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Abstract

:

Gestational diabetes mellitus (GDM) is considered a significant and increasing worldwide problem. The growing body of evidence on this topic has allowed us to point out that a hostile intrauterine environment in mothers with GDM via epigenetic mechanisms induces “diabetogenic” and “obesogenic” changes in an offspring’s DNA. This sets a vicious intergenerational cycle of metabolic diseases in motion, gradually deteriorating the health of the human population. One of the most important participants of this process seems to be altered microbiota. There is a chance that the identification of specific epigenetic marks may provide a key for future diagnostic, prognostic and therapeutic solutions in the field of personalised medicine. Given the reversibility of most epigenetic changes, there is an opportunity to improve the long-term health of the human population. In this manuscript, we aim to summarise available data on epigenetic changes among women suffering from GDM and their progeny, in association with alterations in the microbiome.
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1. Introduction


Diabetes mellitus is a global metabolic disease. A significant increase in its incidence rate has been observed for several years. According to data provided by WHO, the total number of people with diabetes has quadrupled in the past 40 years. It is estimated that 425 million people worldwide have diabetes, however, the number of undetected cases remains unknown. In 2025, it is projected that 570 million people will be diabetic, causing 1.6 million deaths [1]. A continuously increasing prevalence of gestational diabetes is also observed, thus, GDM still remains one of the most common complications of pregnancy [2,3,4]. According to the American Diabetes Association (ADA), GDM is defined as diabetes recognised in the second or third trimester, provided that overt diabetes had been excluded priorly, or, at the latest, in early pregnancy [5].



GDM usually resolves after delivery, but unfortunately, it may induce long-lasting metabolic and cardiovascular complications, such as type II diabetes mellitus (T2DM) and cardiovascular disease in the mother, enhanced adiposity or even obesity, impaired glucose metabolism, hypertension, hyperlipidaemia, non-alcoholic fatty liver disease in the offspring, as well as pre-term puberty [6].



So far, many risk factors of gestational diabetes have been identified and widely described. Being overweight during pregnancy or maternal obesity, increased weight gain during the first or early second trimester, advanced reproductive age, family history of type 2 or gestational diabetes, foetal macrosomia in prior pregnancy and polycystic ovary syndrome are considered significant factors predisposing to this disease [7,8,9,10,11,12,13,14,15].



Although numerous risk factors have been identified and screening in high-risk groups has been introduced, the upward trend in the prevalence of gestational diabetes and its complications still remain. Thus, there is an urgent need to identify sensitive and specific biomarkers relevant for the early detection of GDM.



The human gut microbiota consists of approximately 1000 trillion microbes: bacteria, viruses, archaea and eukariota [16]. It is estimated that the absolute mass of the microbiome in the human body reaches approximately 2 kilogrammes [17]. The microbiome composition seems to have a significant impact on metabolic processes and, therefore, on human health [18]. Pathologically altered gut microbiota seem to contribute to the development of diabetes GDM in the mother, and, consequently, may increase the risk of “diabetogenic” and “obesogenic” changes in her own DNA and in that of the offspring through epigenetic alterations.



Epigenetic modifications are defined as changes in gene expression without nucleotide sequence alterations. It is believed that the essential function of epigenetics in the genome surroundings is to provide a response to internal and external environmental factors through dynamic, mostly reversible, changes in chromatin structure and gene expression. The basic epigenetic processes are considered to be DNA methylation, histone modifications, noncoding RNA regulation and chromatin remodelling.



In our review, we attempted to emphasize that gut microbiota dysbiosis, occurring via epigenetic pathways, may contribute to metabolic complications, not only in affected mothers, but also in their offspring. In this manner, pathologic changes can be transferred to subsequent generations, increasing the frequency of obesity, diabetes and inflammatory diseases, which concerns even younger individuals. Given that most epigenetic changes are reversible, the identified epigenetic marks may become important diagnostic, prognostic and therapeutic targets.




2. Pathogenesis and Pathophysiology of Gestational Diabetes


The pathophysiology of GDM is not fully understood, with the prevailing hypothesis linking abnormal placental hormone expression to maternal metabolic dysfunction and, in particular, the synthesis and function of insulin. During physiological pregnancy, enhanced production and secretion of insulin, which is possible due to the hypertrophy and proliferation of pancreatic beta cells [19,20], is accompanied by an alteration in the sensitivity of tissues to insulin. In the early stage of gestation, insulin sensitivity starts to increase from the 14th week, however, gradually rising insulin resistance is observed, reaching its peak by late pregnancy [21]. The insulin resistance phenomenon is believed to be associated with enhanced concentrations of local and placental hormones such as placental lactogen, placental growth hormone, oestrogens, progesterone, prolactin, adiponectin and leptin [22,23,24]. The pro-inflammatory state present in every normal pregnancy is also considered as an essential contributing factor. Increased concentrations of prodiabetogenic hormones and pro-inflammatory changes at a cellular level contribute to an overall increase in insulin resistance, which is aimed at ensuring an adequate supply of glucose to the foetus [25,26,27,28,29].



In the course of GDM, however, an increased concentration of pro-inflammatory markers, such as CRP, TNF-alpha, IL-6, disturbed adaptation of pancreatic beta cells to altered metabolic conditions and impairment of the insulin signalling pathway are observed. The insufficient compensatory increase in insulin secretion is noted, which leads to hyperglycaemia under the conditions of a greater decrease in insulin sensitivity than in normal pregnancy. Foetal hyperinsulinemia, due to maternal hyperglycaemia, drives metabolic disturbances in the foetus [30,31,32,33].




3. The Role of Microbiota in GDM Development


Microbiota are found in specific places such as the mouth, skin, digestive system, upper respiratory tract and the reproductive system, but the most numerous and active is the gut microbiome. Firmicutes and Bacteroidetes account for 80–90% of the intestinal bacterial microbiome; less numerous are Proteobacteria, Verrucomicrobia, Actinobacteria and Fusobacteria. The human gut microbiome composition alters from early life to older age. In order to ensure homeostasis, the microbiota constantly adjust and vigorously react to a variety of external and internal stimuli [34,35].



The growing interest in the influence of the microbiome on human health has resulted in the commencement of the Human Microbiome Project, carried out by the National Institute of Health in 2008. The project was aimed at detecting differences in the human microbiome, depending on the studied population, their genotype, health state, age, nutrition, applied treatment, living environment and social factors [17]. The methods for studying the human microbiome were based on an analysis of the 16S rRNA sequence and sequencing of the metagenome [36].



During pregnancy, changes in the composition and functioning of the microbiome occur. The gut microbiota alters during each trimester of pregnancy. The number of bacteria in the intestinal microbiota increases, while its composition changes [37]. To allow normal foetal growth, an incremental shift is observed towards microorganisms involved in energy production and accumulation. The increase in Akkermansia, Bifidobacterium and Firmicutes appears parallel to the rising energy storage, while the increase in Proteobacteria and Actinobacteria helps protect the foeto-maternal unit from external infection [35]. Along with the increase in gestational age, Firmicutes begin to dominate, similarly as in the case of microbiota in obese people [38,39]. The number of Faecalibacterium taxomes and other producers of short-chain fatty acids decreases [40], causing reduced production of butyric acid with proven anti-inflammatory properties [41]. Both in normal pregnancy and that complicated with GDM, the abundance of Blautia and Collinsella increases [42]. In GDM, the Firmicute/Bacteroides ratio increases compared to healthy pregnant women [43]. Crusell et al. presented Actinobacteria, Collinsella, Rothia, Actinomyces, Desulfovibrio, Leuconostoc, Granulicatella and Mogibacterium as GDM biomarkers, while Marvinbryantia, Acetivibrio and Anaerosporobacter were exhibited as markers of normal carbohydrate metabolism in pregnancy [39]. In another study, Bacteroides, Dialister and Campylobacter were indicated as biomarkers of GDM, while Gemminer and Bifidobacterium were noted as markers of normal blood glucose levels during pregnancy [44]. In women with GDM, in the third trimester of pregnancy, increases in the number of Bacteroides caccae, Bacteroides massiliensis and Bacteroides thetaiotaomicron, as well as a reduction of Bacteroides vulgatus, Eubacterium eligens, Lactobacillus rogosae and Prevotella copri, have been observed [45]. The relationship between an increase in the relative abundance of Ruminococcaceae in early pregnancy and the later development of GDM [46,47] is also known. Moreover, the maintenance of a changed composition of the microbiota after childbirth was observed [39]. A higher glucose level in pregnant women is positively correlated with the wider range of taxomes in gut microbiota [47]. Reports from recent research have allowed us to identify various microorganisms within the intestinal microbiota of women with GDM. Ordinarily, in these studies, the composition of the microbiota among a control group is compared with women at a high risk of or diagnosed with GDM. An overview of the research results from recent years is presented in Table 1.



Interesting findings were noted by Hu et al. in their study based on measuring the quality of microbiota in women, comparing the first trimester (6–15 hbd) with the late second (24–28 hbd). The study was conducted on a numerically equivalent group of women with GDM and controls. Strong dependence on the prevalence regarding the dominance of Enterobacteriaceae, Ruminococcaceae spp. and Veillonellaceae spp. in the group of women with GDM has been demonstrated [51].



In a study by Ma et al., the microbiota of women with GDM in the first trimester of pregnancy (10–14 hbd) and after the post-partum period was compared in 2 equal groups. The Eisenbergiella, Tyzzerella and Lachnospiraceae NK4A136 species were also highly prevalent 42 days after delivery in women with GDM [53].



The available studies also allowed us to note a depletion in the presence of some bacterial taxomes concerning the microbiota of women with GDM, compared to pregnant women with normoglycaemia. This concerned the Faecalibacterium [53], Bifidobacterium spp., Eubacterium spp. [54], Marvinbryantia, Acetivibrio, Anaerosporobacter [39] and Bacteroides spp. groups [43]. These taxa can be potential predictors of normoglycaemia.



The observations discussed above are summarised in Table 2.



In the literature, there is a constantly growing body of evidence regarding the influence of microbiota on the development of metabolic syndrome, obesity and diabetes mellitus [38,39,55,56]. It is believed that microbial metabolites play a key role in the microbiota-host axis [57]. The influence of microbial short-chain fatty acids, lipopolysaccharide and trimethylamine on the development of obesity and metabolic syndrome is known [57,58,59]. Physiological dysbiosis occurring in the third trimester of pregnancy has a direct, positive influence on the formation of low-inflammatory processes, hyperglycaemia, excessive weight gain and insulin resistance [1,60,61].



In pregnant women, the phenomenon of higher numbers regarding Gram-negative bacteria and the disturbance of the Gram-negative/-positive bacteria ratio is well-known. Lipopolysaccharides (LPS) constitute a large proportion of the Gram-negative bacteria cell wall. The increase in the level of LPS in the intestinal microflora contributes to the induction of metabolic endotoxemia and the production of low-grade inflammation [62]. In animal models, an increase in the activity of Toll-like receptors (TLRs) and subsequent mobilisation of inflammatory vectors has been demonstrated. Several pro-inflammatory pathways have been identified, which are mediated by the interleukin receptor associated kinase (IRAK), TGF-1 related kinase, NFkB, IKK-β, INK., etc. This leads to the development of low-grade inflammation, infiltration of macrophages and an increase in the concentration of pro-inflammatory cytokines, including IL-1β, IL-6 and TNF-α [62,63,64,65,66]. Pro-inflammatory cytokines induce a state of insulin resistance in nephralgic locations—the liver, muscles and adipose tissue. In adipocytes, phosphorylation of serine residues occurs at the level of insulin receptor substrate proteins (IRS) by the kinase activated via the mutation of the p38 gene (MAPK). In microtubules, the process of phosphorylation takes place at the serine residue—307 (Ser307) by MAPK and kB inhibitor kinase [67]. Interleukin 1β significantly influences the failure of beta cells in pancreatic islets. During glucose stimulation, insulin production in beta cells is intensified and inflammatory processes dependent on interleukin 1β and interleukin receptors (IL-1R) are intensified. These processes lead to the dysfunction and apoptosis of pancreatic islet beta cells [67,68]. In recent years, clinical trials have been carried out on the use of IL-1 receptor antagonists (IL-1R) in the treatment of diabetes. Test substances include canakinumab and gevokizumab, known as XOMA 052 [69,70,71]. For unarguable reasons, there are no studies on the use of IL-1R antagonists in pregnant women.



Koren et al. analysed stool probes from 91 pregnant women, previously recruited for a prospective, randomised, mother–infant pair-study in Finland. They described a significant alteration in the gut microbiota between the first and third trimesters. Although they did not find any differences between the microbiota of the pregnant women in the first trimester or that compared to their normal healthy controls, the differences were significant in the third trimester. The between-subject diversity has greatly expanded, and enrichment of Proteobacteria and Actinobacteria has been observed in the majority of pregnant women. In the third trimester, in most women, an increase in Proteobacteria level has been previously reported in the case of inflammation-related dysbiosis. Faecalibacterium, on the other hand, being an anti-inflammatory butyrate producer, was, on average, less abundant in late pregnancy [72]. They also transferred gut microbiota from the first and third trimester in women to germ-free recipient mice and noticed that the latter induced greater adiposity insulin resistance, in addition to inflammatory response. Increased concentration of pro-inflammatory cytokines, such as: IL-1β, IL-2, IL-5, IL-6 and GM-CSF, was observed [72].



The “leaky gut phenomenon” is a widely studied hypothesis that can explain the mechanisms of pathobiom invasion into the mesentery and blood vessels. In addition to phagocytosis and receptor-dependent active mechanisms, mechanical potential is also shown, which is dependent on defects in the mucosa and tight junction proteins. There is ample evidence suggesting the involvement of Prevotella spp. in the degradation of the mucin covering the intestinal villi cells [73,74]. In the work by Cani et al. and Bagarolli et al., it was also proved that the change in intestinal microflora negatively influences the expression of adherent proteins ZO-1 and occludin, increasing the mechanical ability of the pathobiom leak [75,76]. In these studies, the influence of a high-fat diet on the negative regulation of intestinal tightness, depending on the mechanisms of the endocannabinoid system (eCB) [77,78,79], has been emphasised. In a study carried out by Bawah et al., a close relationship was described between the increase in plasma zonulin levels in pregnant women in the first trimester of pregnancy as a modulator of tight intercellular junctions and the risk of GDM [16,80].



It is suspected that microbiota metabolites play a significant part in maternal epigenetic regulation of GDM and in programming a child’s metabolite profile. In the publication by Zhao et al. [81], the relationship between maternal faecal metabolome and neonatal blood metabolome was investigated. The authors observed a negative prevalence in the presence of 4 different faecal metabolites in mothers with GDM compared to the control group: lysine, putrescine, guanidinoacetate and hexadecanedioate. These substances are known to play a protective or indicative role in the development of glucose metabolism disorders [53,82,83]. Zhao et al. also proved an increased level of biotin metabolism in patients with GDM. These observations may provide evidence of the significant contribution of maternal microbiota metabolites to inborn errors of metabolism (IEMs).



It seems likely that the metabolites of the gut microbiota may become recognised biomarkers of GDM in the future. The development of screening tests would allow for earlier identification of GDM and IEM risk and to take preventive measures [84].



In the literature on the subject, the hypothesis concerning the influence of internal (microbiota) and external (environment) factors on the regulation of gene expression within the context of the development of glucose metabolism disorders is currently being discussed. Still, there are a lack of publications on the direct influence of microbiota or its metabolites on specific genome sequences.



In the work by Kumar et al. [85], the effect of the Bacteroides, Firmicutes and Proteobacteria taxomes was investigated (present in the intestines of pregnant women) on DNA methylation of genes in inflammatory response, obesity and cardiovascular diseases. The presence of up- and down-regulation regarding many genes responsible for the development of metabolic disorders has been proven. Interestingly, several of these genes are also methylated in GDM patients, e.g., KCNIP3/4.



In a study conducted on whole genome research using the EWAS method, the relationship was examined between guanidine cytosine–phosphate–methylation and GDM. Nine sites of different CpG methylation were identified which, in the future, may be used as biomarkers in the early diagnosis of GDM patients [86].



A series of complex, biochemical, pro-inflammatory and microbiological mechanisms lead to insulin resistance and the development of GDM in pregnant women. There is an existing suggestion that, on the one hand, gut microbiota affect host metabolism but, on the other, the host can manage the gut microbiota to promote metabolic changes [80]. Although a relationship between the intestinal microflora and GDM has been proven, molecular mechanisms concerning the interaction of the intestinal microflora on the development of GDM are still largely unknown [87].




4. Overview of Epigenetics


Two major periods of epigenetic reprogramming (erasure and re-establishment) are known: in primary germ cells (PGCs) and from fertilisation to the pre-implantation stage. This is a period particularly vulnerable to the disruptive effects of internal and external factors. The then-created phenotypes and epimutations can be passed down through subsequent generations, thus making them significant underlying pathogenetic mechanisms for the development of complex multifactorial diseases. In this context, we refer to intergenerational epigenetic inheritance when direct exposure to a particular stressor cannot be excluded, and transgenerational inheritance of phenotypes and epimutations is maintained without any direct exposure to the stressor. In the maternal lineage, exposure during gestation implies direct exposure of the mother and the foetus (intergenerational), and their developing primary germ cells (transgenerational inheritance) [88].



The most frequently studied mechanism is the methylation of cytosine nitrogenous bases in the DNA chain. DNA methylation reactions are catalysed by DNA methyltransferases (DNMT). It is well-known that methylation is directly related to the inhibition of gene expression. The spots of increased methylation are CG dinucleotides within the cytosine bases, known as the CpG regions. It has also been proven that functionally active genes are hypomethylated, which enables the synthesis of proteins suitable for the metabolic tasks of a specified cell. Methylation, in the promoter region of a gene, reduces its expression, and methylation within the repressor of a given gene positively influences the expression of this particular gene. A number of consequences concerning disturbed cellular homeostasis have also been discovered, resulting in selective or global defects of genome methylation, including carcinogenesis processes [89,90].



Histone tail methylation may affect DNA methylation processes, and vice versa. The role of lysine amino acid trimethylation in histone H3 (H3U9, H3U27) and histone H4 (H4U20), as a condition of subsequent DNA methylation, has been demonstrated [91].



Another mechanism for modifying the chromatin strand and regulating gene expression is the modification of histones. The most widely described mechanisms are histone acetylation and deacetylation. These processes are catalysed by histone acetyltransferases (HAT) and histone deacetylases (HDACs), respectively [92].



The degree of chromatin folding is tightly regulated by the acetylation of lysine residues. Acetylation affects electrostatic relaxation between histones and phosphate residues. Therefore, this process leads to increased availability of the genome for the transcriptional apparatus and epigenetic mechanisms [93]. It has also been proved that the process of lysine deacetylation in histone 4 (H4U16) strongly influences folding of the chromatic thread [94].



Other mechanisms of epigenetic regulation include complex ATP-dependent processes of chromatin remodelling [95]. Gene expression is noted by modifying histones via non-coding RNA and miRNA [96].



Disturbances in mitotic and meiotic inheritance, as well as a simultaneous disturbance in the genetic balance of the cell, may lead to the development of multifactorial diseases, which include gastrointestinal neoplasms, arterial hypertension, as well as metabolic and haematological diseases. Recent years have also brought to light many novel insights into epigenetic mechanisms regarding the development of gestational diabetes [97].




5. The Role of Epigenetics in the Pathogenesis of GDM


An increasing number of studies on global methylation allow for more and more precise identification of specific methylation patterns in the course of several diseases, including DMG.



In pregnancy complicated by diabetes, DNA methylation is thought to be important in modulating the post-transcriptional profile of the genome. In studies conducted to date, functional panels of genes with altered methylation levels in placenta, cord blood or adipose tissue have been identified. For instance, in a cohort study conducted by Reichetreder et al., 1030 samples were tested for global methylation of placental DNA. A very strong correlation was found between maternal GDM and global DNA methylation (p = 0.0009). Variations related to clinical history, BMI, GDM predisposition and ethnicity were separated in this study. The authors suggest that GDM independently influences placental DNA methylation [98]. Ruchat et al. demonstrated differentially methylated genes (methylation difference eq. or more than 3%) in the placenta (3271 genes) and cord blood (3757 genes), including numerous genes associated with aberrant glucose metabolism. Interestingly, more than 25% of affected by GDM genes were common for placenta and cord blood, while 326 genes in placenta and 117 in the cord blood were also correlated with new-born weight [99]. Since the observed methylation changes occurred even in the presence of moderate hyperglycaemia, the authors concluded that even slight disturbances in the intrauterine environment may induce epigenetic changes that could influence the development of long-term complications such as obesity or type 2 diabetes in the offspring. In a recent study conducted by Chen et al., genome-wide DNA methylation was investigated in the peripheral blood, with regard to the relationship between intrauterine diabetes exposure, and the differentially methylated CpGs in 39 genomic regions identified in the offspring’s peripheral blood [38]. Methylation at three sites was also nominally associated with insulin secretion, while a fourth site was associated with future risk of T2DM [100]. Wu et al. showed significant differences in methylation patterns among women with GDM compared to healthy ones [101].



In a study by Ott et al., the authors demonstrated the variable nature regarding methylation of the IR transcription initiation regions within chromosome 19. A significant increase in methylation within region 1 and intron 1 was demonstrated. Moreover, the researchers demonstrated the highest level of DNA methylation in CpG in introns 1 in umbilical cord blood, then in maternal blood, visceral adipose and subcutaneous adipose tissue. Regarding region 1, methylation levels were relatively similar in all of the analysed tissues. In this study, the inverse relationship was demonstrated of methylation concerning the CpG4-GRE2, CpG3-AP-2 and SP1 regions with the expression of the IR gene in subcutaneous adipose tissue. The authors also showed that higher glucose levels were positively correlated with CpG2-AP-2 and SP1 methylation, while negatively associated with methylation of the CpG3-GRE1 region in umbilical cord blood cells of GDM-affected mothers [102].



Independently of studies on global DNA methylation in the placenta and cord blood, attempts are being made to associate methylation status of single genes coding proteins linked to GDM.



In the EPOCH study, Yang et al. [103] identified significant changes in 51 areas of the genome in samples of cord and peripheral blood from offspring of GDM and non-GDM mothers.



The methylation at differentially methylated positions in SH3PXD2A was significantly and positively correlated with adiposity-related parameters: BMI, waist circumference, triceps, suprailiac and subscapular skinfold thickness, subcutaneous adipose tissue quantity and leptin levels. DNA methylation in E2F6 was related to the fasting insulin and homeostatic model assessment for insulin resistance (HOMA-IR). According to researchers, these findings may suggest that DNA methylation is influenced by GDM exposure in the uterus and the subsequent epigenetic alterations may represent a significant link between this exposure and later metabolic consequences [104].



In the research by Haertle et al., the methylation level of many genes that may be associated with GDM was analysed. Significantly lower CpG2 region methylation levels of the gene encoding the alpha subunit of ATP- synthase F1 (ATP5F1A) in women with GDM were demonstrated. This study also allowed us to show the significant changes in methylation levels regarding the CpG4 regions for the MFAP4, CpG1, CpG2 and CpG3 gene in the PRKCH gene and in the CpG5, CpG6, CpG10 and CpG11 regions of the HIF3A gene in GDM. According to the authors’ opinion, the existence of epigenetic mechanisms at mitochondrial and extracellular levels in the epidemiology of GDM may be significantly suggested [105]. In the trial by Wu et al., 100 CpG islands, with significantly variable methylation, were identified, while the significant effect of the CpG variable methylation was detected for the genes of COPS8, PIK3R5, HAAO, CCDC124, C5orf34 proteins in GDM-affected women [106].



Kelstrup et al. showed lower expression of the PGC-1alpha (PPARGC1A) protein gene in the muscle tissue of the offspring of GDM mothers. The negative influence of PPARGC1A gene expression on HOMA-IR expression in subcutaneous adipose tissue has also been demonstrated. This suggests the influence of PPARGC1A expression on the development of insulin resistance and the influence of maternal overweightness on the onset of GDM [107]. These convergences were confirmed in research on the expression of PPAR gamma and PGC-1alpha carried out by Ruschle et al. [106].



In the study by Gague-Ouellet, focus was shifted towards the level of DNA methylation at the lipoprotein lipase (LPL) gene locus. LPL contributes to metabolic homeostasis through triglycerides hydrolysis and plays a pivotal role in lipid metabolism and transport. In peripheral vessels, as a result of hydrolysis, free fatty acids (FFAs) from circulating lipoproteins are released. The foetus is unable to synthetise enough FFAs, and thus depends on transplacental transfer.



The authors demonstrated a significant decrease regarding methylation in the CpG1 and CpG2 regions of the LPL gene in GDM-affected patients. A negative correlation was demonstrated between the methylation of the placental DNA concerning the LPL gene and its transcriptional activity. They also showed that alterations in foetal placental DNA methylation levels at the LPL gene locus that were associated with the anthropometric parameters in 5-year-old children. According to the authors, these findings support the concept of foetal metabolic programming through epigenetic changes [108].



The modification of histones in the genome also plays an important role in the mechanisms of epigenetic variation and seems to be an important factor in the pathophysiology of metabolic diseases and foetal programming, including GDM.



Hepp et al. investigated the level of lysine 9 acetylation and lysine 4 trimethylation within the H3histone (H3K9ac and H3K4me3, respectively) from placental tissue of 40 healthy and 40 GDM pregnancies. In this study, a significant reduction was demonstrated compared to the control group in H3K9ac expression concerning the syncytiotrophoblast, cells of the trophoblast, extracellular placental tissue and foetal endothelial cells in tissues derived from GDM-complicated placenta. No similar relationships were found in terms of H3K4me3 expression.



The researchers hypothesise that the down-regulation of H3K9c in the foetal endothelial cells may contribute to foetal programming of cardiovascular disease associated with GDM [109].



Chang et al. found that deacetylation of H3 and H4 histones, H3K4 demethylation and H3K9 methylation negatively affect the expression of PDX1 (IPF-1) [110]. IPF-1 deficits cause disorders in pancreatic beta cell maturation, leading to insulin secretion disorders [111]. In studies on animal models, the possibility has been proved of generation inheritance regarding disorders related to the dysfunction of PDX1 expression [112].



Another important mechanism of epigenetic regulation is the interaction of short, non-coding RNA, known as miRNA sequences. Zhao et al. found a protective role of miRNA-221 interacting with PAK1 towards pancreatic beta cells. In an animal model, the influence of miRNA-221 on insulin sequence, proliferation and inhibition of apoptosis concerning pancreatic islet cells was demonstrated. In the tested control group, significantly reduced expression of miRNA-221 was noted in individuals with GDM [113].



In the work by Stirm et al., a higher level of miRNA-340 expression was observed in the blood lymphocyte levels of mothers with GDM (p = 0.02) [114]. In other studies, an increased expression of miRNA-7-5p in women with GDM was also shown [115]. Moreover, research on animal models allowed us to demonstrate increased miRNA-143 expression and the possible generation-inheritance of glucose metabolism disorders [116].



The molecular mechanisms behind the effects of the microbiota on metabolism remain largely unknown, although recent evidence suggests that the gut microbiota plays a pivotal role in human metabolism and may be a significant factor affecting our epigenome. Among many important compounds synthesised by the gut microbiota, we may also find liposaccharides, folate, polyamines and enzymes, such as: methyltransferases, acetyltransferases, deacetylases, BirA ligases, phosphotransferases, which may act as epigenetic modulators taking part in DNA methylation and histone modification [117,118].



To date, unfortunately, only little research has been conducted among humans, focused on evaluating the correlations between microbiota and epigenetic modifications.



In a pilot study carried out among pregnant women, Kumar et al. investigated the association between gut microbiota and epigenetic changes and found a strong correlation between blood DNA methylation patterns and gut microbiota profiles. Clustering analysis of DNA methylome data revealed a clear correlation between the whole-blood epigenetic profile and composition of the gut microbial population among the mothers with a predominance of either Bacteroidetes and Proteobacteria (High Bact) or Firmicutes (High Firm). In mothers with higher Firmicute levels (High Firm), the authors found that promoters of 568 genes were more methylated, while the promoters of 245 genes were less methylated than in mothers with greater Bacteroidete and Proteobacteria levels. Among the affected genes, 82 are known to be associated with the risk of cardiovascular disease, 72 with lipid metabolism, 23 with obesity and 85 with inflammatory response. The most significant difference between the 2 groups was observed in methylation of the promoter region for SCD5, which was more highly methylated in the High Firm group and had undetectable methylation in the High Bact group (p = 0.00208). Lipopolysaccharide (LPS) was one of the up-stream regulators of genes identified in the network which, according to the authors, further strengthens the role of microbial molecules in epigenetic modifications [85].



In their work, Ramos-Molina et al. analysed DNA of gut microbiota composition in stool samples from 45 obese subjects by 16S ribosomal RNA (rRNA) gene sequencing. Twenty patients were selected on the basis of their Bacteroidete-to-Firmicute ratio (BFR). The authors found that in adipose tissue, both HDAC7 and IGF2BP2 were hypomethylated and over-expressed in the low BFR group compared to the high BFR one. They demonstrated that the DNA methylation status was correlated with gut microbiota composition in obese subjects and that the expression levels of candidate genes involved in glucose and energy homeostasis (e.g., HDAC7 and IGF2BP2) could be epigenetically regulated by gut bacterial populations in adipose tissue. They further noted that hypomethylation in the HDAC7 promoter, in both blood and fat tissue, is also related to impaired glucose metabolism, as distinct differences in glucose and HbA1c levels were observed in both study groups. This implies that alterations in the methylation profile of the HDAC7 gene are linked not only to the structure of the gut microbiota, but also to the metabolic status of the subjects, at least in the blood and adipose tissue [118].



In the study conducted by Tachibana et al., it was found that changes in the UBE2E2 and KCNQ1 methylation rates among umbilical cord samples were associated with the proportion of Firmicutes in the maternal gut, although with marginal correlations after adjustment for age and body mass index. These results may suggest a link between foetal diabetes-related gene methylation in foetuses and maternal microbiota components during pregnancy, but a limitation of this study is its small sample size [119].



In a randomised trial by Vähämiko et al., the authors aimed to assess whether probiotic supplementation throughout pregnancy may modify the DNA methylation status of gene promoters linked to obesity and weight gain in mothers and their children. They investigated the DNA methylation status of certain obesity promoters (623genes) and weight gain-related genes (433 genes) in mothers, as well as their offspring, and have concluded that probiotic supplementation resulted in markedly reduced DNA methylation levels in 37 gene promoters and increased DNA methylation levels in 1 gene promoter of women. In children, 68 gene promoters were significantly affected, with DNA methylation levels lower in the probiotic-treated group. They identified alterations in the epigenetic regulation of some components of insulin signalling pathways in response to the probiotic intervention, which may partly explain the favourable impact of probiotics on glucose metabolism. Remarkably, the promoter for insulin-like growth factor binding protein 1 (IGFBP1) was found to be less-methylated in both mothers and their children in the probiotic group. IGFBP1 encodes a protein that binds insulin-like growth factors I and II, and low levels of this protein have previously been linked to insulin resistance and diabetes [120].



Similarly, the MSRA (methionine sulfoxide reductase A) gene promoter was found to be less-methylated in the probiotic mother–children pairs. In an experiment on mice, animals lacking the MSRA gene showed reduced physiological insulin response in comparison to wild-type mice [33]. On this basis, the authors hypothesised that the reduced methylation of IGFBP1 and MSRA may be a possible mechanism for providing health benefits to both women and their children by diminishing the risk of impaired glucose metabolism. Researchers have suggested that probiotic supplementation during pregnancy, by targeting specific gene promoters, may provide beneficial long-term health effects. Nonetheless, a significant limitation of this study was the small size of the study group [120].



Further research is still required to fully understand the epigenetic mechanisms influencing GDM. Their results may be important in clinical practice.



In Table 3, the results obtained by the discussed research are presented.




6. Conclusions


The gut microbiota appear to play an important role in human metabolism and can be a significant environmental factor affecting our epigenome. In literature on the subject, the complex influence of epigenetic mechanisms is emphasized, including the effects of gut microbiota on the development of GDM in pregnant women. Currently, several dozen mechanisms of gene modulation at the mitochondrial and extracellular levels have been described. However, the authors of various studies highlight the lack of knowledge on the direct and indirect influence of epigenetic mechanisms on each other. An important question remains whether one regulation mechanism may affect the others in a cascade manner—the so-called “trigger effect”. The development of molecular techniques, e.g., RNA sequencing of the intestinal microbiome, may, in the future, allow us to find answers to many questions about the epigenetic mechanisms of genome regulation in pregnant patients. There is also no answer to the question regarding the risk-scale of intergenerational inheritance in terms of the effects of epigenetic mechanisms. A limitation of many available studies may be the failure to standardise patient groups in terms of BMI, race and origin, socioeconomic status and the number of offspring.



The currently available literature and the study findings cited therein point to a strong role of epigenetic mechanisms and the gut microbiota profile on the pathogenesis of GDM and human health programming in future ectopic life. The impact of epigenetic mechanisms on the pathophysiology of GDM and their long-term consequences for ectopic life require many years of wide-spectrum and complex research. The link between the gut microbiome and epigenome can be used as effective targets for the diagnosis and treatment of diseases. The composition of the gut microbiota may help us to understand the risk of developing GDM and therefore, increase the chance of detecting, preventing and treating this disease. There is an urgent need for further multi-directional, interventional and longitudinal studies on epigenetic modifications induced by microbiota alterations. Given that these studies are complex and costly, while awaiting their results, it seems valuable to attempt a broader introduction of recommendations that may serve to maintain eubiosis, especially among women of child-bearing age and, in particular, pregnant women. The periconceptional period, in addition to intrauterine development, is a unique time in the formation of the gut microbiota for the mother, but especially, for the foetus; therefore, they are essential for the programming of future human health. As epigenetic changes are mostly modifiable, there is a possibility to limit the intergenerational inheritance of metabolic traits and to reverse the unfavourable trend of the rising incidence regarding a broad spectrum of metabolic diseases and their serious long-term consequences. Undoubtedly, the reversibility of epigenetic changes should be taken into account, particularly within the context of GDM development. The conclusions of the currently available research might be incorporated into the protocols of perinatal counselling. After analysing the scientific evidence, it seems crucial to develop the aspect of social education in terms of GDM prevention, e.g., increasing awareness of transgenerational health, promoting the intake of well-balanced nutrition, especially the consumption of low glycaemic index foods, prebiotic products, and in high risk groups for GDM, the use of probiotics.
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	HOMA-IR
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	Interleukin
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	MSRA
	Methionine sulfoxde reductase A



	PDX1
	Pancreatic and duodenal homeobox 1



	PPARGC1A
	Peroxisome proliferator activated receptor gamma coactivator 1-alpha



	spp.
	species



	TLR
	Toll-like receptor
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	Type II diabetes mellitus









References


	



Lin, X.; Xu, Y.; Pan, X.; Xu, J.; Ding, Y.; Sun, X.; Song, X.; Ren, Y.; Shan, P.F. Global, regional, and national burden and trend of diabetes in 195 countries and territories: An analysis from 1990 to 2025. Sci. Rep. 2020, 10, 14790. [Google Scholar] [CrossRef]

	



Eades, C.E.; Cameron, D.M.; Evans, J.M. Prevalence of gestational diabetes mellitus in Europe: A meta-analysis. Diabetes Res. Clin. Pract. 2017, 129, 173–181. [Google Scholar] [CrossRef]

	



Carracher, A.M.; Marathe, P.H.; Close, K.L. International diabetes federation 2017. J. Diabetes 2018, 10, 353–356. [Google Scholar] [CrossRef]

	



Coustan, D.R.; Lowe, L.P.; Metzger, B.E.; Dyer, A.R. The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) study: Paving the way for new diagnostic criteria for gestational diabetes mellitus. Am. J. Obstet. Gynecol. 2010, 202, 654.E1–654.E6. [Google Scholar] [CrossRef]

	



American Diabetes Association. Available online: https://www.adahighlights.com/ (accessed on 11 October 2021).

	



Kunysz, M.; Mora-Janiszewska, O.; Darmochwał-Kolarz, D. Epigenetic Modifications Associated with Exposure to Endocrine Disrupting Chemicals in Patients with Gestational Diabetes Mellitus. Int. J. Mol. Sci. 2021, 22, 4693. [Google Scholar] [CrossRef] [PubMed]

	



Yao, D.; Chang, Q.; Wu, Q.-J.; Gao, S.-Y.; Zhao, H.; Liu, Y.-S.; Jiang, Y.-T.; Zhao, Y.-H. Relationship between maternal central obesity and the risk of gestational diabetes mellitus: A systematic review and meta-analysis of cohort studies. J Diabetes Res. 2020, 2020, 6303820. [Google Scholar] [CrossRef]

	



Okosun, I.S.; Chandra, K.D.; Boev, A.; Boltri, J.M.; Choi, S.T.; Parish, D.C.; Dever, G.A. Abdominal adiposity in US adults: Prevalence and trends, 1960–2000. Prev. Med. 2004, 39, 197–206. [Google Scholar] [CrossRef]

	



Qi, Y.; Sun, X.; Tan, J.; Zhang, G.; Chen, M.; Xiong, Y.; Chen, P.; Liu, C.; Zou, K.; Liu, X. Excessive gestational weight gain in the first and second trimester is a risk factor for gestational diabetes mellitus among women pregnant with singletons: A repeated measures analysis. J. Diabetes Investig. 2020, 11, 1651–1660. [Google Scholar] [CrossRef] [PubMed]

	



Lewandowska, M. Gestational Diabetes Mellitus (GDM) Risk for Declared Family History of Diabetes, in Combination with BMI Categories. Int. J. Environ. Res. Public Health 2021, 18, 6936. [Google Scholar] [CrossRef] [PubMed]

	



Lee, K.W.; Ching, S.M.; Ramachandran, V.; Yee, A.; Hoo, F.K.; Chia, Y.C.; Sulaiman, W.A.W.; Suppiah, S.; Mohamed, M.H.; Veettil, S.K. Prevalence and risk factors of gestational diabetes mellitus in Asia: A systematic review and meta-analysis. BMC Pregnancy Childbirth 2018, 18, 494. [Google Scholar] [CrossRef]

	



Li, Y.; Ren, X.; He, L.; Li, J.; Zhang, S.; Chen, W. Maternal age and the risk of gestational diabetes mellitus: A systematic review and meta-analysis of over 120 million participants. Diabetes Res. Clin. Pract. 2020, 162, 108044. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz, N.; Nachum, Z.; Green, M.S. The prevalence of gestational diabetes mellitus recurrence—Effect of ethnicity and parity: A metaanalysis. Am. J. Obstet. Gynecol. 2015, 213, 310–317. [Google Scholar] [CrossRef]

	



Xiong, X.; Saunders, L.D.; Wang, F.L.; Demianczuk, N.N. Gestational diabetes mellitus: Prevalence, risk factors, maternal and infant outcomes. Int. J. Gynecol. Obstet. 2001, 75, 221–228. [Google Scholar] [CrossRef]

	



Mehta, N.; Priya, S.S. Comparative study of pregnancy-related complications of women with and without polycystic ovary syndrome (PCOS). Int. J. Clin. Obstet. Gynaecol. 2021, 5, 74–79. [Google Scholar] [CrossRef]

	



Hasain, Z.; Mokhtar, N.M.; Kamaruddin, N.A.; Ismail, N.A.M.; Razalli, N.H.; Gnanou, J.V.; Ali, R.A.R. Gut microbiota and gestational diabetes mellitus: A review of host-gut microbiota interactions and their therapeutic potential. Front. Cell. Infect. Microbiol. 2020, 10, 188. [Google Scholar] [CrossRef]

	



Binek, M. Mikrobiom człowieka–zdrowie i choroba. Post. Mikrobiol. 2012, 51, 27–36. [Google Scholar]

	



Pak, H.H.; Cummings, N.E.; Green, C.L.; Brinkman, J.A.; Yu, D.; Tomasiewicz, J.L.; Yang, S.E.; Boyle, C.; Konon, E.N.; Ong, I.M.; et al. The metabolic response to a low amino acid diet is independent of diet-induced shifts in the composition of the gut microbiome. Sci. Rep. 2019, 9, 67. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Yuan, Y.; Li, Z.; Chen, H.; Fang, M.; Xiao, P.; Xu, Y. An interaction between BRG1 and histone modifying enzymes mediates lipopolysaccharide-induced proinflammatory cytokines in vascular endothelial cells. J. Cell. Biochem. 2019, 120, 13216–13225. [Google Scholar] [CrossRef]

	



Butler, A.E.; Cao-Minh, L.; Galasso, R.; Rizza, R.A.; Corradin, A.; Cobelli, C.; Butler, P.C. Adaptive changes in pancreatic beta cell fractional area and beta cell turnover in human pregnancy. Diabetologia 2010, 53, 2167–2176. [Google Scholar] [CrossRef]

	



Catalano, P.M.; Tyzbir, E.D.; Roman, N.M.; Amini, S.B.; Sims, E.A. Longitudinal changes in insulin release and insulin resistance in nonobese pregnant women. Am. J. Obstet. Gynecol. 1991, 165, 1667–1672. [Google Scholar] [CrossRef]

	



Simpson, S.; Smith, L.; Bowe, J. Placental peptides regulating islet adaptation to pregnancy: Clinical potential in gestational diabetes mellitus. Curr. Opin. Pharmacol. 2018, 43, 59–65. [Google Scholar] [CrossRef]

	



Hill, D.J. Placental control of metabolic adaptations in the mother for an optimal pregnancy outcome. What goes wrong in gestational diabetes? Placenta 2018, 69, 162–168. [Google Scholar] [CrossRef] [PubMed]

	



Cypryk, K.; Wender-Ożegowska, E. Cukrzyca i Ciąża (Diabetes and Pregnancy); Medycyna Praktyczna: Kraków, Poland, 2020. [Google Scholar]

	



Plows, J.F.; Stanley, J.L.; Baker, P.N.; Reynolds, C.M.; Vickers, M.H. The pathophysiology of gestational diabetes mellitus. Int. J. Mol. Sci. 2018, 19, 3342. [Google Scholar] [CrossRef] [PubMed]

	



Taschereau-Charron, A.; Da Silva, M.S.; Bilodeau, J.F.; Morisset, A.S.; Julien, P.; Rudkowska, I. Alterations of fatty acid profiles in gestational diabetes and influence of the diet. Maturitas 2017, 99, 98–104. [Google Scholar] [CrossRef] [PubMed]

	



Pierce, B.T.; Pierce, L.M.; Wagner, R.K.; Apodaca, C.C.; Hume, R.F., Jr.; Nielsen, P.E.; Calhoun, B.C. Hypoperfusion causes increased production of interleukin 6 and tumor necrosis factor α in the isolated, dually perfused placental cotyledon. Am. J. Obstet. Gynecol. 2020, 183, 863–867. [Google Scholar] [CrossRef]

	



Hauguel-de Mouzon, S.; Guerre-Millo, M. The placenta cytokine network and inflammatory signals. Placenta 2006, 27, 794–798. [Google Scholar]

	



Wedekind, L.; Belkacemi, L. Altered cytokine network in gestational diabetes mellitus affects maternal insulin and placental-fetal development. J. Diabetes Complicat. 2016, 30, 1393–1400. [Google Scholar] [CrossRef]

	



Xiang, A.H.; Takayanagi, M.; Black, M.H.; Trigo, E.; Lawrence, J.M.; Watanabe, R.M.; Buchanan, T.A. Longitudinal changes in insulin sensitivity and beta cell function between women with and without a history of gestational diabetes mellitus. Diabetologia 2013, 56, 2753–2760. [Google Scholar] [CrossRef]

	



Rojas-Rodriguez, R.; Lifshitz, L.M.; Bellve, K.D.; Min, S.Y.; Pires, J.; Leung, K.; Boeras, C.; Sert, A.; Draper, J.T.; Corvera, S.; et al. Human adipose tissue expansion in pregnancy is impaired in gestational diabetes mellitus. Diabetologia 2015, 58, 2106–2114. [Google Scholar] [CrossRef]

	



Pantham, P.; Aye, I.L.H.; Powell, T.L. Inflammation in maternal obesity and gestational diabetes mellitus. Placenta 2015, 36, 709–715. [Google Scholar] [CrossRef]

	



Lappas, M.; Hiden, U.; Desoye, G.; Froehlich, J.; Mouzon, S.H.D.; Jawerbaum, A. The role of oxidative stress in the pathophysiology of gestational diabetes mellitus. Antioxid. Redox Signal. 2011, 15, 3061–3100. [Google Scholar] [CrossRef]

	



Lee, E.S.; Song, E.J.; Nam, Y.D. Dysbiosis of gut microbiome and its impact on epigenetic regulation. J. Clin. Epigenetics 2017, 3, 2. [Google Scholar]

	



Siena, M.D.; Laterza, L.; Matteo, M.V.; Mignini, I.; Schepis, T.; Rizzatti, G.; Ianiro, G.; Rinninella, E.; Cintoni, M.; Gasbarrini, A. Gut and Reproductive Tract Microbiota Adaptation during Pregnancy: New Insights for Pregnancy-Related Complications and Therapy. Microorganisms 2021, 9, 473. [Google Scholar] [CrossRef]

	



Peterson, J.; Garges, S.; Giovanni, M.; McInnes, P.; Wang, L.; Schloss, J.A.; Bonazzi, V.; McEwen, J.E.; Wetterstrand, K.A.; Deal, C.; et al. The NIH human microbiome project. Genome Res. 2009, 19, 2317–2323. [Google Scholar] [PubMed]

	



Neuman, H.; Koren, O. The pregnancy microbiome. In Intestinal Microbiome: Functional Aspects in Health and Disease, Proceedings of the 88th Nestlé Nutrition Institute Workshop, Playa del Carmen, Mexico, 23–25 September 2016; Isolauri, E., Sherman, P.M., Walker, W.A., Eds.; Nestec Ltd.: Vevey, Switzerland, 2017; Volume 88, pp. 1–9. [Google Scholar]

	



Edwards, S.M.; Cunningham, S.A.; Dunlop, A.L.; Corwin, E.J. The maternal gut microbiome during pregnancy. MCN Am. J. Matern. Child Nurs. 2017, 42, 310–317. [Google Scholar] [CrossRef]

	



Crusell, M.K.W.; Hansen, T.H.; Nielsen, T.; Allin, K.H.; Rühlemann, M.C.; Damm, P.; Vestergaard, H.; Rorbye, C.; Bjarne Christiansen, O.; Heinsen, F.-A.; et al. Gestational diabetes is associated with change in the gut microbiota composition in third trimester of pregnancy and postpartum. Microbiome 2018, 6, 89. [Google Scholar] [CrossRef]

	



Haro, C.; Garcia-Carpintero, S.; Alcala-Diaz, J.F.; Gomez-Delgado, F.; Delgado-Lista, J.; Perez-Martinez, P.; Rangel Zuñiga, O.A.; Quintana-Navarro, G.M.; Landa, B.B.; Clemente, J.C.; et al. The gut microbial community in metabolic syndrome patients is modified by diet. J. Nutr. Biochem. 2016, 27, 27–31. [Google Scholar] [CrossRef]

	



Sossai, P. Butyric acid: What is the future for this old substance? Swiss Med. Wkly. 2012, 142, 13596. [Google Scholar] [CrossRef] [PubMed]

	



Neri, C.; Serafino, E.; Morlando, M.; Familiari, A. Microbiome and Gestational Diabetes: Interactions with Pregnancy Outcome and Long-Term Infant Health. J. Diabetes Res. 2021, 2021, 9994734. [Google Scholar] [CrossRef] [PubMed]

	



Cortez, R.V.; Taddei, C.R.; Sparvoli, L.G.; Ângelo, A.G.; Padilha, M.; Mattar, R.; Daher, S. Microbiome and its relation to gestational diabetes. Endocrine 2019, 64, 254–264. [Google Scholar] [CrossRef]

	



Chen, T.; Zhang, Y.; Zhang, Y.; Shan, C.; Zhang, Y.; Fang, K.; Xia, Y.; Shi, Z. Relationships between gut microbiota, plasma glucose and gestational diabetes mellitus. J. Diabetes Investig. 2021, 12, 641–650. [Google Scholar] [CrossRef] [PubMed]

	



Festa, C.; Drago, L.; Martorelli, M.; Di Marino, V.P.; Bitterman, O.; Corleto, C.C.; Corleto, V.D.; Napoli, A. Flash on gut microbiome in gestational diabetes: A pilot study. New Microbiol. 2020, 43, 195–197. [Google Scholar]

	



Ma, S.; You, Y.; Huang, L.; Long, S.; Zhang, J.; Guo, C.; Zhang, N.; Wu, X.; Xiao, Y.; Tan, H. Alterations in gut microbiota of gestational diabetes patients during the first trimester of pregnancy. Front. Cell. Infect. Microbiol. 2020, 10, 58. [Google Scholar] [CrossRef] [PubMed]

	



Mokkala, K.; Houttu, N.; Vahlberg, T.; Munukka, E.; Rönnemaa, T.; Laitinen, K. Gut microbiota aberrations precede diagnosis of gestational diabetes mellitus. Acta Diabetol. 2017, 54, 1147–1149. [Google Scholar] [CrossRef]

	



Su, Y.; Wang, H.K.; Gan, X.P.; Chen, L.; Cao, Y.N.; Cheng, D.C.; Xu, X.M. Alterations of gut microbiota in gestational diabetes patients during the second trimester of pregnancy in the Shanghai Han population. J. Transl. Med. 2021, 19, 1–13. [Google Scholar]

	



Sililas, P.; Huang, L.; Thonusin, C.; Luewan, S.; Chattipakorn, N.; Chattipakorn, S.; Tongsong, T. Association between Gut Microbiota and Development of Gestational Diabetes Mellitus. Microorganisms 2021, 9, 1686. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Oing, Y.; Zhou, H.; Liu, J.; Oi, C.; Gao, J. 6S rRNA gene amplicon sequencing of gut microbiota in gestational diabetes mellitus and their correlation with disease risk factors. J. Endocrinol. Investig. 2022, 45, 279–289. [Google Scholar]

	



Hu, P.; Chen, X.; Chu, X.; Fan, M.; Ye, Y.; Wang, Y.; Han, M.; Yang, X.; Yuan, J.; Zha, L.; et al. Association of Gut Microbiota during Early Pregnancy with Risk of Incident Gestational Diabetes Mellitus. J. Clin. Endocrinol. Metab. 2021, 106, e4128–e4141. [Google Scholar] [CrossRef]

	



Chen, X.; Li, P.; Liu, M.; Zheng, H.; He, Y.; Chen, M.X.; Huang, L. Gut dysbiosis induces the development of pre-eclampsia through bacterial translocation. Gut 2020, 69, 513–522. [Google Scholar] [CrossRef]

	



Ye, G.; Zhang, L.; Wang, M.; Chen, Y.; Gu, S.; Wang, K.; Leng, J.; Gu, Y.; Xie, X. The gut microbiota in women suffering from gestational diabetes mellitus with the failure of glycemic control by lifestyle modification. J. Diabetes Res. 2019, 2019, 6081248. [Google Scholar] [CrossRef]

	



Kuang, Y.-S.; Lu, J.-H.; Li, S.-H.; Li, J.H.; Yuan, M.-Y.; He, J.R.; Chen, N.-N.; Xiao, W.-Q.; Shen, S.-Y.; Qiu, L.; et al. Connections between the human gut microbiome and gestational diabetes mellitus. Gigascience 2017, 6, 1–12. [Google Scholar] [CrossRef]

	



Tomasova, L.; Grman, M.; Ondrias, K.; Ufnal, M. The impact of gut microbiota metabolites on cellular bioenergetics and cardiometabolic health. Nutr. Metab. 2021, 18, 72. [Google Scholar] [CrossRef]

	



El-Sayed, A.; Aleya, L.; Kamel, M. The link among microbiota, epigenetics, and disease development. Environ. Sci. Pollut. Res. 2021, 28, 28926–28964. [Google Scholar] [CrossRef] [PubMed]

	



Donia, M.S.; Fischbach, M.A. Small molecules from the human microbiota. Science 2015, 349. [Google Scholar] [CrossRef] [PubMed]

	



Remely, M.; Aumueller, E.; Merold, C.; Dworzak, S.; Hippe, B.; Zanner, J.; Pointner, A.; Brath, H.; Haslberger, A.G. Effects of short chain fatty acid producing bacteria on epigenetic regulation of FFAR3 in type 2 diabetes and obesity. Gene 2014, 537, 85–92. [Google Scholar] [CrossRef]

	



Dabke, K.; Hendrick, G.; Devkota, S. The gut microbiome and metabolic syndrome. J. Clin. Investig. 2019, 129, 4050–4057. [Google Scholar] [CrossRef] [PubMed]

	



Tilg, H.; Moschen, A.R. Microbiota and diabetes: An evolving relationship. Gut 2014, 63, 1513–1521. [Google Scholar] [CrossRef]

	



Cani, P.D.; Geurts, L.; Matamoros, S.; Plovier, H.; Duparc, T. Glucose metabolism: Focus on gut microbiota, the endocannabinoid system and beyond. Diabetes Metab. 2014, 40, 246–257. [Google Scholar] [CrossRef]

	



Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.W.; et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772. [Google Scholar] [CrossRef]

	



Chassaing, B.; Gewirtz, A.T. Gut microbiota, low-grade inflammation, and metabolic syndrome. Toxicol. Pathol. 2014, 42, 49–53. [Google Scholar] [CrossRef]

	



Carvalho, F.A.; Nalbantoglu, I.; Ortega-Fernandez, S.; Aitken, J.D.; Su, Y.; Koren, O.; Walters, W.A.; Knight, R.; Ley, R.; Vijay-Kumar, M.; et al. Interleukin-1β (IL-1β) promotes susceptibility of Toll-like receptor 5 (TLR5) deficient mice to colitis. Gut 2012, 61, 373–384. [Google Scholar] [CrossRef] [PubMed]

	



Valentini, M.; Piermattei, A.; Di Sante, G.; Migliara, G.; Delogu, G.; Ria, F. Immunomodulation by gut microbiota: Role of Toll-like receptor expressed by T cells. J. Immunol. Res. 2014, 2014, 586939. [Google Scholar] [CrossRef] [PubMed]

	



El-Zayat, S.R.; Sibaii, H.; Mannaa, F.A. Toll-like receptors activation, signaling, and targeting: An overview. Bull. Natl. Res. Cent. 2019, 43, 187. [Google Scholar] [CrossRef]

	



Böni-Schnetzler, M.; Thorne, J.; Parnauld, G. Increased IL-1β mRNA expression in β-cells of individuals with type 2 diabetes and regulation of IL-1β in human islets by glucose and auto-stimulation. J. Clin. Endocrinol. Metab. 2008, 93, 4065–4074. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, G.; Dharmadhikari, G.; Maedler, K.; Meyer-Hermann, M. Possible role of interleukin-1β in type 2 diabetes onset and implications for anti-inflammatory therapy strategies. PLoS Comput. Biol. 2014, 10, e1003798. [Google Scholar] [CrossRef]

	



US National Library of Medicine Clinical Trials. Available online: https://clinicaltrials.gov/ (accessed on 20 October 2021).

	



Everett, B.M.; Donath, M.Y.; Pradhan, A.D.; Thuren, T.; Pais, P.; Nicolau, J.C.; Lynn, R.J.; Libby, P.; Ridker, P.M. Anti-inflammatory therapy with canakinumab for the prevention and management of diabetes. J. Am. Coll. Cardiol. 2018, 71, 2392–2401. [Google Scholar] [CrossRef] [PubMed]

	



Cavelti-Weder, C.; Babians-Brunner, A.; Keller, C.; Stahel, M.A.; Kurz-Levin, M.; Zayed, H.; Solinger, A.M.; Mandrup-Poulsen, T.; Dinarello, C.A.; Donath, M.Y. Effects of gevokizumab on glycemia and inflammatory markers in type 2 diabetes. Diabetes Care 2012, 35, 1654–1662. [Google Scholar] [CrossRef] [PubMed]

	



Koren, O.; Goodrich, J.K.; Cullender, T.C.; Spor, A.; Laitinen, K.; Bäckhed, H.K.; Gonzalez, A.; Werner, J.J.; Angenent, L.T.; Knight, R.; et al. Host remodeling of the gut microbiome and metabolic changes during pregnancy. Cell 2012, 150, 470–480. [Google Scholar] [CrossRef]

	



Wright, D.P.; Rosendale, D.I.; Roberton, A.M. Prevotella enzymes involved in mucin oligosaccharide degradation and evidence for a small operon of genes expressed during growth on mucin. FEMS Microbiol. Lett. 2000, 190, 73–79. [Google Scholar] [CrossRef]

	



Chen, F.; Gan, Y.; Li, Y.; He, W.; Wu, W.; Wang, K.; Li, Q. Association of gestational diabetes mellitus with changes in gut microbiota composition at the species level. BMC Microbiol. 2021, 21, 147. [Google Scholar] [CrossRef]

	



Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet–induced obesity and diabetes in mice. Diabetes 2008, 57, 1470–1481. [Google Scholar] [CrossRef]

	



Bagarolli, R.A.; Tobar, N.; Oliveira, A.G.; Araújo, T.G.; Carvalho, B.M.; Rocha, G.Z.; Vecina, J.F.; Calisto, K.; Guadagnini, D.; Prada, P.D.O.; et al. Probiotics modulate gut microbiota and improve insulin sensitivity in DIO mice. J. Nutr. Biochem. 2017, 50, 16–25. [Google Scholar] [CrossRef] [PubMed]

	



Caricilli, A.M.; Saad, M.J. The role of gut microbiota on insulin resistance. Nutrients 2013, 5, 829–851. [Google Scholar] [CrossRef] [PubMed]

	



Zinina, T.A.; Tiselko, A.V.; Yarmolinskaya, M.I. The role of intestinal microbiota in the development of complications in pregnant women with gestational diabetes. J. Obstet. Women’s Dis. 2020, 69, 41–50. [Google Scholar] [CrossRef]

	



Muccioli, G.G.; Naslain, D.; Bäckhed, F.; Reigstad, C.S.; Lambert, D.M.; Delzenne, N.M.; Cani, P.D. The endocannabinoid system links gut microbiota to adipogenesis. Mol. Syst. Biol. 2010, 6, 392. [Google Scholar] [CrossRef]

	



Bawah, A.T.; Seini, M.M.; Yakubu, Y.A.; Ussher, F.A.; Amoah, B.Y.; Alidu, H. First trimester zonulin levels and adiposity as predictive indices of gestational diabetes mellitus. Int. J. Diabetes Dev. Ctries. 2019, 39, 451–457. [Google Scholar] [CrossRef]

	



Zhao, C.; Ge, J.; Li, X.; Jiao, R.; Li, Y.; Quan, H.; Li, J.; Guo, Q.; Wang, W. Integrated metabolome analysis reveals novel connections between maternal fecal metabolome and the neonatal blood metabolome in women with gestational diabetes mellitus. Sci. Rep. 2020, 10, 3660. [Google Scholar] [CrossRef]

	



Park, S.; Park, J.Y.; Lee, J.H.; Kim, S.H. Plasma levels of lysine, tyrosine, and valine during pregnancy are independent risk factors of insulin resistance and gestational diabetes. Metab. Syndr. Relat. Disord. 2015, 13, 64–70. [Google Scholar] [CrossRef]

	



Fernandez-Garcia, J.C.; Delpino-Rius, A.; Samarra, I.; Castellano-Castillo, D.; Muñoz-Garach, A.; Bernal-Lopez, M.R.; Queipo-Ortuño, M.I.; Cardona, F.; Ramos-Molina, B.; Tinahones, F.J. Type 2 diabetes is associated with a different pattern of serum polyamines: A case–control study from the PREDIMED-Plus trial. J. Clin. Med. 2019, 8, 71. [Google Scholar] [CrossRef]

	



Wang, J.; Zheng, J.; Shi, W.; Du, N.; Xu, X.; Zhang, Y.; Ji, P.; Zhang, F.; Jia, Z.; Wang, Y.; et al. Dysbiosis of maternal and neonatal microbiota associated with gestational diabetes mellitus. Gut 2018, 67, 1614–1625. [Google Scholar] [CrossRef]

	



Kumar, H.; Lund, R.; Laiho, A.; Lundelin, K.; Ley, R.E.; Isolauri, E.; Salminen, S. Gut microbiota as an epigenetic regulator: Pilot study based on whole-genome methylation analysis. mBio 2014, 5, e02113–e02114. [Google Scholar] [CrossRef]

	



Liu, Y.; Wang, Z.; Zhao, L. Identification of diagnostic cytosine-phosphate-guanine biomarkers in patients with gestational diabetes mellitus via epigenome-wide association study and machine learning. Gynecol. Endocrinol. 2021, 37, 857–862. [Google Scholar] [CrossRef] [PubMed]

	



Angueira, A.R.; Ludvik, A.E.; Reddy, T.E.; Wicksteed, B.; Lowe, W.L.; Layden, B.T. New insights into gestational glucose metabolism: Lessons learned from 21st century approaches. Diabetes 2015, 64, 327–334. [Google Scholar] [CrossRef]

	



Blake, G.E.; Rakoczy, J.; Watson, E.D. Epigenetics of transgenerational inheritance of disease. In Epigenetics in Human Disease, 2nd ed.; Academic Press: Cambridge, MA, USA, 2018; Volume 6, pp. 805–836. [Google Scholar]

	



Jin, B.; Li, Y.; Robertson, K.D. DNA methylation: Superior or subordinate in the epigenetic hierarchy? Genes Cancer 2011, 2, 607–617. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, M.M.; Bird, A. DNA methylation landscapes: Provocative insights from epigenomics. Nat. Rev. Genet. 2008, 9, 465–476. [Google Scholar] [CrossRef] [PubMed]

	



Lehnertz, B.; Ueda, Y.; Derijck, A.A.; Braunschweig, U.; Perez-Burgos, L.; Kubicek, S.; Chen, T.; Li, E.; Jenuwein, T.; Peters, A.H. Suv39h-mediated histone H3 lysine 9 methylation directs DNA methylation to major satellite repeats at pericentric heterochromatin. Curr. Biol. 2003, 13, 1192–1200. [Google Scholar] [CrossRef]

	



Lee, C.Y.; Grant, P.A. Role of histone acetylation and acetyltransferases in gene regulation. In Toxicoepigenetics; McCullough, S.D., Dolinoy, D.C., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 3–30. [Google Scholar]

	



Tse, C.; Sera, T.; Wolffe, A.P.; Hansen, J.C. Disruption of higher-order folding by core histone acetylation dramatically enhances transcription of nucleosomal arrays by RNA polymerase III. Mol. Cell. Biol. 1998, 18, 4629–4638. [Google Scholar] [CrossRef]

	



Shogren-Knaak, M.; Peterson, C.L. Switching on chromatin: Mechanistic role of histone H4-K16 acetylation. Cell Cycle 2006, 5, 1361–1365. [Google Scholar] [CrossRef]

	



Zhou, C.Y.; Johnson, S.L.; Gamarra, N.I.; Narlikar, G.J. Mechanisms of ATP-dependent chromatin remodeling motors. Annu. Rev. Biophys. 2016, 45, 153–181. [Google Scholar] [CrossRef]

	



Fang, D.; Junhong, H. Histone Mutations and Cancer. Advances in Experimental Medicine and Biology; Springer: Singapore, 2021; Volume 1283. [Google Scholar]

	



Lizárraga, D.; García-Gasca, A. The Placenta as a Target of Epigenetic Alterations in Women with Gestational Diabetes Mellitus and Potential Implications for the Offspring. Epigenomes 2021, 5, 13. [Google Scholar] [CrossRef]

	



Reichetzeder, C.; Putra, S.D.; Pfab, T.; Slowinski, T.; Neuber, C.; Kleuser, B.; Hocher, B. Increased global placental DNA methylation levels are associated with gestational diabetes. Clin. Epigenetics 2016, 8, 82. [Google Scholar] [CrossRef] [PubMed]

	



Ruchat, S.M.; Houde, A.A.; Voisin, G.; St-Pierre, J.; Perron, P.; Baillargeon, J.P.; Gaudet, D.; Hivert, M.-F.; Brisson, D.; Bouchard, L. Gestational diabetes mellitus epigenetically affects genes predominantly involved in metabolic diseases. Epigenetics 2013, 8, 935–943. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.; Piaggi, P.; Traurig, M.; Bogardus, C.; Knowler, W.C.; Baier, L.J.; Hanson, R.L. Differential methylation of genes in individuals exposed to maternal diabetes in utero. Diabetologia 2017, 60, 645–655. [Google Scholar] [CrossRef]

	



Wu, P.; Farrell, W.E.; Haworth, K.E.; Emes, R.D.; Kitchen, M.O.; Glossop, J.R.; Hanna, F.W.; Fryer, A.A. Maternal genome-wide DNA methylation profiling in gestational diabetes shows distinctive disease-associated changes relative to matched healthy pregnancies. Epigenetics 2018, 13, 122–128. [Google Scholar] [CrossRef] [PubMed]

	



Ott, R.; Melchior, K.; Stupin, J.H.; Ziska, T.; Schellong, K.; Henrich, W.; Rancourt, R.C.; Plagemann, A. Reduced insulin receptor expression and altered DNA methylation in fat tissues and blood of women with GDM and offspring. J. Clin. Endocrinol. Metab. 2019, 104, 137–149. [Google Scholar] [CrossRef]

	



Uchino, Y.; Goto, Y.; Konishi, Y.; Tanabe, K.; Toda, H.; Wada, M.; Kita, Y.; Beppu, M.; Mori, S.; Hijioka, H.; et al. Colorectal Cancer Patients Have Four Specific Bacterial Species in Oral and Gut Microbiota in Common—A Metagenomic Comparison with Healthy Subjects. Cancers 2021, 13, 3332. [Google Scholar] [CrossRef]

	



Yang, I.V.; Zhang, W.; Davidson, E.J.; Fingerlin, T.E.; Kechris, K.; Dabelea, D. Epigenetic marks of in utero exposure to gestational diabetes and childhood adiposity outcomes: The EPOCH study. Diabet. Med. 2018, 35, 612–620. [Google Scholar] [CrossRef]

	



Haertle, L.; El Hajj, N.; Dittrich, M.; Müller, T.; Nanda, I.; Lehnen, H.; Haaf, T. Epigenetic signatures of gestational diabetes mellitus on cord blood methylation. Clin. Epigenetics 2017, 9, 28. [Google Scholar] [CrossRef]

	



Ruschke, K.; Fishbein, L.; Dietrich, A.; Klöting, N.; Tönjes, A.; Oberbach, A.; Fasshauer, M.; Jenkner, J.; Schön, M.; Stumvoll, M.; et al. Gene expression of PPARγ and PGC-1α in human omental and subcutaneous adipose tissue is related to insulin resistance markers and mediates beneficial effects of physical training. Eur. J. Endocrinol. Eur. Fed. Endocr. Soc. 2010, 162, 515–523. [Google Scholar] [CrossRef] [PubMed]

	



Kelstrup, L.; Hjort, L.; Houshmand-Oeregaard, A.; Clausen, T.D.; Hansen, N.S.; Broholm, C.; Borch-Johnsen, L.; Mathiesen, E.R.; Vaag, A.A.; Damm, P. Gene expression and DNA methylation of PPARGC1A in muscle and adipose tissue from adult offspring of women with diabetes in pregnancy. Diabetes 2016, 65, 2900–2910. [Google Scholar] [CrossRef]

	



Gagné-Ouellet, V.; Houde, A.A.; Guay, S.P.; Perron, P.; Gaudet, D.; Guérin, R.; Jean-Patrice, B.; Hivert, M.-F.; Brisson, D.; Bouchard, L. Placental lipoprotein lipase DNA methylation alterations are associated with gestational diabetes and body composition at 5 years of age. Epigenetics 2017, 12, 616–625. [Google Scholar] [CrossRef] [PubMed]

	



Hepp, P.; Hutter, S.; Knabl, J.; Hofmann, S.; Kuhn, C.; Mahner, S.; Jeschke, U. Histone H3 lysine 9 acetylation is downregulated in GDM Placentas and Calcitriol supplementation enhanced this effect. Int. J. Mol. Sci. 2018, 19, 4061. [Google Scholar]

	



Chang, H.; Wang, D.; Xia, W.; Pan, X.; Huo, W.; Xu, S.; Li, Y. Epigenetic disruption and glucose homeostasis changes following low-dose maternal bisphenol A exposure. Toxicol. Res. 2016, 5, 1400–1409. [Google Scholar] [CrossRef] [PubMed]

	



Yin, D.-D.; Zhang, E.-B.; You, L.-H.; Wang, N.; Wang, L.-T.; Jin, F.-Y.; Zhu, Y.-N.; Cao, L.-H.; Yuan, Q.-X.; Tang, W.; et al. Downregulation of lncRNA TUG1 affects apoptosis and insulin secretion in mouse pancreatic β cells. Cell. Physiol. Biochem. 2015, 35, 1892–1904. [Google Scholar] [CrossRef]

	



Park, J.H.; Stoffers, D.A.; Nicholls, R.D.; Simmons, R.A. Development of type 2 diabetes following intrauterine growth retardation in rats is associated with progressive epigenetic silencing of Pdx1. J. Clin. Investig. 2008, 118, 2316–2324. [Google Scholar] [CrossRef]

	



Zhao, H.; Tao, S. MiRNA-221 protects islet β cell function in gestational diabetes mellitus by targeting PAK1. Biochem. Biophys. Res. Commun. 2019, 520, 218–224. [Google Scholar] [CrossRef]

	



Stirm, L.; Huypens, P.; Sass, S.; Batra, R.; Fritsche, L.; Brucker, S.; Abele, H.; Hennige, A.M.; Theis, F.; Beckers, J.; et al. Maternal whole blood cell miRNA-340 is elevated in gestational diabetes and inversely regulated by glucose and insulin. Sci. Rep. 2018, 8, 1366. [Google Scholar] [CrossRef] [PubMed]

	



Bhusan, R.; Rani, A.; Gupta, D.; Ali, A.; Tripathi, A.; Dubey, P.K. Circulating microRNA-7 regulates insulin, inflammatory and GnRH signaling pathways by targeting IRS1, IRS2, and RAF1 genes in gestational diabetes mellitus. Res. Sq. 2021. [Google Scholar]

	



Jordan, S.D.; Krüger, M.; Willmes, D.M.; Redemann, N.; Wunderlich, F.T.; Brönneke, H.S.; Merkwirth, C.; Kashkar, H.; Olkkonen, V.M.; Böttger, T.; et al. Obesity-induced overexpression of miRNA-143 inhibits insulin-stimulated AKT activation and impairs glucose metabolism. Nat. Cell Biol. 2011, 13, 434–446. [Google Scholar] [CrossRef]

	



D’Aquila, P.; Lynn Carelli, L.; De Rango, F.; Passarino, G.; Bellizzi, D. Gut microbiota as important mediator between diet and DNA methylation and histone modifications in the host. Nutrients 2020, 12, 597. [Google Scholar] [CrossRef]

	



Ramos-Molina, B.; Sánchez-Alcoholado, L.; Cabrera-Mulero, A.; Lopez-Dominguez, R.; Carmona-Saez, P.; Garcia-Fuentes, E.; Moreno-Indias, I.; Tinahones, F.J.; Tinahones, F.J. Gut microbiota composition is associated with the global DNA methylation pattern in obesity. Front. Genet. 2019, 10, 613. [Google Scholar] [CrossRef] [PubMed]

	



Tachibana, K.; Sakurai, K.; Watanabe, M.; Miyaso, H.; Mori, C. Associations between changes in the maternal gut microbiome and differentially methylated regions of diabetes-associated genes in fetuses: A pilot study from a birth cohort study. J. Diabetes Investig. 2017, 8, 550–553. [Google Scholar] [CrossRef] [PubMed]

	



Vähämiko, S.; Laiho, A.; Lund, R.; Isolauri, E.; Salminen, S.; Laitinen, K. The impact of probiotic supplementation during pregnancy on DNA methylation of obesity-related genes in mothers and their children. Eur. J. Nutr. 2019, 58, 367–377. [Google Scholar] [CrossRef] [PubMed]

	



Balci, S.; Gorur, A.; Yıldırım, D.D.; Cayan, F.; Tamer, L. Expression level of miRNAS in patients with gestational diabetes. Turk. J. Biochem. 2020, 45, 825–831. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Recent studies showing the dominant taxonomies in the group of women with GDM.
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	Study
	Number of Women Surveyed GDM/Control (Total)
	Gestational Age (Weeks)
	Methods
	Prevailing Taxonomies in the Group of Women with GDM





	Su et al. [48] nowe
	21/32 (53)
	24–28
	16s rRNA sequencing
	Bacteroidetes, Bacteroides spp.,

Weisella spp., Fusicatenibacter spp.,

Parabacteroides, Roseburia,

Flavonifractor



	Sililas et al. [49]
	49/39 (88)
	24–28
	16s rRNA sequencing
	Bacteroidetes, Enterobacteriaceae, Clostridiales,

Firmicutes/Bacteroidetes ratio



	Wei et al. [50]
	15/18 (33)
	24–28
	16s rRNA sequencing
	Ruminococcus bromii, Clostridium colinum,

Streptococcus infantis



	Hu et al. [51]
	201/201 (402)
	6–15 & 24–28
	16s rRNA sequencing
	Enterobacteriaceae, Ruminococcaceae spp.,

Veillonellaceae



	Chen et al. [44]
	30/28 (58)
	28
	16s rRNA microarray
	Corynebacterium spp., Lactobacillus spp.,

Blautia hydrogenotrophica



	Chen et al. [52]
	110/220 (330)
	25–26
	16s rRNA sequencing
	Bacteroidetes spp., Dialister spp.,

Campylobacter spp., Enterococceae spp.



	Ma et al. [46]
	70/70 (140)
	10–14 & 42 days after delivery
	16s rRNA sequencing
	Eisenbergiella, Tyzzerella, Lachnospiraceae NK4A136



	Ye et al. [53]
	36/16 (52)
	24–28
	16s rRNA sequencing
	Blautia, Eubacterium halli



	Cortez et al. [43]
	26/42 (68)
	28–36
	16s rRNA sequencing
	Ruminococcus, Prevotella



	Crusell et al. [39]
	50/157 (207)
	27–33
	16s rRNA sequencing
	Desulfovibrio, Rothia spp.



	Kuang et al. [54]
	43/81 (124)
	21–29
	Whole metagenome shotgun sequencing
	Klebsiella varicolla
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Table 2. Recent studies showing the dominant taxonomies in the group of women without GDM.






Table 2. Recent studies showing the dominant taxonomies in the group of women without GDM.





	Study
	Number of Women Surveyed GDM/Control (Total)
	Gestational Age (Weeks)
	Methods
	Prevailing Taxonomies in the Group

of Normoglycaemic Women





	Ye et al. [53]
	36/16 (52)
	24–28
	16s rRNA sequencing
	Faecalibacterium spp.



	Cortez et al. [43]
	26/42 (68)
	28–36
	16s rRNA sequencing
	Bacterioides spp.



	Crusell et al. [39]
	50/157 (207)
	27–33
	16s rRNA sequencing
	Marvinbryantia spp., Acetivibrio,

Anaerosporobacter



	Crusell et al. [39]
	43/81 (124)
	21–29
	Whole metagenome shotgun sequencing
	Bifidobacterium spp.,

Eubacterium spp.
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Table 3. Studies proving the epigenetic mechanisms influencing GDM.
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	Ott et al. [102]
	
	
Variable levels of DNA methylation in the promoter regions of the IR gene in SAT, VAT, CB and MB;



	
Negative correlation between CpG4-GRE2, CpG3-AP-2 and SP1 methylation and the expression of the IR gene in SAT;



	
Expression of the IR gene in CB positively related to methylation of the CpG2-AP-2 and SP1 region and negatively related to methylation of the CpG3-GRE1 region of the promoter of the IR gene.








	Haertle et al. [105]
	
	
Lower level of methylation in the CpG2 region of the ATP5F1A gene in women with GDM;∙ Variable methylation levels of several CpG regions for MFAP4, PRKCH and HIF3A genes in women with GDM.








	Wu et al. [101]
	
	
Variable methylation levels of CpG regions for COPS8, PIK3R5, HAAO, CCDC124, C5orf34 genes in women with GDM.








	Kelstrup et al. [107]
	
	
Lower level of PPARGC1A gene expression in the muscle tissue of the offspring of women with GDM—a mechanism probably different than variable CpG methylation for the PPARGC1A gene;∙ Negative correlation between the expression of the PPARGC1A gene and the expression of the HOMA-IR gene in subcutaneous adipose tissue in children of mothers with GDM.








	Reichetzeder et al. [98]
	
	
GDM strongly influences the level of placental DNA methylation in a way that is probably independent of other clinical factors.








	Gagne-Ouellet et al. [108]
	
	
Decrease in the level of methylation in the CpG1 and CpG2 regions of the LPL gene in the placental tissues in patients with GDM;∙ Negative correlation between methylation at the LPL gene locus and its transcriptional activity.








	Hepp et al. [109]
	
	
Decreased level of lysine acetylation in H3K9 in placental tissues during pregnancy complicated by GDM.








	Chang et al. [110]
	
	
H3 and H4 deacetylation, H3K4 demethylation and H3K9 methylation negatively correlate with the expression of the PDX1 gene (IPF-1).








	Zhao et al. [113]
	
	
GDM negatively correlates with the level of miRNA interacting with PAK1 on the beta cells of the pancreatic islets.








	Stirm et al. [114]
	
	
Higher levels of miRNA-340 expression in peripheral blood lymphocytes in women with GDM.








	Balci et al. [121]
	
	
Higher level of miRNA-7-5p expression in the blood serum of mothers with GDM.
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