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Abstract

:

Maternal lifestyle is an important factor in the programming of an infant’s epigenome, in particular when considered alongside the mode of birth and choice of feeding method (i.e., breastfeeding or formula feeding). Beginning in utero, and during the first two years of an infant’s life, cells acquire an epigenetic memory of the neonatal exposome which can be influential across the entire lifespan. Parental lifestyle (e.g., malnutrition, alcohol intake, smoke, stress, exposure to xenobiotics and/or drugs) can modify both the maternal and paternal epigenome, leading to epigenetic inheritance in their offspring. This review aims to outline the origin of early life modulation of the epigenome, and to share this fundamental concept with all the health care professionals involved in the development and provision of care during childbirth in order to inform future parents and clinicians of the importance of the this process and the key role it plays in the programming of a child’s health.
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1. Introduction


Nutri-epigenetics is the study of the role of dietary components in the modulation of the epigenome [1,2]. Food oxidation produces different metabolites involved in the modulation of chromatin structure and in the regulation of gene expression. For example, acetyl groups from Acetyl-CoA are used by histone acetyltransferases (HATs) to neutralize the charges at chromatin level, by decreasing the electrostatic interaction between the positive charge of aminoacidic residues at the histone tails and the negative charge of phosphate groups of the DNA [3]. The acetylation of specific amino acidic residues of the histone tail is associated with open chromatin, thus it can turn on gene expression. Whereas deacetylation leads to condensation of chromatin and gene silencing. A range of effects on the modulation of gene expression can be derived from histone methylation, which takes place in the addition to one or more methyl groups at the aminoacidic residues of histone tails [1]. The enzymes involved in histone methylation are the histone methyltransferases (HMTs) which receive the methyl group from the S-adenosyl-methionine (SAM), the universal methyl donor, which is the final product of the one carbon cycle. In particular, the one carbon cycle combines the folic acid cycle with the methionine cycle to synthetize the SAM, which donates methyl groups to both DNA-methyltransferases (DNMTs) and HMTs [4]. Indeed, methyl groups provided by SAM are also used for methylating DNA sequences. It is well established that methylation of DNA at the carbon 5 of cytosines in the CpG islands of the promoter region of genes regulates their expression according to the percentage of promoter methylation. An increase in promoter methylation is associated with a decrease in the gene expression [1,5] and consequently to downregulation of protein level. The impact of promoter methylation in the regulation of gene expression can be explained considering the interference due to the methyl groups which negatively affect interaction with proteins (e.g., transcription factors, RNA-polymerase) involved in promoter recognition which is necessary to start gene transcription [4]. DNA methylation is regulated by the activity of specific enzymes: DNA-methyltransferase 1 (DNMT1), DNA-methyltransferase 3A (DNMT 3A) and DNA-methyltransferase 3B (DNMT 3B). DNMT1 has the role of maintaining DNA methylation during cell replication and guarantees the inheritance of the methylome during DNA replication and the permanence of the specific characteristics of the cell, while DNMTs 3A and 3B can catalyze the de novo methylation which depends to the impact of environmental stimuli (e.g., food, stress, xenobiotics, etc.) [1,2,3]. To ensure normal activity of the one carbon pathway, folic acid, vitamin B2, B6 and B12 are required; these micronutrients must be included in the diet because they represent the substrates used by the enzymes involved in the one carbon cycle to produce the methyl groups that the enzymes DMNTs and HMTs use for the proper DNA and histone methylation [5].



Gut microbiota also play an important function in epigenome remodeling [1]. The metabolites produced by gut microbiota can actively modulate the epigenome of the host, thus affecting his/her health status. Richness is the total number of bacterial species in the gut microbiome, while diversity is the number of individual bacteria from each of the bacterial species present in an individual’s gut microbiome. This relevant because richness and diversity of gut microbiota are the two major determinants of the health status. Indeed, bacteria can metabolize all kinds of fibers contained in food, such as vegetables, fruits and whole grains, producing short-chain fatty acids (SCFAs) (e.g., butyrate, propionate and acetate) which actively modulate gene expression and the epigenome in the colonocytes [5]. In particular, the SCFAs mediate both anti-inflammatory and metabolic responses, thus leading to positive systemic effects on lipid and carbohydrate metabolism [6,7]. Butyrate is a SCFA that promotes anti-inflammatory responses by interacting with receptors in colonocytes (e.g., GPR109A), immune cells (e.g., GPR43, GPR41) and adipocytes (e.g., GPR41) [8]. It inhibits the release of proinflammatory cytokines (e.g., IL6, IL12) and promotes anti-inflammatory responses (i.e., IL10). In doing so butyrate contributes to the maintenance of cellular homeostasis in the gut. Studies from animal models and cell lines highlight that the anti-inflammatory properties of butyrate also depend on the downregulation of the transcription factor NF-kB which controls the gene expression of proinflammatory cytokines [9]. Butyrate also plays a central role in lipid and glucose metabolism. By interacting with GPR43 and GPR41 receptors, it increases glucagon-like peptide 1 and peptide YY, decreasing glucagon production in the pancreas and increasing glucose uptake in muscle and adipose tissues. Butyrate increases fatty acid oxidation in muscle and decreases lipolysis in white adipose tissue resulting in a change in the body composition. Finally, butyrate can be also transported to the liver where it is metabolized to produce ATP. To support these functions more effectively a diet rich in fiber is necessary to modulate a healthy response by gut microbiota across the life span.



Considering the interplay between nutrition, gut microbiota and the epigenome, the first aim of this review is to describe the connections between early life nutrition (e.g., breastfeeding), childbirth (e.g., mode of delivery) and mode of care with gut microbiota modulation. Second, the role of maternal lifestyle in the programming of the infant’s health will be described, highlighting the impact of early life modulation of the epigenome. Finally, this review aims to share this fundamental information with all the health care professionals involved in maternity care, in order to promote the delivery of the best practices around birth.




2. Epigenetic Programming during the First 1000 Days of Life


Epigenetics etymologically means “on top of” or “in addition to genetics” to highlight the fact that it modulates gene expression without any change in the nucleotide sequence. Epigenetics contributes to cell differentiation during the first 1000 days of life—a period that includes forty weeks of pregnancy plus the first two years of life. DNA methylation switches genes off in order to differentiate more than 250 cell types that characterize tissues and organs in our body. Cells acquire an epigenetic memory of the neonatal exposome which is maintained throughout life.



Environmental cues (e.g., food, xenobiotics, stress, etc.) can regulate phenotypic diversity in the same genome and can influence the inheritance of epigenetic marks [10,11,12,13,14]. During this window of epigenetic plasticity, fetal growth, organ maturation and susceptibility to disease are all programmed.



Therefore, if the environmental cues are unhealthy (e.g., poor methyl group donor diet, endocrine disruption, stress, etc.), unwanted changes in the epigenome can occur, and alterations of gene expression could be observed later in life (e.g., at adolescent or adult age) increasing the risk for multifactorial environmentally driven diseases [4,5].



In support of this theory, several studies have found that maternally induced epigenetic programming and malnutrition (e.g., low Vitamin B12, low protein intake, high fat diet, exposure to endocrine disruptors, etc.,) during pregnancy can modulate body mass index, glucose tolerance, cardiovascular disease risk in the infant. The extent to which epigenetic programming is affected is influenced by both gender and the period of exposure to environmental factors. Severe maternal famine (about 400–800 kcal/die) exposure during the first trimester of pregnancy has been associated with changes in the promoter methylation of several genes (e.g., IL10, INS-IGF2, GNASAS, LEP, ABCA1 and MEG3) [15,16,17]. Long-term effects include an increased risk of developing obesity in adult men [17] and a higher incidence of glucose intolerance in adult women [15,16,17]. Maternal adiposity and changes in the newborn DNA methylation have been observed in 19 cohorts within the PAGE consortium [18]. The consortium data found a correlation between promoter methylation at retinoid X receptor-α (RXRA) in umbilical cord blood and an increase of fat mass in 6- and 9-year-old children [19]. Correlations between maternal blood, cord blood metabolites (e.g., homocysteine, TMAO, 5meTHF, Vitamin B12, choline, methionine, SAH, etc.) and DNA methylation have been observed highlighting the key role of maternal metabolites in the modulation of the offspring’s epigenome [20]. Stress in utero and during early postnatal life, as well as childhood maltreatment, influence the hypothalamic–pituitary–adrenal axis resulting in fetal exposure to excess glucocorticoids [21]. Perkeybile and colleagues [22] demonstrated that a low level of early care leads to de novo DNA methylation at regulatory sites in the oxytocin receptor gene in the brain and blood and to the downregulation of the oxytocin receptor’s expression in the brain of infants [23]. This evidence demonstrates that both diet and maternal care are directly involved in the programming of adult health and act via epigenetics. Indeed, studies on animals show that stress due to maternal separation has been associated with modifications in fear regulation (e.g., an increased risk of developing anxiety, a higher consumption of palatable food). Remarkably, male rat offspring were more vulnerable than females to the effects of neonatal stress on anxiety-like behavior, as well as on food consumption [24,25]. Stress due to early life exposure to food pesticides (even at low dosage) in animals can modify neuronal development, leading to progressive neurodegeneration in adulthood. Aberrant epigenetic marks and biomarkers of neuronal damage can be inherited in offspring when both parents and only the mother are exposed to a low dosage of pesticide (near to the DL50) during their brain development [10,26].



Paternally induced epigenetic programming has been observed [27]. Offspring from prenatally undernourished fathers (where the mother was appropriately nourished), were more obese than offspring where both parents were eating a normocaloric diet before conception [28]. Studies on offspring born from fathers with a high-fat-diet (HFD) show changes in pancreatic DNA methylation [29]. Paternal low protein intake leads to altered expression of enzymes involved in the cholesterol metabolism in the liver in the offspring [30]. Pre-diabetes in fathers increases the risk of diabetes in their offspring [31]. Paternal exposure to nicotine or cocaine prior to conception influences the offspring’s drug resistance, affecting the expression of genes involved in the xenobiotic metabolism [32].



In summary, both epigenetic marks from mothers before and during pregnancy as well as those acquired from fathers can be inherited by the fetus. Malnutrition, alcohol, stress, smoking, xenobiotics and drugs can modify the epigenome of the future parents and the altered epigenetic marks potentially can be inherited by their offspring leading to epigenetic changes associated with the features of metabolic syndrome [27,33,34].



Moreover, further evidence derived from studies carried out on rodents demonstrates that small non-coding RNAs (sncRNAs) levels in sperm are influenced by the father’s life-style and environment. These sncRNAs contribute to the regulation of gene expression and endogenous mRNA transcription, and they play an important role in the post-fertilization zygote influencing early embryonic development [33]. Early postnatal stress has been associated with changes in sncRNAs profile in the sperm, and paternal high-fat diet can modify metabolic responses in the offspring also through spermatic sncRNAs [35].



Both intergenerational (i.e., subject directly exposed to the environmental stimuli) and transgenerational (i.e., subject was not directly exposed to the environmental insult) inheritance have been demonstrated in animal models [36]. Cardiac dysfunction induced by parental HFD persist for two subsequent generations in Drosophila, also when the offspring received a normal fat diet (NFD) [36]. A significant increase in whole-body H3K27me3 levels that persisted in the next NFD-fed generation has been observed, and the pharmacological inhibition of the H3K27 methyltransferase was able to block the intergenerational inheritance [37]. This study underlines another key aspect of epigenetics: its potential reversibility [38,39]. The plasticity of DNA methylation under different environmental conditions has been extensively evaluated in cell cultures, plants and animal models [38,39]. Human embryonic stem cells (hESCs) adapted to different culture conditions can have up- and downregulated genes that can reverse differently their DNA methylation profile [38].



The epigenetic impact of environmental cues and the epigenetic reversibility have their main plasticity during the first 1000 days of life: this is the “window of plasticity”, i.e., the period of life when the control of the future generations’ health can be properly addressed.




3. Gut Microbiota at Birth


It is yet to be established if any interaction with different bacteria via the placenta, umbilical cord or amniotic fluid actually occurs [40,41,42] and if it did what the consequences of such an interaction would mean for the health of the newborn. However, it has been established that is widely the composition of gut microbiota can be influenced by several factors such as genetics, ethnicity, food intake, environment, sex differences, gastrointestinal pH and oxygen/redox state [43,44]. Gestational age, mode of birth and breastfeeding can have an additional effect on gut microbiota composition in the first four years of life [45,46]. Preterm babies have been shown to have decreased diversity and lower concentration of Bacteroides and Bifidobacterium compared to infants born full term [47]. Their microbiota can be further reduced by antibiotic treatment and the environment of the intensive care unit [48]. Moreover, babies born by cesarean section (CS) also show a similar reduction in the diversity in their microbiota when compared to infants born vaginally [49].



Babies born by CS have more contact with the environmental microbiota (i.e., healthcare professionals) than with their mother’s microbiota (where exposure takes place in the vagina), resulting in a strong presence of epidermal Staphylococci. Dominguez-Bello et al., [50] identified that maternal vaginal bacteria (e.g., Lactobacillus, Prevotella or Sneathia spp.) were commonly found in infants born vaginally while maternal skin microbes (e.g., Staphylococcus, Corynebacterium and Propionibacterium spp.) were prevalent in infants born by CS. Shao et al., [51] observed in 596 full-term babies that birth by CS is associated with maternal transmission of Bacteroides strains and opportunistic pathogens (e.g., Enterococcus, Enterobacter, Klebsiella species), and that a similar picture can be observed in babies born by vaginally from mothers treated with antibiotics as well as in infants who are formula fed. Microbial composition in babies born vaginally consisted of up to 68.3% of Bifidobacterium, Escherichia, Bacteroides and Parabacteroides species [51]. Wampach et al., [52] similarly reported the profusion of Bacteroides and Parabacteroides in infants born vaginally, while an increase in the Staphylococcus was described following CS. Penders et al., [53] observed that in full-term infants born by CS, there is a 100-fold lower number of Bifidobacteria and Bacteroides fragilis when compared to those born vaginally. A 100-fold higher level of Clostridium difficile strains and increased level of Escherichia coli have been identified in the gut of babies delivered by CS than in those who were born vaginally and received exclusively breastfeeding [53]. A systematic analysis from Rutayisire et al., [54] highlights that CS is associated with a lower abundance and diversity of Actinobacteria and Bacteroidetes phyla and a higher abundance and diversity of the phylum Firmicute than in vaginally delivered infants. In addition, colonization of Bifidobacterium and Bacteroides genera, are present more frequently in vaginally derived infants when compared to babies delivered by CS, who in turn are preferentially colonized by Clostridium [54]. Moreover, investigation on gut microbiota by Liu et al., [55] on Chinese infants shows that vaginally delivered newborns harbor more Acinetobacter spp., Bifidobacterium spp. and Staphylococcus spp., while infants born by CS predominantly have Citrobacter spp., E. coli and Clostridium difficile strains. Shi et al. [56] observed additional differences in a Chinese cohort of infants, with an abundance in the Propionibacterium species in vaginally delivered babies, while in infants delivered by CS, there was a high presence of Bacillus licheniformis.



Gut microbiota are healthier and more diverse in babies born vaginally when compared with infants born by CS. In addition, babies born vaginally also demonstrate an increased richness and diversity in microbiota which are associated with a healthy phenotype. The presence of different strains of bacteria in the gut can be modulated by food intake and postnatal factors such as maternal diet, breast feeding, formula-feeding and weaning [43]. Breastfeeding increases the number of Bifidobacterium in the infant’s gut when compared to those who are formula-fed [43]. The crosstalk between host cell and gut microbiota has been widely demonstrated; Teng et al., [57] showed that ginger exosomes-like nanoparticles can modulate gut microbiota composition due to RNAs contained in the plant. In mice, an improvement of intestinal barrier function has been observed following the administration of ginger. The ginger exosomes-like nanoparticles contain miRNA that are used by gut Lactobacillaceae, inducing the production of the protective IL-22 and enhancing gut barrier. Animal food (e.g., meat, egg, cheese) has been associated with a decrease of Firmicutes (Roseburia, Eubacterium rectale, Ruminococcus bromii) and an increase of Enterobacteriaceae (Shigella and Escherichia), while a high fiber diet promotes an increase in Bacteroidetes (e.g., Prevotella, Xylanibacter) and depletion of Firmicutes [58]. Polyphenols contained in fruit and vegetables promote the growth of beneficial pool of Bifidobacterium, Lactobacillus, Akkermansia and Faecalibacterium sp. and decrease in pathogenic organisms (such as Helicobacter pylori, Staphylococcus sp.) [59]. Vitamin C impact positively the gut microbiota microenvironment, increasing Lactobacillus and Bifidobacterium and decreasing E. coli [60]. Pre- and postnatal Vitamin D3 exposure modulates the profusion of bacterial taxa in the infant microbial gut population [61]. Vitamin D supplementation has been associated with beneficial bacterial genera (e.g., Subdoligranulum, Ruminiclostridium, Intestinimonas, Pseudoflavonifractor, Paenibacillus, Marvinbryantia) which have been associated with an antihypertensive function in later life [62]. Vitamins A and E show a positive influence on beneficial microbes, such as Bifidobacteria, Akkermansia and Lactobacilli) [59]. This evidence supports the existence of a direct link between diet and microbiome composition, which, as previously described, is a strong determinant of health.



The composition of gut microbiota can influence neuronal development and homeostasis in the infants [63,64]. The effect of stress on the gut–brain axis has been associated with changes in gut microbiota, alterations in brain derived neurotropic factor, behavioral changes, and it can even lead to anxiety and depression [63]. This evidence highlights that the composition of microbiota could represent a new strategy for the prevention of mental illness [65]. Studies on stressed adolescent rats treated with a preventive diet containing ω-3 polyunsaturated fatty acids (e.g., eicosapentaenoic acid, docosahexaenoic acid, docosapentaenoic acid) and vitamin A, did not show any decline in brain-derived neurotrophic factor expression in the hippocampus, and not even any change in the composition of microbiota, that was previously detected in the stressed rats [66].



Administering antibiotics has the potential to selectively alter the composition of gut microbes. The effect on both mother’s and child’s health of administering antibiotics during pregnancy or around the time of birth has not been completely elucidated. Several studies have been carried out to investigate the potential adverse effects of using antibiotics prenatally, during pregnancy or neonatally on the baby’s gut microbiome and the development of the infant immune system—possibly leading to childhood atopy, asthma, allergy and obesity [67,68].



In contrast, studies in which mice had their microflora remodeled by broad-spectrum antibiotics show that this treatment induces changes in regulatory T-cells conferring protection against experimental autoimmune encephalomyelitis (EAE), in animal model of CNS demyelinating disorders [69]. This tolerance was associated with reduced circulating proinflammatory cytokines and increased levels of IL-10 and IL-13, which are potent anti-inflammatory cytokines [70]. Antibiotic treatment also proved to be beneficial to children with regressive onset autism in the short term [71].Treatment for hepatic encephalopathy with rifaximin showed improved cognitive abilities posttreatment together with reduced endotoxemia and improved white matter integrity in patients [72].



Current research regarding the effect of antibiotic administration during pregnancy and birth gives insufficient attention to the confounding variables (such as type of antibiotic, dosing, mode of administration, etc.). In most studies, there is a lack of control for the timing of the use of antibiotics, the type and class of antibiotic and whether it is broad spectrum or not, the indication and the number of antibiotic courses administered [73,74].



In conclusion, gut microbiota composition at birth can be modulated by vaginal or CS birth, antibiotic administration and maternal diet. Since the presence of different strains of bacteria in the gut are associated with the production of metabolites able to positively modulate immune and metabolic responses in the infants, particular attention should be given by clinicians and healthcare professionals to promote gut microbiota diversity, maternal diet and mode of birth in order to maximize outcomes for mother and infant.




4. Mode of Birth


Significant progress in terms of surgical skills, blood transfusion, the development of antibiotics, etc., has reduced the mortality associated with CS and has reduced the risk to both mothers and neonates. As CS became a safer procedure, CS rates have increased worldwide (without commensurate improvements in perinatal mortality). For example, in Italy, CS rates in the 1980s were approximately 11% and had peaked to 38% by 2018. Similarly, in Australia, rates have increased from 11.8% to 47.4% across 81 hospitals with rates of 82.1% among 61,894 maternities with one previous CS [75]. This highlights the extent to which the first birth by CS of a repeat CS in subsequent pregnancies. The indications for CS have also changed over time as maternal request for CS in the absence of any medical indication (Cesarean Delivery on Maternal Request-CDMR) is becoming a clinically important factor. The extent to which maternal request for CS was influencing CS rates internationally led the American College of Obstetricians and Gynecologists (ACOG) to disseminate specific recommendations for obstetricians: ”in the absence of other indications for early delivery, cesarean delivery on maternal request should not be performed before a gestational age of 39 weeks; and, given the high repeat cesarean delivery rate, patients should be informed that the risks of placenta previa, placenta accreta spectrum, and gravid hysterectomy increase with each subsequent cesarean delivery” [76].



An inappropriate use of surgery in childbirth has led not only to an increase in CS births, but also to a corresponding fall in vaginal birth after cesarean (VBAC) rates without any improvement in maternal or neonatal mortality [77]. Moreover, concerns are growing as to the short and long term adverse effects of CS [78], both for elective and emergency indications [79]. With respect to the mother adverse effects of CS include complications of surgery and anesthesia, the risk of hemorrhage requiring a blood transfusion, trauma due to intraoperative surgical injury, infection, pelvic adhesions, risk of placenta accreta syndrome, uterine rupture, and peri-partum hysterectomy. Adverse effects on the neonate include transient tachypnoea of the newborn, reduced breastfeeding rates and the consequent long-term risk associated with same, an increased risk of still birth and preterm birth in subsequent pregnancies [80].



Performing a VBAC is difficult as it remains prohibited in some countries contrary to the evidence and guidance produced by the National Institute of Health (NIH) and the American College of Obstetricians and Gynecologists (ACOG) who continue to recommend a “Trial of Labor after Cesarean” (TOLAC) for women who had one previous CS [81]. The safety of offering a VBAC to women following one previous CS has been demonstrated in a pan-European trial [81,82]. However, in practice, the trend of increasing CS that is occurring worldwide is difficult to reverse. Therefore, having a VBAC after a first CS in low risk women is highly encouraged, due to the potential beneficial epigenetic effects for the infant born vaginally. In contrast, elective/pre-labor CS is associated with altered short-term immune responses such as reduced expression of inflammatory markers in the newborn infant [80,83,84,85,86,87,88,89,90,91]. Infants born by elective CS also face a greater risk of developing immune diseases such as asthma, allergies, type 1 diabetes and coeliac disease [80,83,84,85,86,87,88,89,90,91].



Mode of birth is not only an obstetric issue as giving birth by CS affects the epigenetic state of different neonatal systems. In the case of CS birth, many babies are born before or at 39 weeks gestation, most mothers receive intraoperative antibiotics which has been shown to affect microbiota colonization of the infant’s gut which have been linked with a higher risk of specific diseases such as asthma, coeliac disease, obesity [92]. This is concerning when considered in contrast to the gut microbiota variation that exists in infants born vaginally at full term who are also breast fed.



Mode of birth does affect the epigenetic state of hematopoietic stem cells [93]. This may have important implications for health and disease in later life [79], and in turn may have an impact on short- and long-term health outcomes such as neural and behavioral development.



Of note, it has been shown that infants who were born by CS may experience cognitive and motor development delay at nine months of age [81]. Another study suggests that these infants show an increased risk of approximately 20% of having a diagnosis of autism spectrum disorder (ASD) [94]. A link seems to exist between CS and an increased risk ASD and attention-deficit/hyperactivity disorder (ADHD) not observed in infants born vaginally. Thus, the importance of mode of birth as a key factor in terms microbial and brain development warrants further investigation if we are to maximize all opportunities to have a positive impact on health outcomes from birth and across the lifespan [95]. Although this study has been supported by a recent meta-analysis [96] further studies are needed as the association between mode of birth and impairment of neuronal development has not been detected when using sibling controls, suggesting that this association is likely confounded by genetic and/or environmental factors.




5. Breastfeeding Versus Formula Feeding


Human breast milk is an optimal food for infants, not only because of its constituents, but also because of its dynamic nature, which changes to meet infant requirements as he/she grows. The variety of nutrients and bioactive molecules contained in breastmilk contribute positively to healthy growth and neurodevelopment. Several studies have shown that maternal nutritional status has an impact on milk composition, which in turn affects infant development [97].



Epidemiological studies on the long-term effect of breastfeeding on health have shown that breastfeeding in the first six months of life positively impacts on the infant’s anti-inflammatory responses, body mass index and blood pressure [98,99,100]. Furthermore, a decrease in the plasma level of IL6 has been measured in mothers who exclusively breastfeed their babies for more than six months [101]. Data from longitudinal studies report that exclusive breastfeeding for 3–12 months decreases from 20% to 28% the level of C reactive protein (CRP) in adulthood (28–32-year-olds) [98].



Observational studies have shown that a high protein intake associated with formula feeding is connected to rapid weight gain and obesity later in life in [99]. A multicenter European study on 1138 healthy infants showed a decrease in weight (e.g., length for age, weight for age, BMI) in those who were breastfed during their first year of life when compared with infants who were formula-fed. A positive reduction in body weight was observed when cow’s milk-based infant formula was decreased from high (2.9 and 4.4 g protein/100 kcal, respectively) to low protein content (1.77 and 2.2 g protein/100 kcal) [102,103]. The composition of breast milk is highly dynamic, and it varies across time. Leptin, ghrelin, adiponectin, insulin and more than 275 metabolites have been detected in breast milk [92,93], and changes in its composition from the 1st to the 6th month postpartum responds to infant requirements, particularly for central nervous system development. Long chain omega-3 fatty acid docosahexanoic acid (DHA), lutein, carotenoids and tocopherol are components of breast milk that have a key role for brain and retina development [104]. In a longitudinal study on infant rhesus macaques, Liu et al. [105] demonstrated structural brain differences that were capable of influencing brain development between breastfed and formula-fed animals. The presence of carotenoids and Vitamin E in formula milk was not able to mimic the efficacy of breast milk.



Longitudinal studies on children have shown that breastfed babies have healthier dietary patterns later in life, compared to children who were formula-fed [106,107]. The intake of vegetables can be modulated by the mother during pregnancy and lactation, as the nutrients from these can pass to the fetus/infant through the placenta and breastmilk [106,107]. Breastfeeding can also impact pubertal maturation [108]. A prospective study in 1237 girls, showed a later onset of breast development in girls who were breastfed compared to formula fed ones [108].



Exclusive breastfeeding (EBF) plays an important role in establishing the neonatal gut microbiota, leading to short and long-term benefits across different populations [109]. Although previous studies on the differences in gut microbiota between EBF and non-EBF infants have provided conflicting results, a meta-analysis has shown that, in the first six months of life, gut bacterial diversity, relative abundance of Bacteroidetes and Firmicutes and predicted microbial pathways related to carbohydrate metabolism are consistently lower in EBF infants [110]. In addition, infants display higher relative abundance of pathways related to vitamin and lipid metabolism and detoxification. In addition, there is reduced diarrhea-related gut microbiota dysbiosis associated with longer duration of EBF [110].



While EBF has been found to be beneficial for the composition of the gut microbial colonization in term infants, there is limited evidence about the influence of type of feeding on the gut microbiome of preterm infants [111]. Studies show that preterm infants with a diet consisting of at least 70% maternal milk have an increased gut microbial diversity in early life, with the highest abundance of Bacillales, Lactobacillales and Clostridiales when compared to other infants in different feeding groups. In preterm infants there is a high risk of dysbiosis of the gut microbiome as prematurity of the gut microbiota together with the preterm breast milk composition and the environment of the neonatal intensive care unit, pose a significant challenge in neonatal nutritional care [111].



Although the benefits of breastfeeding are widely accepted, challenges to find optimal ways to support mothers to continue to BF following initiation remain. Begley at al. [112] found that the timing of breastfeeding support was particularly crucial in the immediate postnatal period. In a model of care where midwives are perceived to be inaccessible, i.e., busy with other clinical activities, then this can lead to a situation where women are reluctant to seek help and support with breastfeeding. This has been associated with a negative impact on the continuation of breastfeeding on discharge, in particular, in a setting where community support for breastfeeding is almost non-existent. Some data are emerging that a midwifery-led continuity model of care may have a positive effect on the duration of exclusive breastfeeding at least up to 16 weeks postpartum. The midwifery led model in this trial included providing continuity of breastfeeding information and support in pregnancy, during birth, in hospital and following discharge in the form of home visits [113]. McFadden at al. previously concluded that consistent breastfeeding support tailored to women’s needs seems to increase the duration of exclusive breastfeeding [114]. Therefore, it seems that when support for breastfeeding is built in to the model of care, women can be identified from groups with particularly low breastfeeding rates for additional targeted support in order to increase the numbers of infants in these groups who would benefit immensely from the benefits of receiving breast milk.



In summary, breastfeeding has a key role in the modulation of gut microbial composition and as a consequence has a positive impact on health in the long-term. The duration of breastfeeding, whether its exclusive or not and maternal nutritional status while breastfeeding can have a significant impact on the infant’s health. Midwifery care in particular when targeted towards women who require additional support may have benefits to mothers and babies across the lifespan (Table 1).




6. Best Practice, Culture and Education


Birth is the outcome of a complex evolutionary process in which an intricate neurohormonal system mediated by oxytocin [115] plays a crucial role.



To date, our understanding of the role of mode of birth (e.g., vaginal birth vs. CS) is limited in terms of knowing if vaginal birth or CS can actually result in negative physiological consequences for infants, either in the short or in the long-term or both. It has been established that the normal process of labor, which often takes many hours, exposes the infant to many mechanical, hormonal and oxidative stresses potentially influencing physiology and life-long health. The three main mechanisms proposed to explain why mode of delivery, spontaneous, induced and/or augmented vaginal delivery versus CS, may affect neonatal development are: (1) exposure to varying levels of physical stress and stress hormone surges during birth; (2) differences in microbial colonization of the infant intestinal tract between vaginal birth and CS; and (3) epigenetic modifications of gene expression [4,116]. However, it is yet to be established if epigenetics can be also be modulated by a range of routine practices such as laboring lying down, being confined to bed with reduced mobility and continuous electronic fetal monitoring, in low risk mothers should be informed about the positive and negative factors able to impact the infant’s epigenome.



Birth in hospital with a concurrent increase in the medicalization of the birth process has resulted in an overuse of intrapartum interventions and a global rise in CS as “mode of birth” [117]. Therefore, place of birth may be a factor that is associated with maternal wellbeing and birth outcomes [118]. Healthy women who have the opportunity to birth in settings/facilities that offer sufficient space to stand/move around, have access to birth companions and the support of a midwife on a one-to-one basis, are associated with improved outcomes and fewer interventions [119].



However, further research is required to establish if a link exists between maternal and infant epigenetic outcomes and the level of intervention/interference in the childbirth process [120,121], including mode of delivery [116]. Therefore, further investigation of the biologic/physiological processes in healthy childbearing women and fetus/newborn who have undergone unnecessary maternity care interventions is required [122] to offer new insights from an epigenetic perspective.




7. Conclusions


The study of nutri–epigenetic processes highlights important potential changes in the epigenome related to mode of birth, maternal lifestyle, method of infant feeding, etc. that can develop our understanding of how adult health is programmed during the first 1000 days of life. The parental epigenome can be modified across the lifespan and the epigenetic marks of events that occur in utero can be inherited by progenies. Therefore, clinicians and healthcare professionals, who are offering care to families during pregnancy and childbirth should take the opportunity to inform parents of the long-term effects of an unhealthy diet and the benefits of breastfeeding across the lifespan. The positive impact of breastfeeding on gut microbiota differentiation and control of proinflammatory biomarkers later in life for the child and mother should be emphasized in order that women can make an informed choice for their own health and that of their newborn. Therefore, the importance of epigenetic research as a way of understanding the intergenerational impact of birth practices on the programming of the infant’s epigenome should not be underestimated.



Table 2 summarizes the highlights of this review.







Author Contributions


Conceptualization, R.G., S.M., J.C.-A.; writing—original draft preparation, R.G., J.C.-A., J.G.L., S.M.; writing—review and editing, R.G., L.B. and J.G.L.; funding acquisition, J.G.L. All authors have read and agreed to the published version of the manuscript.




Funding


The publication of this manuscript was funded by COST Action CA18211:DEVoTION: Perinatal Mental Health and Birth-Related Trauma: Maximizing best practice and optimal outcomes (European Cooperation in Science and Technology).




Acknowledgments


This publication emerged from the EU funded COST action CA18211:DEVoTION: Perinatal Mental Health and Birth-Related Trauma: Maximizing best practice and optimal outcomes. R.G., S.M., J.C.A. and J.G.L. are authors, R.G., S.M., J.C.A. are Action management committee members and J.G.L. is Action Chair.




Conflicts of Interest


The authors declare no conflicts of interest.




Abbreviations




	HATs
	histone acetyltransferases



	DNMT1
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	C reactive protein



	DHA
	acid docosahexanoic acid



	EBF
	exclusive breastfeeding







References


	



Bordoni, L.; Gabbianelli, R. Primers on nutrigenetics and nutri(epi)genomics: Origins and development of precision nutrition. Biochimie 2019, 160, 156–171. [Google Scholar] [CrossRef] [PubMed]

	



Remely, M.; Stefanska, B.; Lovrecic, L.; Magnet, U.; Haslberger, A.G. Nutriepigenomics: The role of nutrition in epigenetic control of human diseases. Curr. Opin. Clin. Nutr. Metab. Care 2015, 18, 328–333. [Google Scholar] [CrossRef]

	



Schvartzman, J.M.; Thompson, C.B.; Finley, L.W.S. Metabolic regulation of chromatin modifications and gene expression. J. Cell Biol. 2018, 217, 2247–2259. [Google Scholar] [CrossRef]

	



Gabbianelli, R.; Damiani, E. Epigenetics and neurodegeneration: Role of early-life nutrition. J. Nutr. Biochem. 2018, 57, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, A.; Hankard, R.; Borys, J.M.; Sinnett, D.; Marcil, V.; Levy, E. Nutriepigenomics and malnutrition. Epigenomics 2017, 9, 893–917. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; van Esch, B.C.A.M.; Henricks, P.A.J.; Folkerts, G.; Garssen, J. The Anti-inflammatory Effects of Short Chain Fatty Acids on Lipopolysaccharide- or Tumor Necrosis Factor α-Stimulated Endothelial Cells via Activation of GPR41/43 and Inhibition of HDACs. Front. Pharmacol. 2018, 9, 533. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Wang, J.; He, T.; Becker, S.; Zhang, G.; Li, D.; Ma, X. Butyrate: A Double-Edged Sword for Health? Adv. Nutr. 2018, 9, 21–29. [Google Scholar] [CrossRef]

	



Bach Knudsen, K.E.; Lærke, H.N.; Hedemann, M.S.; Nielsen, T.S.; Ingerslev, A.K.; Gundelund Nielsen, D.S.; Theil, P.K.; Purup, S.; Hald, S.; Schioldan, A.G.; et al. Impact of Diet-Modulated Butyrate Production on Intestinal Barrier Function and Inflammation. Nutrients 2018, 10, 1499. [Google Scholar] [CrossRef]

	



Elce, A.; Amato, F.; Zarrilli, F.; Calignano, A.; Troncone, R.; Castaldo, G.; Canani, R.B. Butyrate modulating effects on pro-inflammatory pathways in human intestinal epithelial cells. Benef. Microbes 2017, 8, 841–847. [Google Scholar] [CrossRef]

	



Bordoni, L.; Nasuti, C.; Di Stefano, A.; Marinelli, L.; Gabbianelli, R. Epigenetic Memory of Early-Life Parental Perturbation: Dopamine Decrease and DNA Methylation Changes in Offspring. Oxid. Med. Cell Longev. 2019, 2019, 1472623. [Google Scholar] [CrossRef]

	



Skinner, M.K. Environmental Epigenetics and a Unified Theory of the Molecular Aspects of Evolution: A Neo-Lamarckian Concept that Facilitates Neo-Darwinian Evolution. Genome Biol. Evol. 2015, 7, 1296–1302. [Google Scholar] [CrossRef] [PubMed]

	



Nilsson, E.E.; Skinner, M.K. Environmentally Induced Epigenetic Transgenerational Inheritance of Reproductive Disease1. Biol. Reprod. 2015, 93, 1–8. [Google Scholar] [CrossRef]

	



Blanco, R.J.; Camprubí, S.C. Epigenetic Transgenerational Inheritance. Adv. Exp. Med. Biol. 2019, 1166, 57–74. [Google Scholar] [CrossRef]

	



Heard, E.; Martienssen, R.A. Transgenerational epigenetic inheritance: Myths and mechanisms. Cell 2014, 157, 95–109. [Google Scholar] [CrossRef]

	



Tobi, E.W.; Lumey, L.H.; Talens, R.P.; Kremer, D.; Putter, H.; Stein, A.D.; Slagboom, P.E.; Heijmans, B.T. DNA methylation differences after exposure to prenatal famine are common and timing and sex-specific. Hum. Mol. Genet. 2009, 18, 4046–4053. [Google Scholar] [CrossRef] [PubMed]

	



Ravelli, A.C.; van der Meulen, J.H.; Michels, R.P.; Osmond, C.; Barker, D.J.; Hales, C.N.; Bleker, O.P. Glucose tolerance in adults after prenatal exposure to famine. Lancet 1998, 351, 173–177. [Google Scholar] [CrossRef]

	



Ravelli, G.P.; Stein, Z.A.; Susser, M.W. Obesity in young men after famine exposure in utero and early infancy. N. Engl. J. Med. 1976, 295, 349–353. [Google Scholar] [CrossRef] [PubMed]

	



Sharp, G.C.; Salas, L.A.; Monnereau, C.; Allard, C.; Yousefi, P.; Everson, T.M.; Bohlin, J.; Xu, Z.; Huang, R.C.; Reese, S.E. Maternal BMI at the start of pregnancy and offspring epigenome-wide DNA methylation: Findings from the pregnancy and childhood epigenetics (PACE) consortium. Hum. Mol. Genet. 2017, 26, 4067–4085. [Google Scholar] [CrossRef] [PubMed]

	



Godfrey, K.M.; Sheppard, A.; Gluckman, P.D.; Lillycrop, K.A.; Burdge, G.C.; McLean, C.; Rodford, J.; Slater-Jefferies, J.L.; Garratt, E.; Crozier, S.R.; et al. Epigenetic gene promoter methylation at birth is associated with child’s later adiposity. Diabetes 2011, 60, 1528–1534. [Google Scholar] [CrossRef]

	



Knight, A.K.; Park, H.J.; Hausman, D.B.; Fleming, J.M.; Bland, V.L.; Rosa, G.; Kennedy, E.M.; Caudill, M.A.; Malysheva, O.; Kauwell, G.; et al. Association between one-carbon metabolism indices and DNA methylation status in maternal and cord blood. Sci. Rep. 2018, 8, 16873. [Google Scholar] [CrossRef]

	



Reynolds, R.M.; Labad, J.; Buss, C.; Ghaemmaghami, P.; Räikkönen, K. Transmitting biological effects of stress in utero: Implications for mother and offspring. Psychoneuroendocrinology 2013, 38, 1843–1849. [Google Scholar] [CrossRef] [PubMed]

	



Perkeybile, M.; Carter, C.S.; Wroblewski, K.L.; Puglia, M.H.; Kenkel, W.M.; Lillard, T.S.; Karaoli, T.; Gregory, S.G.; Mohammadi, N.; Epstein, L.; et al. Early nurture epigenetically tunes the oxytocin receptor. Psychoneuroendocrinology 2018, 99, 128–136. [Google Scholar] [CrossRef]

	



Krol, K.M.; Moulder, R.G.; Lillard, T.S.; Grossmann, T.; Connelly, J.J. Epigenetic dynamics in infancy and the impact of maternal engagement. Sci. Adv. 2019, 5, eaay0680. [Google Scholar] [CrossRef] [PubMed]

	



Cowan, C.S.M.; Stylianakis, A.A.; Richardson, R. Early-life stress, microbiota, and brain development: Probiotics reverse the effects of maternal separation on neural circuits underpinning fear expression and extinction in infant rats. Dev. Cogn. Neurosci. 2019, 37, 100627. [Google Scholar] [CrossRef] [PubMed]

	



De Lima, R.M.S.; Dos Santos Bento, L.V.; Di Marcello Valladão Lugon, M.; Barauna, V.G.; Bittencourt, A.S.; Dalmaz, C.; de Vasconcellos Bittencourt, A. Early life stress and the programming of eating behavior and anxiety: Sex-specific relationships with serotonergic activity and hypothalamic neuropeptides. Behav. Brain Res. 2020, 379, 112399. [Google Scholar] [CrossRef] [PubMed]

	



Bordoni, L.; Nasuti, C.; Fedeli, D.; Laudadio, E.; Massaccesi, L.; López-Rodas, G.; Gabbianelli, R. Early impairment of epigenetic pattern in neurodegeneration: Additional mechanisms behind pyrethroid toxicity. Exp. Gerontol. 2019, 124, 110629. [Google Scholar] [CrossRef]

	



Lind, M.I.; Spagopoulou, F. Evolutionary consequences of epigenetic inheritance. Heredity 2018, 121, 205–209. [Google Scholar] [CrossRef]

	



Veenendaal, M.; Painter, R.; De Rooij, S.; Bossuyt, P.; Van der Post, J.; Gluckman, P.D.; Hanson, M.A.; Roseboom, T.J. Transgenerational effects of prenatal exposure to the 1944–45 Dutch famine. BJOG 2013, 120, 548–554. [Google Scholar] [CrossRef]

	



Ng, S.F.; Lin, R.C.; Laybutt, D.R.; Barres, R.; Owens, J.A.; Morris, M.J. Chronic high-fat diet in fathers programs β-cell dysfunction in female rat offspring. Nature 2010, 467, 963–966. [Google Scholar] [CrossRef]

	



Carone, B.R.; Fauquier, L.; Habib, N.; Shea, J.M.; Hart, C.E.; Li, R.; Bock, C.; Li, C.; Gu, H.; Zamore, P.D. Paternally induced transgenerational environmental reprogramming of metabolic gene expression in mammals. Cell 2010, 143, 1084–1096. [Google Scholar] [CrossRef]

	



Wei, Y.; Yang, C.R.; Wei, Y.P.; Zhao, Z.A.; Hou, Y.; Schatten, H.; Sun, Q.Y. Paternally induced transgenerational inheritance of susceptibility to diabetes in mammals. Proc. Natl. Acad. Sci. USA 2014, 111, 1873–1878. [Google Scholar] [CrossRef] [PubMed]

	



Vallaster, M.P.; Kukreja, S.; Bing, X.Y.; Ngolab, J.; Zhao-Shea, R.; Gardner, P.D.; Tapper, A.R.; Rando, O.J. Paternal nicotine exposure alters hepatic xenobiotic metabolism in offspring. eLife 2017, 6, e24771. [Google Scholar] [CrossRef] [PubMed]

	



Joubert, B.R.; Felix, J.F.; Yousefi, P.; Bakulski, K.M.; Just, A.C.; Breton, C.; Reese, S.E.; Markunas, C.A.; Richmond, R.C.; Xu, C.J. DNA methylation in newborns and maternal smoking in pregnancy: Genome-wide consortium meta-analysis. Am. J. Hum. Genet. 2016, 98, 680–696. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, U. Paternal Contributions to Offspring Health: Role of Sperm Small RNAs in Intergenerational Transmission of Epigenetic Information. Front. Cell Dev. Biol. 2019, 7, 215. [Google Scholar] [CrossRef]

	



Chen, Q.; Yan, M.; Cao, Z.; Li, X.; Zhang, Y.; Shi, J.; Feng, G.H.; Peng, H.; Zhang, X.; Zhang, Y. Sperm tsRNAs contribute to intergenerational inheritance of an acquired metabolic disorder. Science 2016, 351, 397–400. [Google Scholar] [CrossRef]

	



Jablonka, E.; Raz, G. Transgenerational epigenetic inheritance: Prevalence, mechanisms, and implications for the study of heredity and evolution. Q. Rev. Biol. 2009, 84, 131–176. [Google Scholar] [CrossRef]

	



Guida, M.C.; Birse, R.T.; Dall’Agnese, A.; Toto, P.C.; Diop, S.B.; Mai, A.; Adams, P.D.; Puri, P.L.; Bodmer, R. Intergenerational inheritance of high fat diet-induced cardiac lipotoxicity in Drosophila. Nat. Commun. 2019, 10, 193. [Google Scholar] [CrossRef]

	



Tompkins, J.D.; Hall, C.; Chen, V.C.; Li, A.X.; Wu, X.; Hsu, D.; Couture, L.A.; Riggs, A.D. Epigenetic stability, adaptability, and reversibility in human embryonic stem cells. Proc. Natl. Acad. Sci. USA 2012, 109, 12544–12549. [Google Scholar] [CrossRef]

	



Vogt, G. Facilitation of environmental adaptation and evolution by epigenetic phenotype variation: Insights from clonal, invasive, polyploid, and domesticated animals. Environ. Epigenet. 2017, 3, dvx002. [Google Scholar] [CrossRef]

	



Einenkel, R.; Zygmunt, M.; Muzzio, D.O. Microorganisms in the healthy upper reproductive tract: From denial to beneficial assignments for reproductive biology. Reprod. Biol. 2019, 19, 113–118. [Google Scholar] [CrossRef]

	



Lim, E.S.; Rodriguez, C.; Holtz, L.R. Reply Re: “Amniotic fluid from healthy term pregnancies does not harbor a detectable microbial community”. Microbiome 2019, 7, 21. [Google Scholar] [CrossRef] [PubMed]

	



Rehbinder, E.M.; Lødrup Carlsen, K.C.; Staff, A.C.; Angell, I.L.; Landrø, L.; Hilde, K.; Gaustad, P.; Rudi, K. Is amniotic fluid of women with uncomplicated term pregnancies free of bacteria? Am. J. Obstet. Gynecol. 2018, 219, 289.e1–289.e12. [Google Scholar] [CrossRef]

	



Milani, C.; Duranti, S.; Bottacini, F.; Casey, E.; Turroni, F.; Mahony, J.; Belzer, C.; Delgado Palacio, S.; Arboleya Montes, S.; Mancabelli, L.; et al. The First Microbial Colonizers of the Human Gut: Composition, Activities, and Health Implications of the Infant Gut Microbiota. Microbiol. Mol. Biol. Rev. 2017, 81, e00036-17. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.S.; Unno, T.; Kim, B.Y.; Park, M.S. Sex Differences in Gut Microbiota. World J. Mens. Health 2020, 38, 48–60. [Google Scholar] [CrossRef]

	



Hill, C.J.; Lynch, D.B.; Murphy, K.; Ulaszewska, M.; Jeffery, I.B.; O’Shea, C.A.; Watkins, C.; Dempsey, E.; Mattivi, F.; Tuohy, K.; et al. Evolution of gut microbiota composition from birth to 24 weeks in the INFANTMET Cohort. Microbiome 2017, 5, 4. [Google Scholar] [CrossRef]

	



Fouhy, F.; Watkins, C.; Hill, C.J.; O’Shea, C.A.; Nagle, B.; Dempsey, E.M.; O’Toole, P.W.; Ross, R.P.; Ryan, C.A.; Stanton, C. Perinatal factors affect the gut microbiota up to four years after birth. Nat. Commun. 2019, 10, 1517. [Google Scholar] [CrossRef] [PubMed]

	



Mueller, N.T.; Shin, H.; Pizoni, A.; Werlang, I.C.; Matte, U.; Goldani, M.Z.; Goldani, H.; Dominguez-Bello, M.G. Delivery mode and the transition of pioneering gut-microbiota structure, composition and predicted metabolic function. Genes 2017, 8, 364. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Zhou, Y.; Liu, B.; Jin, Z.; Zhuang, X.; Dai, W.; Yang, Z.; Feng, X.; Zhou, Q.; Liu, Y.; et al. Perinatal Antibiotic Exposure Affects the Transmission between Maternal and Neonatal Microbiota and Is Associated with Early-Onset Sepsis. mSphere 2020, 5, e00984-19. [Google Scholar] [CrossRef]

	



Francino, M.P. Birth Mode-Related Differences in Gut Microbiota Colonization and Immune System Development. Ann. Nutr. Metab. 2018, 73 (Suppl. 3), 12–16. [Google Scholar] [CrossRef]

	



Dominguez-Bello, M.G.; Costello, E.K.; Contreras, M.; Magris, M.; Hidalgo, G.; Fierer, N.; Knight, R. Delivery mode shapes the acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proc. Natl. Acad. Sci. USA 2010, 107, 11971–11975. [Google Scholar] [CrossRef]

	



Shao, Y.; Forster, S.C.; Tsaliki, E.; Vervier, K.; Strang, A.; Simpson, N.; Kumar, N.; Stares, M.D.; Rodger, A.; Brocklehurst, P.; et al. Stunted microbiota and opportunistic pathogen colonization in caesarean-section birth. Nature 2019, 574, 117–121. [Google Scholar] [CrossRef]

	



Wampach, L.; Heintz-Buschart, A.; Fritz, J.V.; Ramiro-Garcia, J.; Habier, J.; Herold, M.; Narayanasamy, S.; Kaysen, A.; Hogan, A.H.; Bindl, L.; et al. Birth mode is associated with earliest strain-conferred gut microbiome functions and immunostimulatory potential. Nat. Commun. 2018, 9, 5091. [Google Scholar] [CrossRef] [PubMed]

	



Penders, J.; Thijs, C.; Vink, C.; Stelma, F.F.; Snijders, B.; Kummeling, I.; van den Brandt, P.A.; Stobberingh, E.E. Factors influencing the composition of the intestinal microbiota in early infancy. Pediatrics 2006, 118, 511–521. [Google Scholar] [CrossRef]

	



Rutayisire, E.; Huang, K.; Liu, Y.; Tao, F. The mode of delivery affects the diversity and colonization pattern of the gut microbiota during the first year of infants’ life: A systematic review. BMC Gastroenterol. 2016, 16, 86. [Google Scholar] [CrossRef]

	



Liu, D.; Yu, J.; Li, L.; Ai, Q.; Feng, J.; Song, C.; Li, H. Bacterial community structure associated with elective cesarean section versus vaginal delivery in Chinese newborns. J. Pediatr. Gastroenterol. Nutr. 2015, 60, 240–246. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.C.; Guo, H.; Chen, J.; Sun, G.; Ren, R.R.; Guo, M.Z.; Peng, L.H.; Yang, Y.S. Initial meconium microbiome in Chinese neonates delivered naturally or by cesarean section. Sci. Rep. 2018, 8, 3255. [Google Scholar] [CrossRef] [PubMed]

	



Teng, Y.; Ren, Y.; Sayed, M.; Hu, X.; Lei, C.; Kumar, A.; Hutchins, E.; Mu, J.; Deng, Z.; Luo, C. Plant-Derived Exosomal MicroRNAs Shape the Gut Microbiota. Cell Host. Microbe 2018, 24, 637–652.e8. [Google Scholar] [CrossRef]

	



Mills, S.; Stanton, C.; Lane, J.A.; Smith, G.J.; Ross, R.P. Precision Nutrition and the Microbiome, Part I: Current State of the Science. Nutrients 2019, 11, 923. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.; Liang, Q.; Balakrishnan, B.; Belobrajdic, D.P.; Feng, Q.J.; Zhang, W. Role of Dietary Nutrients in the Modulation of Gut Microbiota: A Narrative Review. Nutrients 2020, 12, 381. [Google Scholar] [CrossRef]

	



Xu, J.; Xu, C.; Chen, X.; Cai, X.; Yang, S.; Sheng, Y.; Wang, T. Regulation of an antioxidant blend on intestinal redox status and major microbiota in early weaned piglets. Nutrition 2014, 30, 584–589. [Google Scholar] [CrossRef] [PubMed]

	



Talsness, C.E.; Penders, J.; Jansen, E.H.J.M.; Damoiseaux, J.; Thijs, C.; Mommers, M. Influence of vitamin D on key bacterial taxa in infant microbiota in the koala birth cohort study. PLoS ONE 2017, 12, e0188011. [Google Scholar] [CrossRef]

	



Zuo, K.; Li, J.; Xu, Q.; Hu, C.; Gao, Y.; Chen, M.; Hu, R.; Liu, Y.; Chi, H.; Yin, Q.; et al. Dysbiotic gut microbes may contribute to hypertension by limiting vitamin D production. Clin. Cardiol. 2019, 42, 710–719. [Google Scholar] [CrossRef] [PubMed]

	



Diaz Heijtz, R.; Wang, S.; Anuar, F.; Qian, Y.; Björkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047–3052. [Google Scholar] [CrossRef] [PubMed]

	



Bordoni, L.; Gabbianelli, R.; Fedeli, D.; Fiorini, D.; Bergheim, I.; Jin, C.J.; Marinelli, L.; Di Stefano, A.; Nasuti, C. Positive effect of an electrolyzed reduced water on gut permeability, fecal microbiota and liver in an animal model of Parkinson’s disease. PLoS ONE 2019, 14, e0223238. [Google Scholar] [CrossRef] [PubMed]

	



Bercik, P.; Denou, E.; Collins, J.; Jackson, W.; Lu, J.; Jury, J.; Deng, Y.; Collins, S.M. The intestinal microbiota affect central levels of brain-derived neurotropic factor and behavior in mice. Gastroenterology 2011, 141, 599.e3–609.e3. [Google Scholar] [CrossRef]

	



Provensi, G.; Schmidt, S.D.; Boehme, M.; Bastiaanssen, T.; Rani, B.; Costa, A.; Busca, K.; Fouhy, F.; Strain, C.; Stanton, C.; et al. Preventing adolescent stress-induced cognitive and microbiome changes by diet. Proc. Natl. Acad. Sci. USA 2019, 116, 9644–9651. [Google Scholar] [CrossRef]

	



Hufnagl, K.; Pali-Schöll, I.; Roth-Walter, F.; Jensen-Jarolim, E. Dysbiosis of the gut and lung microbiome has a role in asthma. Semin. Immunopathol. 2020, 42, 75–93. [Google Scholar] [CrossRef]

	



Zhang, M.; Differding, M.K.; Benjamin-Neelon, S.E.; Østbye, T.; Hoyo, C.; Mueller, N.T. Association of prenatal antibiotics with measures of infant adiposity and the gut microbiome. Ann. Clin. Microbiol. Antimicrob. 2019, 18, 18. [Google Scholar] [CrossRef] [PubMed]

	



Ochoa-Repáraz, J.; Mielcarz, D.W.; Ditrio, L.E.; Burroughs, A.R.; Foureau, D.M.; Haque-Begum, S.; Kasper, L.H. Role of Gut Commensal Microflora in the Development of Experimental Autoimmune Encephalomyelitis. J. Immunol. 2009. [Google Scholar] [CrossRef]

	



Turnbaugh, P.J.; Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Knight, R.; Gordon, J.I. The effect of diet on the human gut microbiome: A metagenomic analysis in humanized gnotobiotic mice. Sci. Transl. Med. 2009, 1, 6ra14. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Kasper, L.H. The role of microbiome in central nervous system disorders. Brain Behav. Immun. 2014, 38, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Ahluwalia, V.; Wade, J.B.; Heuman, D.M.; Hammeke, T.A.; Sanyal, A.J.; Sterling, R.K.; Stravitz, R.T.; Luketic, V.; Siddiqui, M.S.; Puri, P.; et al. Enhancement of functional connectivity, working memory and inhibitory control on multi-modal brain MR imaging with Rifaximin in Cirrhosis: Implications for the gut-liver-brain axis. Metab. Brain Dis. 2014, 29, 1017–1025. [Google Scholar] [CrossRef] [PubMed]

	



Milliken, S.; Allen, R.M.; Lamont, R.F. The role of antimicrobial treatment during pregnancy on the neonatal gut microbiome and the development of atopy, asthma, allergy and obesity in childhood. Expert Opin. Drug Saf. 2019, 18, 173–185. [Google Scholar] [CrossRef] [PubMed]

	



Lamont, R.F.; Møller Luef, B.; Stener Jørgensen, J. Childhood inflammatory and metabolic disease following exposure to antibiotics in pregnancy, antenatally, intrapartum and neonatally. F1000Res 2020, 9, F1000 Faculty Rev-144. [Google Scholar] [CrossRef]

	



D’Souza, R.; Arulkumaran, S. To ‘C’ or not to ‘C’? Caesarean delivery upon maternal request: A review of facts, figures and guidelines. J. Perinat. Med. 2013, 41, 5–15. [Google Scholar] [CrossRef]

	



ACOG. ACOG Publications Obstetrics & Gynecology January 2019; ACOG: Washington, DC, USA, 2019; Volume 133, Issue 1; pp. 209–210. [Google Scholar]

	



Macfarlane, A.J.; Blondel, B.; Mohangoo, A.D.; Cuttini, M.; Nijhuis, J.; Novak, Z.; Ólafsdóttir, H.; Zeitlin, J. Euro-Peristat scientific committee. Wide differences in mode of delivery within Europe: Risk-stratified analyses of aggregated routine data from the Euro-Peristat study. Bjog 2016, 123, 559–568. [Google Scholar] [CrossRef] [PubMed]

	



Betran, A.P.; Torloni, M.R.; Zhang, J.; Ye, J.; Mikolajczyk, R.; Deneux-Tharaux, C.; Oladapo, O.T.; Souza, J.P.; Tunçalp, Ö.; Vogel, J.P.; et al. What is the optimal rate of caesarean section at population level? A systematic review of ecologic studies. Reprod. Health 2015, 12, 57. [Google Scholar] [CrossRef] [PubMed]

	



Sandall, J.; Tribe, R.M.; Avery, L.; Mola, G.; Visser, G.H.; Homer, C.S.; Gibbons, D.; Kelly, N.M.; Kennedy, H.P.; Kidanto, H.; et al. Short-term and long-term effects of caesarean section on the health of women and children. Lancet 2018, 392, 1349. [Google Scholar] [CrossRef]

	



Morrison, J.J.; Rennie, J.M.; Milton, P.J. Neonatal respiratory morbidity and mode of delivery at term: Influence of timing of elective caesarean section. Br. J. Obstet. Gynaecol. 1995, 102, 101–106. [Google Scholar] [CrossRef] [PubMed]

	



ACOG Practice Bulletin. Available online: www.ican-online.org/batonrouge/wp-content/uploads/sites/56/2014/12/ACOG-Practice-Bulletin-184-2017.pdf (accessed on 15 November 2017).

	



Clarke, M.; Savage, G.; Smith, V.; Daly, D.; Devane, D.; Gross, M.M.; Grylka-Baeschlin, S.; Healy, P.; Morano, S.; Nicoletti, J.; et al. Improving the organisation of maternal health service delivery and optimising childbirth by increasing vaginal birth after caesarean section through enhanced women-centred care (OptiBIRTH trial): Study protocol for a randomised controlled trial (ISRCTN10612254). Trials 2015, 16, 542. [Google Scholar] [CrossRef]

	



Cho, C.E.; Norman, M. Cesarean section and development of the immune system in the offspring. Am. J. Obstet. Gynecol. 2013, 208, 249–254. [Google Scholar] [CrossRef]

	



Romero, R.; Korzeniewski, S.J. Are infants born by elective cesarean delivery without labor at risk for developing immune disorders later in life? Am. J. Obstet. Gynecol. 2013, 208, 243–246. [Google Scholar] [CrossRef] [PubMed]

	



Sevelsted, A.; Stokholm, J.; Bønnelykke, K.; Bisgaard, H. Cesarean section and chronic immune disorders. Pediatrics 2015, 135, e92–e98. [Google Scholar] [CrossRef] [PubMed]

	



Neu, J. Dysbiosis in the Neonatal Period: Role of Cesarean Section. Nestle. Nutr. Inst. Workshop Ser. 2017, 88, 57–66. [Google Scholar] [CrossRef] [PubMed]

	



Nagpal, R.; Yamashiro, Y. Gut Microbiota Composition in Healthy Japanese Infants and Young Adults Born by C-Section. Ann. Nutr. Metab. 2018, 73 (Suppl. 3), 4–11. [Google Scholar] [CrossRef]

	



Koletzko, S.; Lee, H.S.; Beyerlein, A.; Aronsson, C.A.; Hummel, M.; Liu, E.; Simell, V.; Kurppa, K.; Lernmark, Å.; Hagopian, W.; et al. Cesarean Section on the Risk of Celiac Disease in the Offspring: The Teddy Study. J. Pediatr. Gastroenterol. Nutr. 2018, 66, 417–424. [Google Scholar] [CrossRef]

	



Zanardo, V.; Simbi, K.A.; Vedovato, S.; Trevisanuto, D. The influence of timing of elective cesarean section on neonatal resuscitation risk. Pediatr. Crit. Care Med. 2004, 5, 566–570. [Google Scholar] [CrossRef]

	



Van den Berg, A.; van Elburg, R.M.; van Geijn, H.P.; Fetter, W.P. Neonatal respiratory morbidity following elective caesarean section in term infants. A 5-year retrospective study and a review of the literature. Eur. J. Obstet. Gynecol. Reprod. Biol. 2001, 98, 9–13. [Google Scholar] [CrossRef]

	



Gurol-Urganci, I.; Cromwell, D.A.; Edozien, L.C.; Onwere, C.; Mahmood, T.A.; van der Meulen, J.H. The timing of elective caesarean delivery between 2000 and 2009 in England. BMC Pregnancy Childbirth 2011, 20, 43. [Google Scholar] [CrossRef]

	



Collado, M.C.; Rautava, S.; Isolauri, E.; Salminen, S. Gut microbiota: A source of novel tools to reduce the risk of human disease? Pediatri. Res. 2014, 77, 182–188. [Google Scholar] [CrossRef]

	



Almgren, M.; Schlinzig, T.; Gomez-Cabrero, D.; Gunnar, A.; Sundin, M.; Johansson, S.; Norman, M.; Ekström, T.J. Cesarean delivery and hematopoietic stem cell epigenetics in the newborn infant: Implications for future health? Am. J. Obstet. Gynecol. 2014, 211, 502.e1–502.e5028. [Google Scholar] [CrossRef] [PubMed]

	



Curran, E.A.; Dalman, C.; Kearney, P.M.; Kenny, L.C.; Cryan, J.F.; Dinan, T.G.; Khashan, A.S. Association between obstetric mode of delivery and autism spectrum disorder: A population-based sibling design study. JAMA Psychiatry 2015, 72, 935–942. [Google Scholar] [CrossRef]

	



Curran, E.A.; O’Neill, S.M.; Cryan, J.F.; Kenny, L.C.; Dinan, T.G.; Khashan, A.S.; Kearney, P.M. Research Review: Birth by caesarean section and development of autism spectrum disorder and attention-deficit/hyperactivity disorder: A systematic review and meta-analysis. J. Child. Psychol. Psychiatry 2015, 56, 500–508. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Sidorchuk, A.; Sevilla-Cermeño, L.; Vilaplana-Pérez, A.; Chang, Z.; Larsson, H.; Mataix-Cols, D.; Fernández de la Cruz, L. Association of Cesarean Delivery With Risk of Neurodevelopmental and Psychiatric Disorders in the Offspring: A Systematic Review and Meta-analysis. JAMA Netw. Open. 2019, 2, e1910236. [Google Scholar] [CrossRef] [PubMed]

	



Sikorski, J.; Renfrew, M.J.; Pindoria, S.; Wade, A. Support for breastfeeding mothers: A systematic review. Paediatr. Perinat. Epidemiol. 2003, 17, 407–417. [Google Scholar] [CrossRef]

	



McDade, T.W.; Metzger, M.W.; Chyu, L.; Duncan, G.J.; Garfield, C.; Adam, E.K. Adam Long-term effects of birth weight and breastfeeding duration on inflammation in early adulthood. Proc. R. Soc. 2014, 281, 20133116. [Google Scholar] [CrossRef] [PubMed]

	



European Childhood Obesity Trial Study Group. Lower protein in infant formula is associated with lower weight up to age 2 y: A randomized clinical trial. Am. J. Clin. Nutr. 2009, 89, 1836–1845. [Google Scholar] [CrossRef]

	



Martin, R.M.; Kramer, M.S.; Patel, R.; Rifas-Shiman, S.L.; Thompson, J.; Yang, S.; Vilchuck, K.; Bogdanovich, N.; Hameza, M.; Tilling, K.; et al. Effects of Promoting Long-term, Exclusive Breastfeeding on Adolescent Adiposity, Blood Pressure, and Growth Trajectories: A Secondary Analysis of a Randomized Clinical Trial. JAMA Pediatr. 2017, 171, e170698. [Google Scholar] [CrossRef]

	



Ahn, S.; Corwin, E.J. The association between breastfeeding, the stress response, inflammation, and postpartum depression during the postpartum period: Prospective cohort study. Int. J. Nurs. Stud. 2015, 52, 1582–1590. [Google Scholar] [CrossRef]

	



Savino, F.; Liguori, S.A.; Fissore, M.F.; Oggero, R. Breast milk hormones and their protective effect on obesity. Int. J. Pediatr. Endocrinol. 2009, 2009, 327505. [Google Scholar] [CrossRef]

	



Isganaitis, E.; Venditti, S.; Matthews, T.J.; Lerin, C.; Demerath, E.W.; Fields, D.A. Maternal obesity and the human milk metabolome: Associations with infant body composition and postnatal weight gain. Am. J. Clin. Nutr. 2019, 110, 111–120. [Google Scholar] [CrossRef] [PubMed]

	



Bettler, J.; Zimmer, J.P.; Neuringer, M.; DeRusso, P.A. Serum lutein concentrations in healthy term infants fed human milk or infant formula with lutein. Eur. J. Nutr. 2010, 49, 45–51. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Neuringer, M.; Erdman, J.W., Jr.; Kuchan, M.J.; Renner, L.; Johnson, E.E.; Wang, X.; Kroenke, C.D. The effects of breastfeeding versus formula-feeding on cerebral cortex maturation in infant rhesus macaques. Neuroimage 2019, 184, 372–385. [Google Scholar] [CrossRef] [PubMed]

	



Forestell, C.A. Flavor Perception and Preference Development in Human Infants. Ann. Nutr. Metab. 2017, 70, 17–25. [Google Scholar] [CrossRef] [PubMed]

	



Mennella, J.A.; Reiter, A.R.; Daniels, L.M. Vegetable and Fruit Acceptance during Infancy: Impact of Ontogeny, Genetics, and Early Experiences. Adv. Nutr. 2016, 7, 211S–219S. [Google Scholar] [CrossRef] [PubMed]

	



Kale, A.; Deardorff, J.; Lahiff, M.; Laurent, C.; Greenspan, L.C.; Hiatt, R.A.; Windham, G.; Galvez, M.P.; Biro, F.M.; Pinney, S.M.; et al. Breastfeeding versus formula-feeding and girls’ pubertal development. Matern. Child. Health J. 2015, 19, 519–527. [Google Scholar] [CrossRef]

	



Azad, M.B.; Konya, T.; Persaud, R.R.; Guttman, D.S.; Chari, R.S.; Field, C.J.; Sears, M.R.; Mandhane, P.J.; Turvey, S.E.; Subbarao, P.; et al. Impact of maternal intrapartum antibiotics, method of birth and breastfeeding on gut microbiota during the first year of life: A prospective cohort study. BJOG 2016, 123, 983–993. [Google Scholar] [CrossRef] [PubMed]

	



Ho, N.T.; Li, F.; Lee-Sarwar, K.A.; Tun, H.M.; Brown, B.P.; Pannaraj, P.S.; Bender, J.M.; Azad, M.B.; Thompson, A.L.; Weiss, S.T.; et al. Meta-analysis of Effects of Exclusive Breastfeeding on Infant Gut Microbiota Across Populations. Nat. Commun. 2018, 9, 4169. [Google Scholar] [CrossRef]

	



Henderickx, J.G.E.; Zwittink, R.D.; van Lingen, R.A.; Knol, J.; Belzer, C. The Preterm Gut Microbiota: An Inconspicuous Challenge in Nutritional Neonatal Care. Front. Cell Infect. Microbiol. 2019, 9, 85. [Google Scholar] [CrossRef]

	



Begley, C.M.; Devane, D. The re-birth of midwifery-led care in Ireland P.R.A.C.T. Midwife 2003, 6, 26–29. [Google Scholar]

	



Mortensen, B.; Diep, L.M.; Lukasse, M.; Lieng, M.; Dwekat, I.; Elias, D.; Fosse, E. Women’s satisfaction with midwife-led continuity of care: An observational study in Palestine. BMJ Open 2019, 9, e030324. [Google Scholar] [CrossRef] [PubMed]

	



McFadden, A.; Gavine, A.; Renfrew, M.J.; Wade, A.; Buchanan, P.; Taylor, J.L.; Veitch, E.; Rennie, A.M.; Crowther, S.A.; Neiman, S.; et al. Support for healthy breastfeeding mothers with healthy term babies. Cochrane Database Syst. Rev. 2017, I2. [Google Scholar] [CrossRef] [PubMed]

	



Uvnas Moberg, K. Oxytocin: The biological guide to Motherhood; Hale Publishing: Plano, TX, USA, 2015. [Google Scholar]

	



Tribe, R.M.; Taylor, P.D.; Kelly, N.M.; Rees, D.; Sandall, J.; Kennedy, H.P. Parturition and the perinatal period: Can mode of delivery impact on the future health of the neonate? J. Physiol. 2018, 596, 5709–5722. [Google Scholar] [CrossRef] [PubMed]

	



Dahlen, H.G.; Downe, S.; Wright, M.L.; Kennedy, H.P.; Taylor, J.Y. childbirth and consequent atopic disease: Emerging evidence on epigenetic effects based on the hygiene and ePiic hypotheses. BMC Pregnancy Childbirth 2016, 16, 4. [Google Scholar] [CrossRef]

	



Rowe, R.E.; Townend, J.; Brocklehurst, P.; Knight, M.; Macarlane, A.; Mccourt, C.; Newburn, M.; Redshaw, M.; Sandall, J.; Silverton, L.; et al. Service configuration, unit characteristics and variation in intervention rates in a national sample of obstetric units in England: An exploratory analysis. BMJ Open 2014, 4, e005551. [Google Scholar] [CrossRef]

	



Homer, C.S.; Davis, G.K.; Brodie, P.M.; Sheehan, A.; Barclay, L.M.; Wills, J.; Chapman, M.G. Collaboration in maternity care: A randomised controlled trial comparing community-based continuity care with standard hospital care. BJOG 2001, 108, 16–22. [Google Scholar]

	



Downe, S.; Kennedy, H.P.; Dahlen, H.; Craig, J. Epigenetics in healthy women and babies short and medium term maternal and neonatal outcomes. In Squaring the Circle; Pinter & Martin: London, UK, 2019. [Google Scholar]

	



Petracci, I.; Gabbianelli, R.; Bordoni, L. The Role of Nutri(epi)genomics in Achieving the Body’s Full Potential in Physical Activity. Antioxidants 2020, 9, 498. [Google Scholar] [CrossRef]

	



Kennedy, H.P.; Yoshida, S.; Costello, A.; Declerq, E.; Dias, M.A.; Duff, E.; Renfrew, M.J. Asking different questions: Research priorities to improve the quality of care for every woman, every child. Lancet Glob. Health 2016, 4, e777–e779. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Table summarizing the main findings of the positive impact of breastfeeding.
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	Parameter
	Breastfeeding
	Reference





	Nutrients
	>richness in bioactive compounds
	[85,93,94,95,96]



	Duration of breastfeeding 1
	>anti-inflammatory

Response
	[86,87,88,89]



	Effects in the adulthood
	<[CRP]

<[IL6]

healthier dietary patterns
	[87,97,98,99]



	Protein intake
	Adequate intake:

<body weight

<BMI
	[90,91,92]



	Brain health
	Structural differences promoting brain development
	[96]



	Gut health
	>microbiome diversity 2

>microbiome abundance 2

<episodes of diarrhea 2
	[100,101,102,103]



	Midwifery promotion of breastfeeding
	>maternal compliance in breastfeeding
	[104,105]







1 > 6 months; 2 in both in term and preterm infants.
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Table 2. Table summarizing the main findings of this review.
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	Highlights





	The epigenetic impact of environmental cues and the epigenetic reversibility have their main plasticity during the first 1000 days of life: the “window of plasticity”

Environmental factors can modify the epigenome of the future parents

The altered epigenetic marks from the parents potentially can be inherited by their upcoming offspring

Gut microbiota composition at birth can be modulated by vaginal delivery or cesarian section

Breastfeeding has a key role in the modulation of gut microbial composition as well as in the long-term impact on health

The diversity of gut microbiota can guarantee the production of metabolites able to positively modulate immune and metabolic responses in the infants

Clinicians and healthcare professionals, who are in close contact with the parents during pregnancy and childbirth, should take the opportunity to inform parents on the long-term effects of unhealthy diets
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