Microbial-derived
immunomodulator OM-85

Obesity

Gestational Diabetes
Mellitus(GDM)

Gestational Diabetes Mellitus
(GDM), Preeclampsia(PE)

Gestational Diabetes Mellitus
(GDM), Intrauterine growth
restriction(ITUGR)

Gestational Diabetes Mellitus
(GDM), Pregnancy related
maternal obesity

Obesity

Maternal lipid metabolites

High-fat Diet(HFD)

Maternal Chronic Photoperiod
Shifting(CPS)

Pregnant woman’s diet

Non-esterified Fatty
Acids(NEFA)

Gestational Diabetes
Mellitus(GDM)

Effects

Increased resistance in mothers and offspring both against the inflammatory effects triggered
by allergic, viral and bacterial stimulation

Programming of the neonatal immune system and decrese CD4+ t cell and eosinophils in
cord blood

Increase in natural killer T cells and CD8+ regulatory T cells in cord blood units

Exposure to a maternal WD induces early gut dysbiosis and disrupts intestinal tight junctions,
resulting in BMDM polarization and induction of proinflammatory and profibrotic programs
in the offspring that persist into adulthood.

Inf-ObMB mice show increased intestinal permeability, reduced macrophage phagocytosis, and
dampened cytokine production suggestive of impaired macrophage function.

Aternal obesity primes both placental macrophages and fetal brain microglia to overproduce a
proinflammatory cytokine in response to immune challenge.

Epigenetic pathways that influence the association between the risk and maternal GDM of
autistic spectrum disorders and diabetes-related diseases in offspring.

Changes in the methylome of both rat offspring’s liver and placenta but also highlights that
these changes affect cardiovascular and metabolic disease.

Methylation patterns at certain CpG sites associated with intrauterine exposure have been
linked to reduced insulin secretory function, higher body mass index, and a higher chance of
developing type 2 diabetes later.

Decelerated gestational epigenetic age

Altered methylation patterns in genes be a factor in the elevated susceptibility to those with
type 2 diabetes exposed to maternal GDM and IUGR

Systemic intrauterine programming is associated with pregnancy-related diabetes and obesity
which influences the methylome of children after birth.

Changes in DNA methylation of key inflammatory genes in neonatal monocytes

Maternal Pregravid Obesity Remodels the DNA Methylation Landscape of Cord Blood
Monocytes Disrupting Their Inflammatory Program

Maternal obesity affects fetal gene expression at term, implicating dysregulated brain
development, inflammatory and immune signaling, glucose and lipid homeostasis, and
oxidative stress

Presence of sex-specific effects that may contribute to the observed effects of maternal obesity
on particular sex.

Maternal BMI was discovered to be connected to methylation variations at different genomic
sites in infants.

The correlation between maternal and fetal metabolites influences DNA methylation,
potentially impacting overall health.

Methylation pattern influences the regulation of leptin expression and lower leptin expression
has a connection to weight gain.

CPS disrupts amounts of melatonin and have long-lasting consequences on cardiovascular
health and metabolic of adult male offspinrg in rats.

Calorie restriction during pregnancy induces transcription of cytoprotective/antioxidant genes
in the fetal liver.

Insufficient pregnant woman’s diet and maternal obesity leads to long-term programming of
organs for chronic disease throughout lives.

Both obesity and HFD during pregnancy have been associated with embryonic growth
limitation, developmental problems with the brain, heart isssue and endocrine malfunction.

Abnormal maternal metabolism can disrupt the normal epigenetic reprogramming of embryos,
potentially having long-term consequences on growth and health in later years of adulthood.

Pregnant women with gestational diabetes mellitus have a higher chance of having children
who have metabolic diseases that risk may be mediated by epigenetic mechanisms.

Mouse
model

Clinical
study

Clinical

study

Mouse
model

Mouse
model

Mouse
model

Clinical
study

Rat

model

Clinical
study

Clinical
study

Clinical
study

Clinical
study

Clinical
study
Clinical

study

Clinical
study

Clinical
study

Clinical
study

Clinical
study

Mouse
model

Rat
model

Mouse
model

Mouse
model

Human
study

Human
study

@)

(26)

(27)

(38)

(39)

(40)

(29)

(34)

(50)

(49)

(42)

(46)

(28)

(36)

37)

(52)

(53)

(43)

(45)

(33)

(41)

(48)

(49)

(1)





OEBPS/Images/table1.jpg
Maternal conditions Diseases

Influences on the fetus

Metabolic Associated Fatty Liver Disease (MAFLD) Clinical study (8)
Famine
Coronary heart disease Clinical study ©9)
Attention-deficit hyperactivity disorder (ADHD) Clinical study (10)
Psychological stress
Schizophrenia Clinical study (11)
Preterm Cardiovascular risk Clinical study (12)
Fatty liver Clinical study (14)
Pregnancy complications Clinical study (17)
Intrauterine growth retardation (IUGR) Poorer lung function Clinical study (13)
i " . (15)
Preeclampsia (PE) Preeclampsia (PE) Clinical study (16
Gestational Diabetes Mellitus (GDM), 5
Pregnancy complications Preeclampsia (PE) Clinical study (29)
Rat model (34)
Clinical study (42)
Reduced biological maturity Clinical study (44)
Clinical study | (46)
Clinical study (50)
Human study (51)
Cardiometabolic alterations, Intrauterine growth
restriction (IUGR) Rat-model G3)
Overweight Adverse cardio-metabolic profile in offspring Clinical study (2, 3)
Obesity Clinical study (4)
Cardiovascular disease, Type 2 diabetes Clinical study (18)
Asthma Clinical study (19)
Endothelial dysfunction, Increased expression of NH_P
: (Primate (32)
vascular inflammatory factors
model)
Mouse model (45)
Obesity Asthma Clinical study | &)
Inflammation (Inflammation (6)
associated disease)
Lower child IQ Clinical study (20)
Metabolic disease (hypertension,fatty liver) Mouse model (30)
Obesity/cardiovascular and metabolic dysfunction Mouse model (31)
Clinical study (52)
Clinical study (53)
Autoimmune diseases Mental disorders Clinical study 1)
Diabetes Psychiatric disorder Clinical study (22)
Cardiovascular disease Clinical study (23)
Chlamydia trachomatis Asthma Clinical study (24)
Chorioamnionitis Asthma Clinical study (25)





