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Abstract

:

Neonatal diabetes (NDM) is a rare monogenic disorder that presents as hyperglycemia during the first six months of life. The link between early-life gut microbiota dysbiosis and susceptibility to NDM remains uncertain. Experimental studies have demonstrated that gestational diabetes mellitus (GDM) could develop into meconium/gut microbiota dysbiosis in newborns, and thus, it is thought to be a mediator in the pathogenesis of NDM. Epigenetic modifications have been considered as potential mechanisms by which the gut microbiota and susceptibility genes interact with the neonatal immune system. Several epigenome-wide association studies have revealed that GDM is associated with neonatal cord blood and/or placental DNA methylation alterations. However, the mechanisms linking diet in GDM with gut microbiota alterations, which may in turn induce the expression of genes linked to NDM, are yet to be unraveled. Therefore, the focus of this review is to highlight the impacts of diet, gut microbiota, and epigenetic crosstalk on altered gene expression in NDM.
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1. Introduction


Diabetes development in the first months of life is unlikely to be related to Type 1 diabetes (T1D) autoimmunity [1,2]. Neonatal diabetes (NDM), also termed congenital diabetes, is rare and presents in infants up to 6 months of age. It has more than 20 different monogenic causes, for example, mutations in signal transducer and activator of transcription 3 (STAT3) and LPS-responsive beige-like anchor (LRBA) genes [3,4]. NDM has been diagnosed in extremely preterm infants [5,6,7,8], particularly those with mutations in chromosome 6q24, GATA binding protein 6 (GATA6), and potassium inwardly rectifying channel, subfamily J, member 11 (KCNJ11) [7,8]. Infants diagnosed with NDM with no mutation in the KCNJ11 gene were less likely to have T1D-associated high-risk human leukocyte antigen (HLA) genotypes (DR3-DQ2/X, DR4-DQ8/X, and DR4-DQ8/DR3-DQ2) [1]. Gestational diabetes mellitus (GDM), characterized by increased peripheral insulin resistance (IR), may cause fetal complications, including weight gain, glucose intolerance, and death. However, its effect on NDM remains uncertain [9].



The colonization of the gut with microbes starts prenatally, in utero, after birth, and during breastfeeding. According to the sterile womb hypothesis, microbes are transported from the mother through the lymphatic system or blood stream into the placenta and then translocated to the fetal gut [10,11,12]. The maternal gut microbiota during pregnancy is crucial in shaping the composition of the gut microbiota and immune functions early in life, where diet and other factors (e.g., gestational age, maternal obesity, antibiotic usage) are found to influence the infant gut microbial diversity and richness, which in turn may enhance gut dysbiosis and disease susceptibility later in life [12,13,14,15,16]. Gut microbial dysbiosis in early life plays a significant role in the development of inflammation-related diseases, such as obesity, asthma, inflammatory bowel disease, and necrotizing enterocolitis [17,18,19,20].



The gut microbiota dysbiosis involved in NDM remains unclear. Compelling experimental studies reported that GDM could result in maternal gut and/or neonatal meconium microbiota dysbiosis, characterized by an increased abundance of Actinobacteria and Proteobacteria, Streptococcus, Bacteroides, Lachnospiraceae, Clostridium, Klebsiella, Desulfovibrio, Rothia, Shigella, Escherichia, Collinsella, and Proteus [21,22,23,24,25]. Diet has been shown to induce gut dysbiosis in women with GDM, along with gut dysbiosis in their newborns [26,27]. However, the exact mechanisms by which diet in GDM alters gut microbiota composition, which may in turn influence gene expression in NDM, are not well understood. A potential hypothesis is that epigenetic mechanisms mediate the effects of diet-microbiota interactions on altering gene expression in NDM. In general, there is a complex interaction between epigenetics, diet, and gut microbiota that can influence gene expression profiles in NDM. Therefore, this review highlights the epigenetic mechanisms mediating the relationships between diet-microbiota interactions and gene expression changes in NDM.




2. Methods


A literature search was performed in the PubMed/MEDLINE database and Google Scholar up to February 2023 for studies published in English exploring the impacts of diet, gut microbiota, and epigenetic crosstalk on altering gene expression in NDM. The following keywords were searched: “GDM”, “NDM”, “IR”, “pancreatic β-cells”, “neonates/newborns”, “gut microbiota”, “diet”, “epigenetic”, and “gene expression”. Studies with the main focus on the associations between diet and gut microbiota in GDM and/or their newborns were considered. Human and in vitro studies were considered without study design restrictions.




3. An Overview of NDM


NDM is classified into transient (TNDM), permanent (PNDM), or syndrome types, which have expressed significant genetic changes causing persistent hyperglycemia, reduced β-cell mass or replication, delayed pancreatic islet development, and impaired insulin secretion [28]. Autosomal recessive or dominant mutations in the preproinsulin (INS) and the ATP-sensitive potassium (KATP) channel (very common to KCNJ11 or ATP-binding cassette transporter subfamily C member 8, ABCC8) are the major genes responsible for TNDM and PNDM. PNDM can also result from autosomal recessive mutations in the glucokinase (GCK) and pancreatic and duodenal homeobox l (PDX1) genes. Compound heterozygous or homozygous mutations in GCK and PDX1 may cause β-cell glucose sensing impairment and hypoplasia or pancreas agenesis. Insulin or sulfonylurea therapy can often be used for infants with mutations in KCNJ11, ABCC8, and INS [29,30,31,32,33,34,35]. A previous study identified a novel imprinted gene (protein phosphatase 1 regulatory subunit 13 like, PPP1R13L) on chromosome 19q13.32 that is hypomethylated in TNDM and associated with the zinc finger protein 57 homolog (ZFP57) [36]. TNDM is seen most often in cases of hyperglycemia and intrauterine growth retardation and may cause IR later in life [37]. An experimental study demonstrated that the CC dinucleotide sequence of the human INS gene’s active chromatin during pancreas development is mutated in TNDM. The CC dinucleotide mutation also results in disrupted GLI-similar 3 (GLIS3)-dependent activation of an episomal INS gene [38].



The most common cause of syndrome NDM is autosomal recessive mutations in eukaryotic translation initiation factor 2-α kinase 3 (EIF2Ak3) (diabetes associated with renal dysfunction/epiphyseal dysplasia), Solute carrier family 2 member 2 (SLC2A2) (diabetes associated with facilitated glucose transporter), Solute carrier family 19, member 2 (SLC19A2) (diabetes associated with megaloblastic anemia syndrome), Insulin receptor (INSR) (diabetes associated with severe IR), and Forkhead box P3 (FOXP3) (diabetes associated with polyendocrinopathy/immunodysregulation) [29,30,31,34,35]. NDM causes insulin deficiency as a result of β-cell destruction or the impaired function of β-cells [2]. Monogenic NDM is associated with growth restriction in utero because of insulin insufficiency that relies on gene mutations in the brain, which may lead to neurodevelopmental disability [39]. There is recent evidence for severe insulin deficiency, increased islet β-cell destruction, and low birthweight and C-peptide levels in infants diagnosed with a high polygenic risk in the first six months of life [40].




4. Epigenetic Modifications and NDM Gene Expression Profiles in Neonates Exposed to GDM


Epigenetic changes in several genes involved in GDM are thought to impact newborn metabolic disease susceptibility [41,42,43]. A recent genome-wide methylation analysis identified many enriched pathways for hypo/hyper-differential methylation genes (DMGs) in the placenta and/or the umbilical cord blood of newborns exposed to maternal GDM. The top-ranking pathway enriched in 84 DMGs was the “insulin secretion/IR” pathway [44]. It has been shown that alterations of DNA methylation characterized by significant hypermethylation at two cytosine-phosphate-guanine dinucleotide (CpG) sites and hypomethylation at all CpG sites in adipose tissues of women with GDM and fetal cord blood cells are responsible for reduced adiponectin mRNA expression associated negatively with blood glucose and homeostatic model assessment-IR (HOMA-IR) [45]. This suggests that reduced adipose tissue adiponectin expression may be considered a pathogenic factor in GDM offspring [45]. A study analyzing the DNA methylation profile in the cord blood of newborns exposed to women with GDM has identified 200 differentially methylated loci. Some metabolic disease/T1D-related genes (interleukins 6 and 10; IL-6, IL-10) and pathways enriched by differentially methylated loci were identified. The top metabolically related signaling pathways, including mitogen-activated protein kinase (MAPK), Janus kinase (JAK), phosphatidylinositol-3 kinase (PI3K), and STAT3, were identified [46].



Epigenetics is considered a key mechanism that affects glucose metabolism genes involved in GDM, and their dysregulation leads to differential DNA methylation of the tribbles homolog 1 (TRIB1) gene and vasoactive intestinal peptide receptor (VIPR1) in the placenta and fetal cord blood [47]. VIPR1 is highly expressed in pancreatic β-cells, which may activate adenylate cyclase and insulin secretion by increasing intracellular cyclic AMP (cAMP) production, which in turn stimulates protein kinase A (PKA) and increases optimal calcium influx. Genetic deletion of VIPR1 could lead to glucose intolerance [48]. The TRIB1 gene, mapped to chromosome 8q24 [49], was found to be influenced by GDM exposure in the umbilical vein endothelial cells of newborns [50]. An experimental study showed that the TRIB1 gene was associated with pro-inflammatory gene cyclooxygenase-2 (COX-2) overexpression by the action of regulated early growth response gene-1 (EGR-1), which resulted in increased glucose levels in small for gestational age neonate-derived mesenchymal stem cells [51]. In pancreatic islet β-cells, COX-2 expression was associated with downregulation of PDX1-related NDM by increasing the IL-1β autostimulation [52].



The placental tissue of women with GDM induces pro-inflammatory gene expression (tumor necrosis factor-α, TNF-α) that dysregulates insulin signaling and reduces insulin secretion from β-cells under the condition of hyperglycemia [53]. Placental GDM is the major secretion site of growth hormones (e.g., insulin-like growth factor, IGF) that play a role in stimulating pro-inflammatory cytokine production by activation of inflammatory pathways, such as PI3K [53], which increases glucose levels in the fetal cord blood and may result in NDM. The results of previous studies suggest an association between the GDM intrauterine environment and placental DNA methylation [53,54]. Higher placental DNA methylation of the PPAR-γ coactivator-1-α (PGC1α) gene was associated with IR and insulin secretion in women with GDM [54]. High maternal glucose levels were reported to be associated with placental DNA methylation changes to the PGC1α gene on chromosome 4p15.1 in GDM, suggesting that PGC-1α disturbs placental functions, which may increase the risk of diabetes in offspring [55]. PGC1α mRNA expression in human adipocytes has been linked to IR markers. Patients with IR and visceral obesity have demonstrated reduced PGC1α mRNA expression in adipose tissue, which leads to increased adiponectin and IL-6 serum levels [56]. In one longitudinal study, maternal GDM was shown to induce high DNA methylation variations at the PGC1α gene locus, and such variations may mediate the impact of GDM on increasing fetal cord blood glucose levels [57]. PGC1α mRNA expression in both adipose and placenta tissue of GDM women has an impact on glucose and lipid homeostasis by increasing adiponectin and low density lipoprotein (LDL) cholesterol levels and decreasing tryglycerides and glucose levels [58]. Levels of PGC1α and PDX1 were reported to be reduced in placental tissue of women with GDM, which may lead to abnormal glucose metabolism in newborns [59]. Upregulating PGC1α activity in the brain and lungs of preterm infants has a significant role in activating the transcription factors implicated in mitochondrial biogenesis and increasing mitochondrial antioxidant enzymes, which in turn may reduce inflammation and oxidative stress (OS) by downregulating pro-inflammatory cytokines and chemokines [60]. Overexpression of the forkhead box O 1 (FoxO1) in pancreatic β-cells regulated by glucagon-like peptide 1 (GLP-1) stimulation results in inhibited PGC1α and its target gene, PDX1-related NDM [61].



The imprinted mesoderm-specific transcript (MEST) gene showed significant DNA methylation at five CpG sites in the cord blood of GDM newborns, which in turn led to decreased MEST methylation, thus influencing obesity and diabetes susceptibility [62]. A large-scale, genome-wide study has identified a total of 4485 hypermethylated and hypomethylated CpG sites in 2198 differentially methylated genes (e.g., MEST) enriched in the T1D pathway in the cord blood of infants born to GDM women [63]. MEST, located on chromosome 7q32, a gene belonging to a cluster of carboxypeptidase A (CPA) genes, has been implicated in postnatal and intrauterine growth restriction related to congenital Silver-Russell syndrome (SRS) [64]. Evidence suggests that paternal inherited H19/IGF2:IG-DMR deletions interfering with ZFP57 involved in NDM may result in SRS [65]. A case report has shown that maternal inheritance at chromosomes 2, 8, and 21 in the region of PLAG1 like zinc finger 1 (PLAG1)-associated NDM is responsible for SRS [66].



A pilot study has identified differentially methylated regions of POU class 2 homeobox 1 (POU2F1), paraoxonase 1 (PON1), and NF-E2 related factor 2 (NRF2) in the cord blood of newborns of GDM women [67]. POU2F1 is found on chromosome 1q24, a locus with evidence of strong linkage disequilibrium for its relationship to type 2 diabetes (T2D) [68]. Treatment of pancreatic β-cells with hydrogen peroxide (H2O2) results in enhanced POU2F1 activity as well as other inflammatory signaling pathway activation, such as c-jun N-terminal kinase (JNK) and DNA-dependent protein kinase (DNA-PK) [69], which in turn may increase IR and diabetes susceptibility. Methylation for the PON1 gene in mothers, which is localized on chromosome 7q21-22 [70], has been observed in children of mothers exposed to adverse life events, which coincides with the presence of the ZFP57 gene implicated in NDM [71]. The Q192R polymorphism of the PON1 gene was reported to increase GDM susceptibility, which could be a marker for IR [72]. High PON1 levels and PON1 lactonase activity were associated with increased OS, which causes alterations of the glycolipid metabolic profiles in infants born to GDM women [73]. Neonates demonstrate increased free PON1, decreased PON1 lactonase activity, and different PON1 distribution in the high-density lipoprotein (HDL) subclasses in cord blood. PON1 lactonase activity was observed to be lower in the large HDL group than in the small HDL group [74]. Impaired NRF2 activity was reported to increase IR and OS associated with diabetes, which can contribute to decreased antioxidant enzyme activity in pancreatic β-cells [75]. GDM contributes to fetal NRF2-mediated antioxidant signaling dysregulation in fetal endothelial cells by increasing OS, protein carbonylation, and mitochondrial reactive oxygen species (ROS) generation [76]. NRF2 has been shown to restore PDX1 levels in pancreatic β-cells by reducing OS-mediated JNK-dependent FOXO1 activation [77]. A candidate gene study showed that downregulation of PDX1 mRNA expression in the placentas of women with GDM resulted in increased blood glucose levels in fetal cord blood [59].



A recent meta-analysis of epigenome-wide association studies showed that maternal hyperglycemia during pregnancy is associated with reduced offspring DNA methylation at two CpG sites located in the thioredoxin interacting protein (TXNIP) gene [78]. Overexpression of TXNIP, also termed α-arrestin, in pancreatic β-cells increases glucose levels by binding to and suppressing the antioxidant protein thioredoxin (TXN), which may lead to impaired activity of the angiogenic cytokine vascular endothelial growth factor (VEGF), increased ROS expression, induction of apoptosis, and decreased insulin production [79,80]. Overexpression of TXNIP mRNA in the placenta increases ROS production and mitochondrial dysfunction as a result of decreasing TXN expression levels [81]. In one study, TXNIP mRNA expression was reported to increase in GDM women but not in neonates. On the other hand, TXN mRNA expression in the placenta was high. The thioredoxin (TXN)/TXNIP ratio increases in the placenta and neonatal cord blood of GDM women, concurrent with increased expression of nuclear factor-kappa B (NF-kB), as well as STAT3 and its target protein suppressor of cytokine signaling 3 (SOCS3) [82]. This indicates that TXN expression in the placenta may exert a protective role in protecting the newborn from oxidative effects. Another study has linked NDM with an aberrant activation of STAT3, which leads to pancreatic β-cell dysfunction and reduced insulin expression [83].



These findings suggest that exposure to GDM causes alterations in placental and/or fetal cord blood DNA methylation, which in turn may impact fetal glucose metabolism genes involved in NDM. Differentially expressed genes might be enriched in the PI3K, STAT3, JAK, and MAPK signaling pathways and other inflammatory genes, such as COX-2, IL-6, and IL-10. On this basis, seven genes related to NDM were identified: TRIB1, PGC1α, MEST, POU2F1, PON1, NRF2, and TXNIP. Figure 1 shows NDM-related gene-specific DNA methylation in neonates exposed to GDM.




5. Diet, Gut Microbiota, and Epigenetic Crosstalk Alters Gene Expression in NDM


Gut microbiota, as one environmental factor, may modulate epigenetic mechanisms through DNA methylation alterations in response to diet, which may affect glucose metabolism genes involved in NDM. This section focuses on the crosstalk between diet, gut microbiota, and microbial-derived metabolites (short-chain fatty acids, SCFAs), considered epigenetic modifiers, which could in turn influence gene expression profiles in NDM.



5.1. Diet Alters Gut Microbiota in GDM and NDM


Diet is considered the key environmental factor contributing to the pathogenesis of islet autoimmunity by modulating the gut microbiota, which may lead to dysbiosis, characterized by increased intestinal inflammation, permeability, and reduced mucosal barrier integrity [84]. The intestinal permeability as a result of increased levels of tight junction (TJ)-related proteins (e.g., zonulin, occludin, and claudin-2) influenced by microbial colonization could trigger autoimmunity by allowing microbial or dietary antigens to be transferred to the circulation, leading to pancreatic β-cell destruction that can contribute to intestinal inflammation [85].



A few studies have shown that diet may influence gut microbiota in women with GDM and their infants. A prospective study of GDM women showed that dietary fat intake (polyunsaturated fatty acid, PUFA; saturated fatty acid, SFA) is associated with a higher abundance of gut Bacteroidetes Alistipes, while dietary fiber intake is associated with a higher abundance of gut Firmicute Roseburia [26]. In another prospective study, GDM women consuming a complex carbohydrate (CHO) and low-fat diet (choice diet) showed a higher abundance of gut Bifidobacterium spp. (particularly B. adolescentis) than those consuming a high-fat diet (conventional diet). The study also revealed a high relative abundance of Prevotella copri (P. copri), Enterobacter cloacae (E. cloacae), Enterococcus faecalis (E. faecalis), and Bacteroides in the guts of infants aged ≤ 4 months born to women on a conventional diet [27]. This suggests that diet in women with GDM is associated with the composition of the neonatal gut microbiota.




5.2. Gut Microbiota and Its Metabolites Alter Gene Expression in NDM


The generation of metabolites produced by gut microbiota in response to diet, such as SCFAs, could be considered an epigenetic mechanism that may influence gene expression in NDM. SCFAs and butyrate in particular have been shown to alleviate inflammation in infant intestinal epithelial cells (IECs) through their ability to inhibit histone deacetylases (HDACs) and activate G-protein coupled/free fatty acid receptors (GPRs/FFAs) in dendritic cells (DCs), which promote differentiation of FOXP3+ regulatory T (Treg) cells. This result in inhibited NF-κB activation, lipopolysaccharide (LPS)-induced pro-inflammatory cytokine and chemokine secretion, and induced PPARγ-dependent pathway activation [17,18,19,20]. SCFAs enhance intestinal barrier integrity by reducing blood glucose levels, increasing protective GLP-1 production, and improving IR by activating NF-κB and STAT3 [86], identified as an NDM-related gene [82,83]. In human monocyte-macrophage cells, SCFAs were shown to inhibit the nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3 (NLRP3) inflammasome by increasing Nrf2-mediated TXN1, which reacts with TXNIP implicated in NDM, resulting in a decreased expression of TNF-α and IL-1β [87]. SCFAs were also reported to improve intestinal barrier function by reducing LPS-induced TXNIP-mediated NLRP3 activation and TJ-related proteins (zonulin and occludin) [88]. Butyrate has been found to increase Nrf2 mRNA levels and inhibit protein 53 (p53) mRNA levels in IECs [89].



Diets rich in dietary fiber, complex CHO, and/or dietary fat induce changes in the GDM and their newborn microbiome, with increases in the Gram-positive Actinobacteria (Bifidobacterium) and Firmicutes (Roseburia, E. faecalis) and the Gram-negative Bacteroidetes (Bacteroides, P. copri, Alistipes) and Enterobacteriaceae (Enterobacter cloacae, E. cloacae).



5.2.1. Actinobacteria


A few studies have shown that Bifidobacterium spp. (including B. adolescentis) are transferred from mothers to their neonates [90,91,92,93]. In one study, Bifidobacterium spp. were found to be enriched in the gut of breastfed infants born to GDM women [94], while in another study, Bifidobacterium spp. were depleted in the gut of GDM women [95]. In full-term infants born to GDM women, Bifidobacterium spp. was associated with reduced fecal propionate levels [96]. Bifidobacterium spp. are able to utilize human milk oligosaccharides (HMOs) (e.g., fructo-oligosaccharide and galacto-oligosaccharide) through glycoside hydrolase (GHs)-related degradation enzymes, resulting in increased production of butyrate, propionate, and acetate [20]. Bifidobacterium spp. are reported to ferment resistant starch in the newborn gut prior to the weaning period, which results in the production of SCFAs [97]. Probiotic-supplemented formulas increase Bifidobacterium spp. abundance in preterm gut microbiota [20]. Adherence to a very low-calorie ketogenic diet (VLCKD) during pregnancy, characterized by low CHO, moderate protein, and high fat intake, influences the infant gut microbiota composition and leads to an increase in the abundance of Bifidobacterium spp., which exerts protective effects against inflammation-related diseases by inhibiting several signaling pathways [17,18,19,20]. Butyrate and acetate-producing B. lactis spp. 420 resulted in reduced COX-2 expression in the enterocyte-like cell line Caco-2 [98]. In vitro, treatment of macrophage RAW264 cells with B. adolescentis and quercetin induced anti-inflammatory effects by reducing LPS-stimulated TNF-α and IL-1β production and inducible nitric oxide synthase (iNOS) and COX-2 expression [99]. Thus, B. adolescentis may exert its anti-inflammatory effects on NDM by reducing TRIB1 gene-mediated COX-2 expression.




5.2.2. Firnicutes


There is evidence to support vertical transmission of Roseburia from mother to infant by breastfeeding [100]. Gut dysbiosis in GDM women is characterized by a reduced abundance of Roseburia, which was associated with increased blood glucose levels and IR [101]. The VLCKD could be considered a contributing factor influencing the gut butyrate-producing Roseburia intestinalis (R. intestinalis) in infants and children, which exerts anti-inflammatory effects in IECs as indicated by increasing transforming growth factor-β (TGF-β) and inhibiting LPS-induced TNF-α and IL-17 secretion [19]. IL-17 is involved in the dysregulation of insulin production from β-cells by activation of NF-κB and STAT1 signaling pathways, resulting in increased interferon (IFN)γ and IL-1β-induced TNF-α production [53,102]. R. intestinalis and R. hominis are shown to upregulate the PGC1α gene in IECs [103], which is reported to be downregulated in adipose and placental tissue of GDM women, resulting in increased IR markers and fetal cord blood glucose levels [57,58]. It can be suggested that Roseburia spp. may exert anti-inflammatory effects in the IECs of GDM neonates, providing a potential therapeutic role for NDM by upregulating the PGC1α gene.



A previous study supports the notion of vertical transmission of Enterococcus spp. from the mother to her infant by vaginal delivery [104]. Enterococcus forms L(+)-lactic acid as the key end product of sugar fermentation [105]. Enterococcus is able to ferment resistant starch in pre-weaned or weaning infants, which in turn produces butyrate, propionate, and acetate [97]. Early probiotic supplementation with B. breve M-16V resulted in increased fecal Enterococcus proportions in preterm infants [20]. The presence of E. faecalis was shown to decrease blood glucose levels in the human IEC line Caco-2 after feeding with a diet containing glucose or sucrose [106]. E. faecalis induces anti-inflammatory effects in infant IECs through its ability to inhibit tumor-receptor associated factors by inhibiting JNK and MAPK signaling pathways [17]. In neonatal IEC, E. faecalis was reported to activate anti-inflammatory cytokine IL-10 production and DNA binding of the transcription factor PGC1α gene [107], which is known to regulate blood glucose levels in NDM. Thus, E. faecalis may exert a protective effect against NDM due to its ability to promote the PGC1α gene.




5.2.3. Bacteroidetes


Evidence from strain-level vaginal microbial detection using a metagenomic approach confirms the mother and the newborn shared Bacteroides spp. as a result of vertical transmission [91,92,93,108]. Recent studies have shown an increased abundance of gut Bacteroides spp. in GDM women and/or their newborns [109,110,111]. Bacteroides contain several GHs involved in mucin glycan degradation that maintain gut mucosal barrier integrity [112,113]. SCFAs are largely produced by Bacteroides in weaned infants’ feces in response to resistant starch fermentation [97], through the acetyl-CoA and succinate pathways [114]. Bacteroides spp., including B. thetaiotaomicron, B. vulgatus, and B. fragilis, are SCFA-producing bacteria that may exert anti-inflammatory effects in the inflamed IECs in infants in response to adherence to the VLCKD during pregnancy, resulting in reduced pro-inflammatory cytokine expression by epigenetic mechanisms related to DNA methylation and non-coding RNAs (lncRNA) [17,18,19,20]. In one study, B. vulgatus was shown to increase plasma IL-6 and IR in T2D patients [115], while in another study, unclassified Bacteroides were reduced in GDM women [110]. Evidence from an experimental study showed that B. fragilis promotes the Sulfiredoxin-1 (Srx-1) enzyme responsible for decreasing peroxiredoxin hyperoxidation by activating Nrf2 siRNA-related NDM in IECs treated with enterotoxin-induced OS and DNA damage [116]. This suggests that B. fragilis may protect against NDM by reducing oxidative damage in IECs through upregulation of the NRF2 gene.



There is evidence suggesting a vertical transmission of fecal Alistipes from mothers to infants following vaginal birth [93]. The genus Alistipes belongs to the GH family, which is essential for mucin degradation in the gut [113]. Compared to a plant-based diet, an animal-based diet had a greater influence on gut microbiota alterations by increasing the abundance of SCFA-producing Alistipes [117]. Decreases in Alistipes abundance may lead to gut dysbiosis and contribute to GDM. The results of previous studies demonstrated an increased abundance of Alistipes spp. in the gut microbiota of healthy pregnant women compared to GDM women, which was negatively associated with glucose tolerance and increased sensitivity to C-reactive proteins [95,118,119]. Alistipes was associated with reduced pancreatic exocrine dysfunction and mucin degradation in T1D patients with islet autoimmunity [120]. Alistipes exerts immunomodulatory activity in human peripheral blood mononuclear cells by inhibiting toll-like receptor 4 (TLR-4)-dependent IL-6, IL-1β, and TNF-α production elicited by Escherichia coli (E. coli) LPS [121]. This suggests that Alistipes may exert anti-inflammatory effects in GDM through their ability to enhance gut mucosal barrier function. An in vitro experimental study found an increase in the colonization of diverse gut microbiota, including Alistipes, after consumption of anthocyanin-rich fruit juice, which in turn reduced the basal level of NRF2 gene transcription in peripheral blood lymphocytes [122]. Short-term administration of COX-2 inhibitor celecoxib increases gut abundance of butyrate-producing Alistipes in vitro, resulting in decreased production of IL-8 and C-X-C motif chemokine ligand (CXCL-16) [123]. It can be suggested that Alistipes may exert immune-regulatory and anti-inflammatory effects on the neonatal gut through downregulating TRIB1 gene-mediated COX-2 expression, which contributes to a decreased risk of NDM.



A few studies have revealed a low abundance of Prevotella in the guts of GDM women and their infants [22,124]. Prevotella was shown to reduce fecal levels of branched SCFAs (isobutyrat and isovalerate) in GDM women [124] and acetate in neonates born to GDM women [96], suggesting that Prevotella may increase inflammatory activities and influence risk for GDM and NDM, in part by reducing SCFA levels. Prevotella was found to promote inflammation and reduce TJ integrity, as demonstrated by a study stimulating IECs to produce pro-inflammatory cytokines (e.g., IL-6, IL-8) [125]. Among Prevotella spp., P. copri was associated with HOMA-IR [126]. P. copri increases LPS-induced IL-6 production associated with IR and low-grade inflammation [115]. An increased abundance of P. copri was associated with adherence to an omnivorous dietary regimen, characterized by low levels of lipid metabolism-related miRNA expression [127], which is regulated by the activity of Nrf2-related NDM [128]. This suggests that P. copri drives unstable epigenetic changes in the gut of GDM newborns, which may increase NDM susceptibility.




5.2.4. Enterobacteriaceae


Few studies have confirmed the mother-to-infant transmission of Enterobacter spp. (E. cloacae and E. aerogenes) by vaginal delivery [91,108], which act as bacterial pathogens causing nosocomial infections [129]. Enterobacteriaceae, particularly E. cloacae, are dominant with a high relative abundance in the gut microbiota of GDM women [95]. In vitro, E. cloacae abundance is associated with the long-term glucose marker hemoglobin A1c (HbA1c), LPS binding protein (LBP), and C-reactive peptide (CRP). It also induces pancreatic β-cell inflammation through downregulation of the PDX1 gene, which coincides with an activation of TXNIP-mediated NLRP3 involved in NDM, resulting in increased pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 [130]. This suggests that E. cloacae may induce changes in the gene patterns that coincide with increasing pro-inflammatory effects in the neonate’s gut, increasing NDM risk.



Figure 2 shows the interplay between diet, gut microbiota, and epigenetics relevant to NDM.






6. Conclusions


NDM is monogenic in etiology, with infants who have autosomal recessive or dominant mutations in genes responsible for TNDM, PNDM, and syndrome types. Epigenetics is implicated in NDM susceptibility, and previous studies suggest that the DNA methylation in the cord blood of newborns exposed to GDM is altered, which in turn may impact glucose metabolism genes. NDM is influenced by a comprehensive set of genes. This review identifies seven genes showing significant expression alterations in response to GDM exposure. These include four upregulated genes (TRIB1, POU2F1, PON1, and TXNIP) and three downregulated genes (PGC1α, MEST, and NRF2) with NDM.



Few studies have confirmed the potential for gut microbiota to be transmitted from mother to newborn. Gut microbiota dysbiosis in NDM remains largely unknown. GDM is associated with gut microbiota dysbiosis in newborns. Diet and gut microbiota dysbiosis in GDM may be a potential predictive biomarker of NDM. SCFAs are considered epigenome modifiers that alleviate intestinal inflammation and affect the expression of NDM-related genes.



Maternal diet in GDM was associated with alterations in gene expression in NDM. Interactions between complex CHO/low-fat diets and gut microbiota-derived SCFAs, such as Bifidobacterium and Roseburia, induce alterations in specific genes involved in the protective effects on NDM by downregulating the TRIB1 gene and upregulating the PGC1α gene. A high-fat diet increases the abundance of P. copri and E. cloacae, which may cause unstable genetic alterations in the neonate’s gut with implications for NDM. The NRF2 and PDX1 genes were downregulated, while the TXNIP gene was upregulated with a high-fat diet. Increased levels of Bacteroides, E. faecalis, and Alistipes in response to a high-fat diet may have a protective role against NDM, which results in upregulation of the NRF2 and PGC1α genes and downregulation of the TRIB1 gene. These bacteria have the ability to produce SCFAs, but further studies are needed to confirm their effects on reducing NDM. The epigenetic mechanisms by which Bacteroidetes P. copri and E. cloacae might be altering gene expression in NDM need to be fully elucidated in further studies. Further studies are also needed to explore the mechanisms for the pro- and anti-inflammatory effects of commensal and pathogenic bacteria on susceptibility to NDM-related genes in response to maternal diet in GDM.
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Figure 1. DNA methylation as a mechanism for NDM-related genes in neonates exposed to GDM. Seven differentially expressed genes involved in NDM were identified, consisting of four upregulated genes (TRIB1, POU2F1, PON1, TXNIP) and three downregulated genes (PGC1α, MEST, and NRF2). (↓) decrease, (↑) increase. 
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Figure 2. The diet-gut microbiota-epigenetics crosstalk relevant to gene expression alterations in NDM. Maternal diet in GDM (complex CHO/fiber, low/high fat) influences the newborn’s gut microbiota-derived SCFAs. SCFAs produced by B. adolescentis, Roseburia, E. faecalis, B. fragilis, and Alistipes may act as epigenetic modifiers by inhibiting HDACs and activating GPRs and FFAs, thereby reducing the risk of NDM by increasing gene expression levels of PGC1α and NRF2 and decreasing gene expression levels of TRIB1 and TXNIP. An increased abundance of P. copri was associated with reduced fecal levels of SCFAs, which drive unstable genetic changes in the offspring’s gut by reducing NRF2 gene expression. An increased abundance of E. cloacae was associated with an increased gene expression level of TXNIP and a decreased gene expression level of PDX1. (↓) decrease, (↑) increase. 
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