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Abstract: Evidence is emerging on the role of maternal diet, gut microbiota, and other lifestyle factors in 
establishing lifelong health and disease, which are determined by trans-generationally inherited epigenetic 
modifications. Understanding epigenetic mechanisms may help identify novel biomarkers for pregnancy-
related exposure, burden, or disease risk. Such biomarkers are essential for developing tools for the early 
detection of risk factors and exposure levels. It is necessary to establish the exposure threshold to the fetus due 
to nutrient deficiencies or other environmental factors that can lead to clinically relevant epigenetic changes 
that modulate disease risks. This narrative review summarizes the latest updates on the roles of maternal 
nutrients (n-3 fatty acids, polyphenols, vitamins) and gut microbiota on the placental epigenome and its 
impacts on fetal brain development.  
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Introduction 

Adequate maternal nutrition and optimal environmental factors support a healthy fetus and 
reduce the risks of adverse outcomes for the offspring and adult life [1]. Several environmental and 
maternal factors, including gut microbiota, regulate the developmental stages of the fetal-placental 
axis via epigenetic, endocrinal, and other pathways [2,3]. Maternal, placental, and fetal coordination 
and dynamic interaction maintain a healthy pregnancy. The placenta is the vital organ that affects 
these processes by supplying the fetus with oxygen, nutrients, hormones, and growth factors 
throughout pregnancy [4]. Therefore, optimizing maternal nutrition and limiting exposure to adverse 
environmental factors can ensure the healthy functioning of the fetoplacental interface [5]. Several 
fetal factors influence the delicate epigenetic balance in mammals, including maternal-fetal nutrient 
resources and fetal gut microbiota [6]. Maternal nutritional and environmental factors can alter the 
epigenetic state of the placental genome, which affects fetal growth and development. Epigenetics 
refers to the potent interplay between genetic and environmental components regulating gene 
expression via mechanisms involving alterations to the DNA coding sequence [7], resulting in all cells 
in an organism showing phenotypic plasticity without change in their genome. Studies aiming at 
maternal diet manipulation during pregnancy and examining fetal epigenetics provide the most 
convincing evidence that prenatal nutrition influences fetal methylation and gene expression patterns 
[8].  

In addition to folic acid’s role in countering the development of neural tube defects, its deficiency 
first pointed to the fetal nutritional programming hypothesis through epigenetic programming. A 
diet deficient in methyl donor (restricted B12 and folate) during the critical period of the methylation 
programming phase, which spans from oocytes to embryonic development, resulted in excess 
adiposity, altered immune response, insulin resistance, and elevated blood pressure in male offspring 
[9]. Genome scanning has confirmed a widespread change that is connected with the effects of 
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nutritional programming [10]. This nutritional epigenetic programming has also been observed with 
a prenatal n-3 fatty acid-restricted diet and its impact on the offspring’s phenotype [11]. Maternal n-
3 fatty acid restriction typically altered placental epigenetic machinery by changing the methylation 
pattern [12] and affected gene expression of neurogenesis modulators in the young mice brains [13]. 
Maternal one-carbon metabolism is critical for maintaining fetal epigenetic stability and showed 
intergenerational effects. When pregnant mice were fed a diet low in betaine, choline, and 
methionine, the Cdkn3 gene, which encodes for kinase-associated phosphatase (Kap) in the fetal 
brain, was hypomethylated. Hypomethylation of Cdkn3 correlated with its increased expression, 
suppressing cell cycling and reducing neural progenitor cell proliferation in the fetal brain [14,15]. 
Again, maternal choline intake modified the epigenetic signature of the cortisol-regulating genes in 
the placenta by hyper-methylating the glucocorticoid receptor (NR3C1) and corticotrophin-releasing 
hormone (CRH) genes [16].  

The DNA methylation landscape undergoes considerable changes throughout the pregnancy to 
assist placental function, fetal development, and maternal-fetal interactions. Soon after fertilization, 
maternal and paternal genomes exhibit demethylation patterns to erase parental distinct methylation 
patterns and prepare for early embryonic developmental reprogramming. After the formation of the 
blastocyst and its implantation in the uterine lining, DNA re-methylation occurs to build lineage-
specific DNA methylation patterns [17,18]. DNA methylation levels change globally by connecting 
with the development of implantation and subsequent progress in fetal growth, and they also 
coordinate in a tissue-specific manner. The DNA methylation dynamics reveal that the proportion of 
methylome remodeled during developmental phases is more substantial than previously thought 
[19]. The tissues exhibit a specific DNA methylation signature as early as gestational day 9 of fetal 
development [20]. There are several windows of fetal development where dietary factors can affect 
the epigenome during gestation. For example, during embryogenesis, the epigenome is more 
vulnerable to environmental stressors due to the high DNA synthetic rate, and the typical DNA 
methylation patterns required for normal development and differentiation are recognized [21]. 
However, the extent to which the maternal intake of methyl groups through gestation can influence 
maternal DNA methylation is unclear. Dietary methyl sources can alter the epigenome entirely. The 
apparent mechanism is that the diet changes the ratio of S-adenosyl-L-methionine to S-adenosyl-L-
homocysteine concentrations in tissues and directly alters the activity of DNA methyltransferase [22]. 
Food bioactive and phytochemicals also alter the epigenetic landscape of phenotypes. For example, 
sulforaphane, a cruciferous bioactive, downregulates DNA methyltransferase 1 (DNMT1) expression 
and induces cyclin D2 (CCND2) demethylation [23]. Genistein (a phytoestrogen in soybeans) also 
affected DNA methylation by inhibiting DNMT1 in vitro [24]. When genistein was fed to 
pregnant Avy methylation indicator mice during pregnancy, at levels comparable to humans 
consuming high-soy diets, they had offspring with shifted coat color (yellow to brown). This 
phenotypic change was significantly associated with increased methylation of six CpG sites at the 
inhibitor of the apoptosis protein upstream of the transcription start site of the Agouti gene [25,26]. 
Although the mechanism of epigenetic perturbation is unclear, interestingly, this outcome is similar 
to that observed when methyl donors were depleted using the same genetic model. This reflects the 
sensitivity of the Avy allele to dietary changes and that these are likely indirect effects of the two diets. 
The sex-specific effects of micronutrients, including folate, zinc, and vitamins A, B12, C, and D, on 
reducing methylation levels in DMRs in IGF2R girls and GTL2–2 in boys were observed [27]. 
Moreover, increased expression of several placental methyltransferases was observed [28]. Early-life 
exposures to dietary methyl group supplementation elevated the epigenetic variation over six 
generations in isogenic mice [29]. Thus, a substantial body of evidence from models and clinical 
studies reveals that methyl donors and cofactors in the diet can alter the DNA methylation of the 
fetus. 

In addition to epigenetic methylation contributors, early-life metabolic adaptation of the fetus 
relies on maternal gut microbiota. The gut microbiota can influence the placental epigenome by 
producing bioactive metabolites such as short-chain fatty acids (SCFAs), trimethylamine (TMA), and 
trimethylamine N-oxide (TMAO), and modifications of the epigenome could be responsible for fetal 
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programming [30]. Moreover, gut microbial metabolites can also affect pregnancy outcomes via 
diverse mechanisms [31]. The microbial capability to modify the host metabolic and immune 
functions is also evidenced by its interaction with the epigenome, suggesting that the maternal 
microbiome and its metabolites could be involved in fetal programming through epigenetic 
mechanisms. Maternal diet, BMI, metabolic disorders, ethnicity, and geographic and environmental 
factors can influence maternal-fetal microbiome composition. For example, during maternal obesity, 
a change in gut microbial diversity significantly associated with the fetal brain development [32]. Gut 
microbiota also regulates the onset of pre-eclampsia, a placental disease, by producing a different 
composition of gut metabolites such as SCFAs, TMAs, TMAOs, and others [33]. Maternal gut 
microbiota also affects offspring’s metabolism and immune system [34]. The potential correlation 
between the gut microbiota and the metabolic requirement of the developing brain has been studied 
[32,35,36]. A broad perspective on the human brain's early postnatal development and the 
involvement of the gut in crucial neurodevelopmental processes is also documented [32,36].  

The thrifty phenotype hypothesis relies on early-life metabolic adaptation for the fetus's survival 
by choosing an appropriate growth trajectory in response to adverse dietary challenges and 
environmental exposure. In response to nutrient availability or scarcity, maternal metabolic control 
minimizes in-utero energy expenditure and maximizes the storage of reserve calories that the 
maternal microbiome might regulate [37]. The imprinted genes, such as IGF2, regulate the 
development of critical metabolic organs and their functions in controlling metabolic axes in 
postnatal life [38]. The imprinted genes expressed from one chromosome in a parent-of-origin 
manner depend on epigenetic modulation of expression control, making them sensitive to 
environmental changes in utero. Moreover, early fetal growth relies on the activation of imprinted 
genes since the latter is required to successfully develop both embryo and extraembryonic tissues. 
Therefore, it is possible that maternal nutrition and its gut microbiome, as metabolic modulators, 
closely interact with the fetal epigenome in determining the growth and development of the fetus. 
However, a little knowledge about host nutrition and microbiome on placental epigenomic 
programming that determines fetal development is available. This narrative review details the latest 
updates on maternal nutrients, gut microbiota, and their impacts on epigenetic controls of fetal 
growth, brain development, and functions. 

Heritability of Diet-Induced Epigenetic Changes: Effects on Fetal Development 

Although it is well accepted that diet-induced epigenetic changes can be mitotically heritable, 
the question of how changes induced in one generation can persist into the next remains a topic of 
debate. The multigenerational effects of epigenetic changes persist as many as three generations after 
dietary insult, in which case they are deemed “transgenerationally inherited” [39–41]. Evidence in 
mice for diet-induced multigenerational epigenetic changes was first shown at IAP-regulated 
metastable epialleles Avy and axin-fused. Many studies have reported epigenetic changes in the 
unexposed offspring of parental dietary challenges, sometimes with subsequent transmission to 
future generations. For example, a preconception paternal diet (low protein and high fat) in rodents 
altered energy metabolism in the unexposed offspring [42,43]. This demonstrates the transmission of 
the diet-induced incorporated epigenomic traits of the male germline or semen composition in a way 
that perturbed offspring metabolic programming. Multigeneration epigenetic inheritance occurs 
after maternal exposure to various diets (high fat, caloric restriction, vitamin D depletion) during 
gestation. Evidence of epigenetic inheritance in humans remains limited due to the challenges of time, 
cost, and participant retention rate required for longitudinal studies. More importantly, beyond these 
challenges, humans do not live in an uncontrolled environment and are exposed to various 
environmental factors throughout their lifespan, making it impossible to assess direct links between 
diet and epigenetic outcomes. 

Different epigenetic mechanisms may explain in part by which dietary factors in critical 
developmental stage might affect the susceptibility to develop metabolic diseases in adulthood. Fetal 
epigenetic modifications to the maternal dietary intervention are substantiated by a large number 
pre-clinical trial (Table 1). MicroRNAs are versatile regulators of gene expression and play a 
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significant role during tissue homeostasis and disease. Dietary factors have also been shown to 
modify microRNA expression. However, the role of microRNAs in fetal programming remains 
largely unstudied. Several in vivo studies analyzed the effect of maternal diet on the modulation of 
the microRNA expression in the offspring and their influence on the development of metabolic and 
cardiovascular disease in later life. Evidence suggests that nutritional status during pregnancy 
influences offspring susceptibility to developing cardiometabolic risk factors, partly through 
microRNA action. Thus, therapeutic modulation of microRNAs can open up new strategies to combat 
– later in life – the effects of nutritional insult during critical development points. Chen et al. studied 
the gene expression and DNA methylation in male and female placentas of mice exposed to either 
caloric restriction or ad libitum diets [44]. Caloric restriction resulted not only in several differentially 
expressed pathways associated with intrauterine growth restricted (IUGR) phenotypes but also in a 
significant decrease in the overall methylation, which was more pronounced in males [44]. 
Furthermore, several differentially methylated genes enriched for known imprinted genes were 
identified, suggesting that imprinted loci may be particularly susceptible to dietary changes. Maloyan 
et al. studied the sequence and profiled the cardiac miRNA expression in baboon fetuses born to 
high-fat diet (HFD)/high fructose-diet-fed mothers during the four months before pregnancy 
compared to fetal hearts from mothers eating a regular diet [45]. Furthermore, fetuses of HFD 
mothers showed a significant decrease in fetal weight and an increase in the weight of the brain and 
thymus. 55 miRNAs out of 80 differentially expressed were upregulated and 25 downregulated with 
maternal HFD/high fructose diet.  

Maternal HFD/high fructose diet modulates the expression of several miRNAs that were 
changed in adult cardiac impairments such as miR-143, miR-499, and miR-21 [46] , heart failure such 
as miR-21 and miR-223 [47] , and myocardial infarction such as miR-30c, miR-451 and miR-139 [48]. 
In animal models, dams fed with HF/high fructose diet before and during pregnancy resulted in fetal 
cardiac fibrosis. They showed differential expression of miRNAs implicated in heart disease that may 
participate in the programming of heart development.Khorram et al. [49] studied the possible role of 
miRNA-29c in carotid artery remodeling of rats' offspring at week 3, month 3, and month 9 of age 
and whose mothers were undernourished (50%) in the latter half of gestation. Maternal 
undernutrition increased the protein expression of extracellular matrix in carotid arteries, including 
collagen 3A1 (Col3A1), collagen 4A5 (Col4A5), elastin (ELN) or matrix metalloproteinase 2 (MMP2). 
In this condition, miR-29c – which targets most of these genes – was repressed. Interestingly, some 
of these changes were blocked when metyrapone, a glucocorticoid inhibitor, was administered in 
drinking water from day 10 of gestation to term. The latter changes were accompanied by increased 
expression of miR-29c, suggesting a close relationship between maternal undernutrition, miR-29c, 
and carotid artery remodeling in offspring. Despite these studies, models using genetic manipulation 
of differentially expressed miRNAs are necessary to understand epigenetics’ role in fetal heart 
development due to maternal overnutrition. 

Among different theories of fetal programming, Barker supports the thesis that maternal 
undernutrition during pregnancy may be the origin of several diseases in later life. In contrast, 
Plagemann et al. describe that gestational oversupply of nutrients may cause predispositions to 
developing disorders [50]. However, similar adult phenotypes may result in different programming 
pathways, such as intrauterine growth restriction (IUGR) with a low protein diet and maternal 
obesogenic environment with an HFD. While the mechanism for the low protein diet is most likely 
due to the mismatch between the intra-uterine and postnatal environment [51] , the HFD results in 
“malprogramming” of the hypothalamus and beta-cells [50]. However, the role of miRNAs in the 
modulation of fetal programming and the differentiation between these two theories is unclear. 
Intrauterine growth restriction is most likely associated with the induction of persistent changes in 
tissue structure and functionality.  

In contrast, a maternal obesogenic environment is most likely associated with metabolic 
reprogramming of glucose and lipid metabolism and future risk of metabolic syndrome, fatty liver, 
and insulin resistance [52]. Despite several theories of fetal programming on epigenetic regulation , 
deciphering modulation of specific miRNAs roles in undernutrition or excess nutrients could 
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eventually lead to working hypothesis of fetal programming. As many genes are differentially 
modulated in both scenarios in different tissues, but given a similar phenotype (for example, 
cardiometabolic disease), miRNAs – by regulating many transcripts – could eventually tell us if this 
still unexplored mechanism may be responsible for the observed effects.  

Placental Interactions with Environments: Impacts on Fetoplacental Development 

Obesity in pregnancy has various impacts on the structure and function of the human placenta. 
During early pregnancy, the human placenta responds to increased maternal insulin levels in obese 
women. The cellular signaling system likely plays a role in mediating these effects, influencing 
inflammation, metabolism, and oxidative stress. These alterations in placental function can 
independently and synergistically affect pregnancy outcomes, potentially interacting with other risk 
factors [53,54]. The placenta has intricate vascularization for fetal blood supply, necessitating 
considerable angiogenesis. Suboptimal angiogenesis causes aberrant placental size and vasculature. 
The placentas of obese women at term show increased total lipid content, infiltrating neutrophils, 
foam-loaded macrophages, and elevated levels of pro-inflammatory mediators [55,56]. Maternal 
obesity-induced metabolic alterations influence early placental growth, gene expression, and further 
changes in placental structure and function, clinically evident in late pregnancy [57]. Placental 
dysfunctions may negatively impact fetal growth [5,57].  

Genetics, food, and lifestyle factors all contribute to suboptimal placental angiogenesis [58]. 
Dysregulated angiogenesis in the placenta may directly or indirectly influence pregnancies, such as 
pre-eclampsia, pre-term birth, gestational diabetes mellitus (GDM), and IUGR [5,59]. n-3 fatty acid 
deficit impaired placental transport of fatty acids in pre-eclampsia and GDM-associated fetuses 
[60,61]. Several medical disorders include abnormal placental vasculature, including pre-term birth, 
IUGR, and pre-eclampsia. Several angiogenic factors, including vascular endothelial growth factor A 
(VEGFA), angiopoietin-like 4 (ANGPTL4), fibroblast growth factor (FGF), placental growth factor 
(PlGF), and docosahexaenoic acid, 22:6 n-3 (DHA), assist optimal placentation [62–64]. High-fat diets 
and maternal obesity modify the metabolome and early modifications in the placental transcriptome, 
reducing placental vascularity [65]. A high-fat diet during pregnancy promotes ectopic lipid 
accumulation, which leads to lipotoxicity and persistent inflammation in the placenta [66].  

Furthermore, the high-fat diet causes the placenta to modify its metabolic response and 
structural alteration (thickness) by influencing angiogenesis. In vivo data revealed lower placental 
labyrinth depth and higher insulin-like growth factor 2 (IGF2) expression and its receptor genes in 
the fetuses of high-fat diet dams [67]. Deficiency in n-3 polyunsaturated fatty acids (PUFA) is similar 
to the impaired placental phenotypes caused by a high-fat diet. The maternal n-3 PUFA insufficiency 
impaired the vascular development of decidua; the fetoplacental unit indicates that maternal fatty 
acid status affects placental vascularity [12]. Obese placentas accumulate lipids due to changes fatty 
acid transporter expression, lipoprotein lipase activity, and mitochondrial oxidative metabolism 
[4,68]. The genome-wide transcriptome, epigenome, and proteome revealed the impact of maternal 
obesity on placental lipid transport and metabolism [69,70]. The altered lipid transport and 
metabolism of the obese placenta, as reflected by changes in fatty acid transporter expression, had 
deleterious consequences on smooth placental functioning in transport and the metabolism of lipids 
throughout the fetoplacental unit [71,72]. The obese placenta had elevated total lipids, triglycerides, 
free fatty acids, and cholesterol. Obese placental phenotype supports increased lipid storage with 
impaired lipid transfer to the developing fetus, particularly long-chain polyunsaturated fatty acids 
(LCPUFAs), critical for fetal brain development [73]. Optimal LCPUFA supply is crucial for 
fetoplacental development, and any alterations observed in obesity can harm fetal brain development 
and performance [74,75]. During maternal obesity, pro-inflammatory M1 macrophages dominate 
over less pro-inflammatory M2 macrophages and thereby shift the trigger towards pro-inflammatory 
cascade. An obese state promotes low-grade chronic inflammation that may exacerbate immune 
functions in pathogenic pregnancies, such as pre-eclampsia, by lowering uterine natural killer (uNK) 
cell populations [76]. Furthermore, maternal obesity correlated with epigenetic dysregulations in 
leptin and adiponectin systems [77]. Thus, dysregulated endocrine controls in the placenta reduce 
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the protective effects of these adipokines on placental development, showing the placenta's response 
to a hazardous maternal environment.  

Maternal obesity and GDM both influence fatty acid transport throughout the placenta. Obese 
women with diabetes showed elevated levels of placental fatty acid binding protein 4 (FABP4) and 
endothelial lipase [78]. Obese placentas, on the other hand, had lower levels of FABP5 and decreased 
uptake of n-6 LCPUFAs [55,69] . Obese women's placentas expressed low and high levels of the fatty 
acid translocase CD36/FAT[78]. Obesity-related inflammation and metabolic dysfunction increase 
placental oxidative, endoplasmic reticulum stress, and downstream activation of the placental 
unfolded protein response, all of which have been linked to pregnancy complications such as fetal 
growth restriction, pre-eclampsia, and gestational diabetes. The placenta is exposed to high insulin 
during early pregnancy, which alters steroid hormones in mitochondria and impairs energy 
metabolism. Maternal lipid transport and metabolism influence fetal obesity through placental 
function. IUGR and GDM impair the placental transfer of maternal lipids. Inadequate placental 
LCPUFA transfers and fat-soluble vitamins may cause metabolic dysfunction and poor fetal growth. 
The interaction between placental ANGPTL4 and lipoprotein lipase causes fetal adiposity in GDM 
[79].  

Placental Epigenome and Birth Outcomes 

Nutrients modulate epigenetic enzymes such as DNMT, histone deacetylases (HDAC), or 
histone acetyltransferases (HAT) by changing the substrate accessibility required for these enzymatic 
reactions. HATs catalyze the transfer of an acetyl group from acetyl coenzyme A, while HDACs 
perform the antagonistic action of removing the acetyl group. This, in turn, changes the expression 
of essential genes that impact global health and longevity [80]. Mitsuya et al. studied patterns of 
placental DNA methylation and hydroxymethylation on a genomic scale and observed a partial but 
essential intersection among the genes that exhibited a rise in DNA methylation and a reciprocal 
reduction in DNA hydroxy methylation with increased maternal obesity, suggesting a possible 
decrease in the conversion efficiency of methylation to hydroxy methylation. Other studies have also 
provided evidence in support of a connection between metabolism and epigenetics. The 
dysregulation of adenosine monophosphate-activated protein kinase (AMPK) and the mammalian 
target of rapamycin (mTOR) homeostasis are linked to gestational obesity [81]. AMPK activation 
occurs in response to reduced energy levels suggested by high and low ATP concentrations.  

Nutrients can reverse or change epigenetic phenomena such as DNA methylation, histone 
modifications, and miRNA expression, thereby modifying the expression of critical genes associated 
with physiologic and pathologic processes, including embryonic development (Figure 1). Folic acid 
is recognized as a one-carbon donor for DNA methylation and synthesis. DNA methylation of miR-
203 and miR375 was higher when cells were cultured in a medium enriched with folic acid [83]. 
Expression of miR-615-5p, miR-3079-5p, miR-124, and miR-101b were downregulated, whereas miR-
143 was upregulated in livers from offspring from high-choline diet-fed dams [84]. MiRNAs also 
regulate some genes of methyl metabolism; miR-125b targets DNMT3b in vascular smooth muscle 
[85], while miR-22 and miR-29b directly target rat Mthfr and Mat1 genes, respectively [86]. Several 
miRNAs are epigenetically regulated by DNA methylation, and these include miRs 375, 149, 27b, 
196b, 203, 375, 129-2/-137/-935/-3663/-3665 and -428, 211, 153, 145a-5p [83,87–89] and many more. 
DNA methylation of miR 1451–5p inhibits its expression [89] , indicating feedback regulation by 
epigenetic control.  
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Figure 1. Epigenetic methylation switch modulates gene transcription and expression of functional 
proteins involved in the growth, metabolism, and development of the fetus. 

Despite the limited epigenomic studies integrating exposures and outcomes, omics approaches 
are emerging to investigate parturition and birth outcomes. Within the last five years, several studies 
have utilized placental epigenomics to gain biological insight into perturbations of the placenta 
related to birth outcomes, including preterm birth, intrauterine growth restriction, birth weight, or 
birth size. This large body of research associating birth outcomes with placental epigenomic measures 
attempted to develop new hypotheses for exposure-outcome pairings. For example, regarding birth 
weight, Tekola-Ayele et al. [90] evaluated DNA methylation in the NICHD-FGS singleton cohort 
(N = 301). To contextualize the relevance of their findings, pathway analysis was performed on the 
genes annotated to the top 100 CpG sites associated with birth weight [90]. This analysis identified 
multiple pathways such as RNA polymerase I complex assembly, CTLA4 signaling in cytotoxic T 
lymphocytes, and DNA methylation and transcriptional repression signaling [90]. Future research 
can leverage these findings to develop hypotheses surrounding exposure-birth weight associations 
by identifying exposures that have previously been associated with these same pathways based on 
placental epigenomics.Several studies use placental omics data to link prenatal exposures and 
accompanying measurements of birth or early childhood developmental outcomes within the 
population. Methodologies are used to connect exposure and outcome results included (a) statistical 
mediation analyses in a subset of genes, (b) analyses that identified commonly enriched placental 
gene networks between exposure and outcome using approaches like weighted gene co-expression 
network analyses (i.e., WGCNA), or (c) identification of gene or CpG overlaps that were 
independently associated with the exposure or outcome (d) co-methylation where local CG sites of 
one short chromosome region methylate or do not methylate together in a single sample and others 
[91]. A multi-omics analysis of the placenta measured the expression of mRNA, microRNA, and DNA 
methylation to identify signatures that may predict perinatal outcomes, including birth weight , 
placental weight, and placental inflammation [92]. The predictivity of top-ranking sites (257 
microRNAs) was tested in an independent cohort (n = 36) by microarray, identifying 32 overlapping 
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microRNAs [92]. Of these 32 microRNAs, six were associated with prenatal Cd exposure, implying 
the utility of these microRNAs as predictors of perinatal outcomes following prenatal exposures [92]. 
Nutrients can play an epigenetic modulatory role by inhibiting activities of the epigenetic enzymes 
such as DNMT, histone deacetylases (HDAC), or histone acetyltransferases (HAT), or by changing 
the accessibility of the substrate required for these enzymatic reactions [93]. HATs catalyze the 
transfer of an acetyl group from acetyl coenzyme A, while HDACs perform the antagonistic action 
of removing the acetyl group. This, in turn, changes the expression of essential genes that impact 
global health and longevity [80]. Mitsuya et al. studied patterns of placental DNA methylation and 
hydroxymethylation on a genomic scale and observed a partial but essential intersection among the 
genes that exhibited a rise in DNA methylation and a reciprocal reduction in DNA hydroxy 
methylation with increased maternal obesity, suggesting a possible decrease in the conversion 
efficiency of methylation to hydroxy methylation. Other studies have also provided evidence in 
support of a connection between metabolism and epigenetics. Epigenetic alterations via DNA 
methylation and hydroxymethylation affect the development of the fetal brain and are modulated by 
several factors associated with prenatal exposure (Figure 2)  

 
Figure 2. In utero development of the fetal brain is also regulated by epigenetic alterations of DNA 
methylation and hydroxymethylation primed by several factors associated with prenatal exposure. 

There are several central windows of fetal development where dietary factors can affect the 
epigenome during gestation. For example, during embryogenesis, the epigenome is more vulnerable 
to environmental stressors due to the high DNA synthetic rate, and the DNA methylation patterns 
required for normal development and differentiation are recognized [21]. However, the extent to 
which the maternal intake of methyl groups through gestation can influence maternal DNA 
methylation is unclear. 

The perception that pregnancy is associated with the suppression of the immune system has 
created a myth of pregnancy as a condition of immunological fragility and, hence, of enhanced 
sensitivity to infectious disorders. Given their high turnover rates, most immune cells are highly 
susceptible to environmental alteration and can adapt to various stressors. Myeloid-derived cells, 
particularly, can activate stress response pathways that cause plasticity in their transcriptional 
activity. During normal pregnancies, the human decidua contains many immune cells, including 
macrophages, natural killer (NK) cells, and regulatory T cells. Accordingly, immune cells infiltrate 
the decidua during the first trimester and accumulate around the invading trophoblast cells. 
Pregnancy hormones are crucial to maintaining pregnancies and can profoundly impact the immune 
response. A growing body of evidence has established that sex hormones can regulate the most 
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important epigenetic alterations involving the modulation of miRNA expression, DNA methylation 
status, and chromatin rearrangement.  

Maternal Dietary Fats on Placental Epigenome  

The maternal nutrients including dietary fats can alter the epigenetic state of the placental 
genome. Maternal fats and ecological cues to fetoplacental pathology are being studied, with 
consequences for fetal development and adult life. The placenta is crucial in facilitating normal fetal 
development by serving as a primary barrier between the maternal environment and the fetus. It 
regulates key functions such as gas exchange, hormone production, and nutrient secretion. 
Additionally, in healthy pregnancies, the term placenta contains microbiota. There is speculation that 
the microbiota in the placenta might play a role in the development of the fetal immune system, 
particularly during the second trimester of pregnancy [94].  

Maternal fatty acids such as n-3 and n-6 long-chain polyunsaturated fatty acids (LCPUFAs) 
status are potential predictors of fetoplacental growth and development [1,95–98]. Maternal 
docosahexaenoic acid, 22:6n-3 (DHA) deficiency could affect fetal neurodevelopment, changes 
in fetoplacental epigenetics, offspring growth, and lipogenic capacity [5]. Alterations in membrane 
phospholipid fatty acid composition can affect the function of the neurons by changing the membrane 
receptors, ion channels, enzymes, and fatty acid-derived second messengers. Mice studies showed 
that n-3 PUFA deficiency during fetal development impacted the offspring's adipose browning and 
postnatal musculoskeletal development [99]; however, no such information is available in humans. 
A high-fat diet during pregnancy can increase the risk of abnormal neurological behaviors later in 
offspring’s life [32,100]. Fat (adipose) tissue is also target for signals of nutrients, hormones, and 
epigenetics that regulate fetal growth and development [101]. Therefore, emerging data revealed 
whether disruptions in the maternal, nutritional, hormonal, epigenetic, and gut microbiota in obesity 
alter fetal growth and later-life adiposity [101]. DNA methylation was assessed at IGF2 promoter 3 
(IGF2 P3), IGF2 differentially methylated region (DMR), and the H19 DMR using cord blood 
mononuclear cells of pregnant women supplemented without or with 400 mg DHA (DHA 
supplemented, n = 131; control group, n = 130) during gestation week 18–22 to parturition. DNA 
methylation levels at only one CpG in IGF2 P3 were significantly higher in the DHA group than 
control infants. No changes were observed at the nine other CpGs (including the H19 DMR) [102] . 
The same study assessed DNA methylation states in Th1, Th2, Th17, and regulatory T-relevant genes 
and LINE1 repetitive elements of cord blood mononuclear cells [103]. No significant difference in 
promoter methylation levels was shown between the supplemented and control groups for the genes 
analyzed. This study monitored DNA from cord blood, which might not reflect changes in the 
epigenome of target tissues that express IGF2. The observed differential methylation of a single CpG 
may not alter the gene expression, and no data were presented that DHA supplementation was 
associated with altered gene expression or altered growth of the children. DHA supplementation 
with 400 mg/day during pregnancy induced DNA methylation changes in inflammatory genes 
and LINE-1, especially in infants born to mothers who smoked during pregnancy [103]. 

One-Carbon Metabolism-Related Nutrients and Placental Epigenome 

The importance of one-carbon metabolism in fetal programming was reported through evidence 
indicating that low maternal vitamin B12 levels correlate strongly with hyperhomocysteine, 
predicted higher offspring adiposity, and insulin resistance in humans [104]. Global methylation and 
imprinted gene methylation were also modified by one-carbon metabolism [27,105]. Among the 
nutrients involved in one-carbon metabolism, folic acid has been studied widely and is implemented 
universally for disease prevention. In particular, the methylation of imprinted genes 
like IGF2/H19 DMR was well studied with maternal folate supplementation [106]. For the effect of 
choline supplementation, a higher maternal choline intake (930 vs. 480 mg/day) increased 
placental CRH and GR methylation and decreased placental CRH transcript abundance, indicating 
that extra choline during pregnancy decreased placental expression of cortisol-regulating genes [28]. 
Impaired activity of one-carbon metabolism enzymes may lead to an aberrant DNA methylation 
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pattern and increased plasma Hcy, a toxic derivative that leads to vascular lesions. In addition, it was 
reported that restriction of folate, methionine, and B vitamins during the periconceptional period 
resulted in altered DNA methylation, insulin resistance, and elevated blood pressure observed in 
adult male offspring ￼, as well as gene expression and methylation changes involved in the renin-
angiotensin system, mitochondrion metabolism, and phospholipid homeostasis [107]. Additionally, 
deficiencies in folate and vitamin B12 during gestation and lactation produced manifestations of fetal 
programming, with decreased birth weight, increased central fat mass, liver steatosis, and 
myocardium hypertrophy in pups from deficient rat mothers [108].  

Choline may have essential roles in fetal brain development, as maternal choline deficiency 
during pregnancy has been shown to modify the epigenome of the fetal brain. For 
example, Vegfc and Angpt2 [109], which are involved in angiogenic signaling, and Cdkn3 [14], for cell 
proliferation, were hypomethylated in the fetal brain. Additionally, H3K9me2 and H3K27Me3 
(repressed) levels were upregulated in the fetal liver and brain by maternal choline supplementation, 
whereas H3K4me2 (active) levels were the highest in choline-deficient rats. Gestational choline 
deficiency also altered imprinted gene like IGF2 methylation, and expression through effects on 
DNTM1 in the liver [110]. However, choline supply has also been shown to modify the DNA 
methylation and expression of genes involved in methionine and lipid metabolism in Wilson disease 
[111]. Therefore, the nutrients regulating maternal-fetal one-carbon metabolism may be essential in 
fetal programming and metabolic diseases. 

Folic acid is recognized as a one-carbon donor for DNA methylation and synthesis. Additionally, 
folic acid is required to produce S-adenosyl methionine (SAM), a methyl donor in DNA 
methyltransferase-mediated DNA modification. It has been established that SAM is generated in the 
cytoplasm and drives epigenetic modifications [112]. Folic acid supplementation is related to global 
DNA methylation (hydroxyl), in which several studies have shown an inhibition in DNA methylation 
in response to folic acid consumption. In vivo, the delay in the DNA methylation response to folic 
acid intake can be partially associated with the prolonged revenue of folate stores all over the body. 
Pauwels et al. found that there may be a delay in the DNA methylation response in women who took 
a folic acid supplement before and during gestation. This would have occurred before gestation [113].  

Vitamin D Levels and Fetoplacental Epigenome 

Vitamin D is another micronutrient that alters epigenetic pathways. Low vitamin D 
concentrations can cause increased inflammation and anti-inflammatory effects due to changes in 
DNA methylation and histone modifications [114]. During pregnancy, the maternal metabolism 
undergoes multiple alterations of physiological processes to ensure the healthy development of the 
fetus. A close relationship between maternal and fetal vitamin D status during pregnancy 
underscores the importance of an optimal supply in this critical time. Maternal supply status could 
significantly affect the offspring's development and health in utero and later life [115]. Observational 
studies from all over the world show a link between low vitamin D levels and adverse pregnancy-
related outcomes for mother and child [116]. Low vitamin D concentrations can increase 
inflammation due to changes in DNA methylation and histone modifications [114]. The complex 
system of vitamin D metabolism comprises many targets, including the vitamin D receptor (VDR) 
and enzymatic molecules whose function could be crucially changed by epigenetic modulation of the 
respective genes [117].  

On the other hand, vitamin D status itself may induce epigenetic alterations in various genes, 
including genes of vitamin D metabolism. However, little is known about the interrelationship of 
vitamin D and epigenetic mechanisms. Vitamin D, as an essential micronutrient, may influence the 
genome’s methylation status, comparable to other nutritional components of the maternal diet [118]. 
The first indications of an association between maternal vitamin D status and epigenetic changes in 
the offspring come from animal experiments. A mouse model of maternal vitamin D depletion 
showed changes in DNA methylation in two generations of offspring, thus indicating 
transgenerational effects of the vitamin D status on the epigenome [119]. In a small human study, 
Jung et al. found significant differences in DNA methylation profiles in the cord blood of newborns 
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with high versus low 25OHD levels [120]. However, a recent genome-wide study did not find 
association between maternal 25OHD concentrations at midterm and cord blood DNA methylation 
[121]. Another study examining the influence of midterm maternal 25OHD levels on DNA 
methylation levels of crucial genes linked with fetal growth did not associate either [122],  

Epigenetic modifications also affect the expression of genes involved in vitamin D synthesis and 
degradation and, as such, directly impact vitamin D status. DNA methylation can influence how a 
particular gene is expressed. In general, hypermethylation in the promoter region of a gene is usually 
linked to gene silencing and decreased gene expression [123] . In contrast, promoter hypomethylation 
generally leads to increased gene expression [123]. Hypomethylation of hepatic CYP2R1, the gene 
encoding a crucial 25-hydroxylase for producing 25OHD, could account for an increased expression 
of the CYP2R1 enzyme and a subsequent increase in 25OHD levels [124]. On the other hand, 
hypermethylation and concomitant lower expression [125] levels in the CYP24A1 gene, which 
encodes an essential enzyme of vitamin D catabolism, would lead to an increase of 1,25(OH)2D.  

Interestingly, placental CYP24A1 is specifically hypermethylated during pregnancy. A 
decreased expression of placental CYP24A1 could lead to a reduced local degradation of 1,25(OH)2D. 
Therefore, it might improve the fetus's 1,25(OH)2D availability at the maternal-fetal interface. A 
relationship between the maternal vitamin D status and the methylation of genes in the offspring 
must be further investigated. 

Gut Microbiota and Placental Epigenome 

The gut microbiota changes throughout pregnancy, crucial in fetal and infant growth and 
development. Changes in gut microbiota occur throughout life and are particularly pronounced 
throughout fetal development, infancy, childhood, and puberty when the microbiota gains sexually 
dimorphic traits, as well as with aging [126–129]. The maternal gut microbiota in the early postnatal 
phase influences the infant's nervous system activity. Recent breakthroughs in metagenomics have 
revealed that the placenta contains its varied microbiota, which has been examined and documented 
in healthy pregnancies (Pelzer et al., 2017). An altered placental microbiome (dysbiosis) can cause 
preterm labor, chorioamnionitis, premature membrane rupture (PROM), intrauterine growth 
restriction (IUGR), and even postpartum hemorrhage (PPH) [53]. The use of antibiotics to deplete the 
maternal microbiota during pregnancy led to a shortage of thalamocortical axons, hindered thalamic 
axon growth in the fetus, and caused changes in tactile sensitivity in adult offspring. Animal studies 
have illustrated that the maternal microbiota during pregnancy can influence fetal brain development 
and postnatal behavior [130–132]. Targeted restoration of the maternal gut microbiome prevented 
abnormalities in fetal thalamocortical axogenesis [132].  

In a recent study involving 1064 pregnant mothers and 1074 children, a connection was found 
between the makeup of maternal fecal microbiota during pregnancy and internalizing behavior 
linked to anxiety in two-year-old children. Additionally, fecal samples from pregnant mothers whose 
children exhibited typical behavior indicated greater microbial alpha diversity and increased levels 
of butyrate-producing bacteria [133]. Animal and human research highlights the crucial role of 
maternal microbiota in promoting fetal neurodevelopment during pregnancy.  

Microbial invasion (by non-commensal microorganisms) of the fetoplacental junction has been 
linked to maternal and newborn illness. The presence of several bacteria in the placenta and amniotic 
cavity is associated with miscarriage, chorioamnionitis, premature membrane rupture, preterm birth, 
and stillbirth [134,135]. Click or tap here to enter text.However, emerging information suggests that 
the same bacteria may be present in babies without associated problems. As a result, genetic and/or 
environmental processes may allow the progression of unfavorable perinatal outcomes caused by 
germs during a given gestational stage [136]. Placental and amniotic microbiota alterations have been 
linked to various pregnancy-related diseases, including bacterial vaginosis [136]. Analyses of 
placental tissue in pathological pregnancies reveal a prevalence of anaerobic germs over beneficial 
Lactobacillus. 

Preterm birth cases show an increased presence of species such as Prevotella, Bacteroides, 
Peptostreptococcus, Gardnerella, Mobiluncus, and Mycoplasma [137–139]. Women with chorioamnionitis 
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exhibit higher proportions of Streptococcus agalactiae, Fusobacterium nucleatum, and Ureaplasma parvum 
species [136]. Despite their typically low virulence outside the intrauterine environment, these 
microorganisms can impact placental vasculature when spread hematogenously, modifying 
endothelial permeability and allowing the entry of other pathogenic organisms, including 
Escherichia coli [53]. Oral bacteria like Fusobacterium or Capnocytophaga in placenta samples of women 
with preterm birth have been linked to periodontal disease that develops toward the end of 
pregnancy [140]. However, it's crucial to note that changes in flora are not solely associated with oral 
microorganisms. As pregnancy progresses, hormonal variations lead to shifts in gastrointestinal 
microbiota. Studies demonstrate significant alterations in the fecal flora composition from the first to 
the third trimester, including increased Proteobacteria and Actinobacteria and decreased Lactobacillus 
[53]. Microorganisms from the oral cavity and gastrointestinal tract, particularly Enterobacteriaceae, 
have been identified in the placental environment. This is linked to heightened immune tolerance 
during pregnancy, facilitating the movement of bacteria from the gastrointestinal system into the 
bloodstream. This establishes [136] a pathway through the bloodstream, connecting various organ 
systems to the uterine cavity. These changes, influenced by the evolving maternal immune 
environment, mainly manifest toward the end of pregnancy. The modified flora translocates into the 
bloodstream, reaching the amniotic and placental cavities, creating a proinflammatory environment. 

Maternal Microbiome and Its Impact on Fetoplacental Growth and Development 

The relationship between the maternal gut microbiota and the fetus is a topic of considerable 
discussion, primarily revolving around the concept of a "sterile womb." This idea proposes no direct 
contact between maternal gut bacteria and the fetus, suggesting that the fetus relies on metabolites 
derived from the gut microbiota. However, emerging evidence indicates the potential translocation 
of maternal gut microbiota to the uteroplacental unit [142]. Regardless of the microbiota in the uterus, 
maternal gut microbial metabolites play a vital role in supplying energy, nutrients, and essential 
vitamins like B complex, folate, choline, betaine, and SCFAs. Environmental variables, such as early 
life stress, can have long-lasting effects on the brain and behavior via the epigenome, which regulates 
gene expression [143,144]. The metabolic and immunological alterations observed in pregnant 
women are accompanied by changes in maternal gut microbiota, which begin during the second 
trimester and increase throughout the third trimester [36]. A shift towards low microbial alpha 
diversity marks these modifications (indicating reduced richness and abundance of taxa) and a 
heightened beta index (indicating increased variability in composition) [145]. This is linked to 
increased glycogen- and lactose-producing bacteria, decreased butyrate-producing bacteria, 
diminished diversity, and augmentation in Actinobacteria and Proteobacteria phyla. 

Healthy human gut microbiota is dominated by phyla Firmicutes, Bacteroidetes, Actinobacteria, 
Proteobacteria, and Fusobacteria. The Firmicutes phylum comprises genera such as Lactobacillus, 
Bacillus, Clostridium, Bacillus, Enterococcus, and Ruminicoccus. Bacteroidetes consist of 
predominant genera such as Bacteroides and Prevotella. The Bifidobacterium genus mainly 
represents the less abundant Actinobacteria phylum [141]. Faecalibacterium, a butyrate-producing 
bacterium with anti-inflammatory properties and a member of the Firmicutes phylum, experiences a 
notable decrease in the third trimester of pregnancy. The third trimester shows elevated beta 
diversity, which correlates with weight gain, insulin insensitivity, and elevated fecal cytokines, 
indicating inflammation [140,146,147]. There is an increase in Firmicutes, related to the rise in the 
requirement for energy storage, and in Proteobacteria and Actinobacteria levels, which have a 
protective effect on both the mother and the fetus through pro-inflammatory processes [147]. These 
alterations in maternal gut flora match the fetus' metabolic demands, contribute to fetal body weight 
gain, and supply glucose, but they also cause maternal hyperglycemia [148]. During a typical 
pregnancy, the maternal gut's operational dynamics and bacterial makeup undergo transition in their 
diversity due to the inflammatory and immune adaptations essential for maintaining pregnancy. 
These changes are instigated by modified hormonal levels, particularly the pregnancy-specific 
hormone human chorionic gonadotropin (hCG).  
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Consequently, hCG plays a role in regulating the secretion of estrogen and progesterone, 
influencing the composition of the maternal gut microbiota. Elevated levels of progesterone extend 
gastrointestinal transit time, a pivotal factor in shaping the composition and functionality of the gut 
microbiota [149]. The alterations in the gut microbiota during a normal pregnancy are crucial for 
maintaining maternal well-being and fostering fetal development. Distinctive changes in the 
composition of the maternal gut microbiota are observed in complicated pregnancies, potentially 
linked to the increase in progesterone levels [150].  

The microbial signatures have been associated with embryonic development, influencing the 
CNS and immune systems while balancing health and disease delicately. Microbial gut dysbiosis, 
characterized by an imbalance in microbiota homeostasis, has significant implications for overall 
health. In pregnancy, maternal gut dysbiosis denotes a disturbance in the adaptation of the 
microbiota to the specific conditions of pregnancy, posing risks to both the mother and the fetus. 
Various factors contribute to microbial gut dysbiosis in pregnant women, including maternal obesity, 
dietary patterns, stress, inflammation, infection, antibiotics, and antidepressants. Maternal obesity 
during pregnancy is linked to an elevation in Firmicutes, resulting in an increased ratio of gut 
Firmicutes to Bacteroidetes. This rise in Firmicutes may enhance calorie absorption, potentially 
contributing to weight gain and correlating with gut inflammation and increased intestinal 
permeability. Additionally, obesity during pregnancy can induce alterations in bacterial phyla 
compared to non-obese pregnancies [151].  

Gut metabolites, derived from the fermentation of dietary fiber by microbiota, also include 
polyphenols that contribute to the nutritional programming of fetal growth and development 
through epigenetic mechanisms. These maternal metabolites traverse from the gut lumen to the 
bloodstream, gaining access to the fetus through the placenta and reaching fetal circulation, 
providing the necessary nutrients for fetal growth and development. Furthermore, these nutrients 
impact gene expression and contribute to fetal brain development. Some metabolites breach the fetal 
blood-brain barrier (BBB) and play a role in fetal CNS and immune system development by 
influencing dendritic T-cell activity and cytokine production [152]. Gut dysbiosis in preeclamptic 
patients had increased plasma levels of LPS and TMAO related to inflammation status [153].  

Microbiota and Fetal Immune Development 

The placental microbiome is distinct, resembles the mother‘s oral microbiota, and can negatively 
impact pregnancy outcomes [154]. Notably, the placental membranes act as a protective barrier in the 
fetal environment and possess bactericidal properties. This is attributed to cells like extravillous 
trophoblasts, natural killer cells, leukocytes, and macrophages. Despite bacteria potentially breaching 
the barrier through bacterial ligands, they became non-viable and fragmented upon passage. 
Additionally, there is a possibility that certain microorganisms may conceal themselves within 
placental trophoblasts [155]. During gestation in mice, fetal placental vascularization establishes 
contact with maternal circulation, enabling the transfer of metabolites, such as SCFAs, from maternal 
gut microbiota to the fetus. These metabolites contribute to the development of the BBB and innate 
immunity.  

Preterm infants have been found to have a fetal inflammatory response syndrome (FIRS), which 
is characterized by higher fetal proinflammatory cytokines and hypoxic-ischemic events, as well as 
myelination failure [156] . Both rodent and human data suggest the role of maternal microbiota 
during pregnancy in the development of fetal innate and adaptive immunity [157]. Studies on germ-
free pregnant mouse dams transiently colonized with E. coli revealed altered innate lymphoid cells 
in pups. Furthermore, mouse pups from dams treated with antibiotics during pregnancy showed 
impaired innate immunity at 14 days postpartum [36]. Furthermore, exposing nonobese diabetic mice 
to vancomycin during pregnancy enhanced offspring susceptibility to type 1 diabetes [158] . In mice, 
a limited amount of pre-B cells was discovered in bone marrow by gestation day 19, while T 
lymphocytes were detected at birth [159]. B- and T-cells emerge between 12 and 14 weeks of gestation 
in humans, steadily increasing until birth. Both innate and adaptive immunity are established by 16 
weeks of gestation. The initial lymphoid tissues, including mesenteric lymph nodes and Peyer's 
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patches, develop in the sterile environment of the fetus [160] . The immaturity of the immune system 
in early development aligns with the function of the underdeveloped intestinal barrier, leading to 
increased antigen passage across the intestine. Notably, in humans, mothers provide natural passive 
immunization during fetal life. Microbial antigens from maternal gut microbiota combine with 
maternal antibodies (antigen-IgG) and are transferred to the fetus through the placenta, triggering 
immune activation. Free dietary antigens may also traverse the placental barrier [161]. During the 
prenatal stage, intestinal digestion is minimal, and amniotic fluid components such as proteinase 
inhibitors influence the luminal environment and the production of antigenic compounds. It has been 
proposed that maternal microbiota metabolites are essential for immunological activities [162]. 
SCFAs produced by the maternal microbiota during pregnancy have been found to affect intestinal 
immunity, T-cell development, dendritic cell (DC) activity, and epithelial integrity [157]. Specific 
neuropeptides, vasoactive intestinal peptides, and norepinephrine play a role in modulating the 
functions of dendritic cells and cells in the intestinal wall and secondary lymphoid tissues, such as 
Peyer's patches. Furthermore, there is a suggestion that bacterial DNA transferred from the mother 
to the fetal gut stimulates mucosal immune development and influences the fetal immune system in 
preparation for the transfer of maternal-fetal microbiota postnatally [163] . In germ-free mice, the 
development of fetal thymic CD4+T cells and regulatory T cells (Treg cells) is compromised. Still, 
supplementation with the bacterial metabolite SCFA-acetate rescues this deficiency. Acetate induces 
the upregulation of the autoimmune regulator, contributing to Treg cell generation. In humans, low 
maternal serum acetate is associated with preeclampsia, a pregnancy-associated disorder affecting 
maternal cardiovascular and immune systems, leading to reduced Treg cells. Maternal immune 
changes in preeclampsia are reflected in the fetal immune system, suggesting a role for SCFAs 
produced by maternal microbiota in regulating maternal and fetal immune systems during 
pregnancy [158]. A Danish study found that antibiotic usage during pregnancy changed maternal 
microbiota and their metabolites and was associated with increased development of immunological 
diseases such as immune atopic dermatitis in newborns of mothers with atopy and increased risk of 
asthma in children 2-10 years old [164]. Maternal microbiome changes during pregnancy have been 
linked to type 1 diabetes and inflammatory bowel disease [165]. 

The enteric nervous system (ENS) undergoes development in the fetal window, originating from 
vagal and sacral neural crest cells. Maternal gut microbial metabolites, particularly SCFAs, regulate 
fetal ENS. SCFAs, transmitted from the maternal gut through the placenta to the fetus, serve as an 
energy source, regulate fetal gut epithelium, and influence the development of the fetal metabolic 
system, neural system, and immune responses [166,167]. Studies in germ-free mice demonstrate a 
significant reduction in the cross-placental transfer of microbial metabolites compared to specific 
pathogen-free mice, emphasizing the importance of maternal gut microbiota [168]. Maternal gut 
dysbiosis negatively impacts fetal intestine permeability and integrity [169]. Recent evidence 
indicates a direct influence of bacterial exposure on fetal gut colonization [170]. The placenta and 
amniotic fluid contain a distinct microbiota characterized by low richness, low diversity, and a 
prevalence of Proteobacteria. Similarities among the placenta, amniotic fluid, and infant meconium 
microbiota suggest cross-placental microbial transfer and prenatal seeding of the fetal gut. Meconium 
microbiota shows more resemblance to amniotic fluid than maternal fecal and vaginal microbiota, 
suggesting seeding from multiple maternal sites, with amniotic fluid contributing significantly [171] 
. Microbial contact can initiate healthy immune maturation during fetal life [170]. In both rodents and 
humans, the development of the digestive system aligns with the maturation of the immune system 
and the ENS. In mice, the intestinal epithelium undergoes the formation of villi and crypt structures, 
leading to restricted epithelial proliferation and the cytodifferentiation of villi into functional cell 
types in the small intestine. This period also witnesses the development of smooth muscle layers 
around the gut tube and the ENS. In mice, sensory and motor neurons project into the gut around 
embryonic day 14. Expression of brush border, crypt, and Paneth cells at low levels is observed 
around 14 postnatal days in mice, with complete intestinal morphogenesis occurring postnatally 
[172]. While many anatomical and cellular features develop in utero, the ENS becomes functional 
during the postnatal period in mice [173]. In humans, the development of the digestive tube, a 
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precursor to the gut, begins in the third week of gestation, with crypt formation occurring around the 
12th week and intestinal functions developing by the 24th week of gestation. This development 
coincides with the ENS, which is not fully mature at birth and continues to develop postnatally [174]. 
Enteroendocrine cells emerge as early as the 13th week of gestation. Key cells like brush border, crypt, 
and Paneth cells are expressed at low levels in the fetal intestine at 20 weeks of gestation, and their 
maturation occurs before birth. Tight junction proteins, including claudin, control the intestinal 
epithelial barrier, with claudin expression beginning as early as the 18th week of gestation. The 
integrity of this barrier is crucial for regulating transport across the lumen and excluding pathogens. 

Consequently, intestinal morphogenesis is completed before birth in humans. Mucosal 
immunity starts developing in the human fetal intestine by 11–14 weeks gestation, with dendritic 
cells populating the developing intestine capable of responding to microbial stimuli and initiating T 
cell responses. By the 13th gestational week, memory T cells become abundant in the fetal intestine, 
indicating early immune priming. Specific immunomodulatory microbes with bacterial-like 
morphology have been identified in mid-gestation human meconium, accompanied by enriched taxa 
and T-cell patterns. Viable bacteria observed in the fetal intestine at mid-gestation can limit 
inflammatory potential by interacting with fetal immune cell populations. Fetal T cells demonstrate 
the ability to form memory in the intestine, suggesting that bacterial antigens contribute to T cell 
activation. These specific bacteria persist under nutrient-limiting conditions, utilize pregnancy 
hormones for growth, and can survive within phagocytes [175]. In humans, immunoglobulins cross 
the placenta during the fetal phase, producing a single layer between fetal and maternal circulation 
that allows for selective maternal-fetal macromolecular transfer. The transfer of IgG is modest 
throughout the first and second trimesters but increases during the third trimester [161]. Multiple 
research studies have identified bacterial DNA in the placenta and amniotic fluid. Investigations in 
mice reveal similarities between fetal intestine bacterial DNA, placental bacterial DNA, and maternal 
oral and vaginal DNA, with additional overlap observed in meconium [176]. Intriguingly, the human 
fetus starts producing meconium as early as 12 weeks of gestation, hinting at a potential exchange of 
microbiota between the fetal and maternal environments [177].  

Maternal stress in the first week of pregnancy induces persistent changes in maternal gut 
microbiota, impacting the placental transfer of nutrients. Notably, male offspring, not females, exhibit 
significant neurodevelopmental alterations in the hypothalamic and limbic circuits, affecting stress 
responsivity [178]. These findings demonstrate that the makeup of maternal gut microbiota during 
pregnancy is an essential contributor to the metabolic programming of offspring [179]. Initially 
shielded by the placenta, the fetus gains an additional layer of protection through the maturation of 
the BBB during pregnancy. In rodents, the BBB starts forming around gestational days 13.5-15.5, 
characterized by a higher concentration of tight junction proteins and extracellular matrix 
components than the adult BBB. Notably, in germ-free mice, the BBB appears leaky around 
gestational day 16.5, emphasizing the crucial role of maternal microbiota in developing a functional 
BBB [180]. Some efflux transporters capable of excluding poisons are present in humans as early as 
eight weeks of gestation, and BBB components appear at 12 weeks. It is widely accepted that during 
gestation and in newborns, this barrier is immature or "leaky,"" making the developing brain more 
sensitive to medications or toxins entering the fetal circulation from the mother [152,181]. Elevated 
intestinal permeability during early pregnancy is believed to be linked to higher maternal levels of 
LPS and cytokines at the endometrial level. This phenomenon is thought to enhance the translocation 
of bacterial metabolites and bacteria from the intestinal lumen into the maternal circulation [145]. 
Bacteria can reach the placenta through the bloodstream, potentially facilitated by dendritic cells 
translocating from the gut epithelium to lymphoid organs. Maternal oral bacteria entering the 
bloodstream are also suggested as a source of fetal microbiota. This early prenatal microbiota may 
play a role in priming the immune system for the subsequent colonization of microbiota after birth. 
In the first year of life, the human intestine quickly becomes populated with microbiota, primarily 
strict anaerobes. By 2-5 years, the microbiota in infants becomes individually distinct from the 
composition and diversity seen in adults [182]. The first diffusion of maternal metabolites across the 
placenta promotes the fetal nervous system and HPA axis development. It is followed by gut bacteria 
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penetrating, transferring the placenta, and transferring it into the fetal bloodstream. Thus, gut 
microbiota colonization could occur throughout fetal life [152,183]. Some bacteria may enter the fetal 
gut, but they are insufficient and unique enough to activate intestinal epithelial tolerance during the 
first interaction with microbiota after birth. 

Gut Microbiota and Fetal Brain Development 

The maternal gut microbiota during pregnancy is critical for developing the fetal central nervous 
system. Traditionally, the prevailing belief, based on the concept of a sterile womb, is that the 
offspring's GBA is established postnatally and regulated by the maternal gut microbiota transmitted 
during birth. However, there is a growing recognition of a limited number of distinctive bacteria 
found in fetuses, suggesting their potential role as transitional species facilitating the establishment 
of a complete microbiota after birth [157,184].  

Factors such as maternal genetics, diet, health condition, stress, and medication can determine 
the microbiota-gut-fetal brain axis [185]. Animal and human studies have established a relationship 
between the maternal gut microbiota and fetal neurodevelopment. Rodent studies have indicated 
gender-dependent impaired prenatal brain development in germ-free mice [186]. The microbiota-
deficient mice demonstrated altered gene expression are associated with neurotransmission, 
neuroplasticity, metabolism, and morphology in the hippocampus and thalamocortical 
neurodevelopment with sensorimotor behavior and pain perception after birth [132]. The 
development of the human brain and nervous system initiates at six weeks during the embryonic 
development and extends throughout pregnancy, continuing into puberty and beyond. Specific 
neurodevelopmental changes involving axonal growth, synapse formation, and dendritic and axonal 
arborization occur during gestation, culminating in establishing synaptic connections. Maternal gut 
microbiota regulates metabolites that reach the fetus through transplacental signaling, influencing 
fetal brain development [132].  

 Existing research extensively explores the relationship between gut microbiota and the gut-
brain axis (GBA) postnatally. Still, there needs to be more understanding regarding this connection 
during the prenatal period [187]. While the fully functional bidirectional offspring GBA develops 
after birth, the rudimentary GBA is established in fetus under maternal gut microbial control. 

Due to the absence of a functional GBA in fetal life, the maternal gut microbiota influences the 
rudimentary developed GBA in humans. Newborns are exposed to significant amounts of maternal 
vaginal, fecal, and skin microbiota during birth, with the colonization influenced by the delivery 
method (vaginal or C-section). Nursing further contributes to the transfer of maternal microbiota to 
the infant, with the composition influenced by the mother's health and gestational age. Gut closure, 
a developmental stage of intestinal maturation around six months, signifies establishing a functional 
GBA [188]. The functional GBA involves a complex bidirectional network encompassing the central 
nervous system (CNS), autonomic nervous system (ANS), ENS, vagus nerve (VN), neuroendocrine 
and neuroimmune systems, the HPA, and the gut/gut microbiota. The microbiota plays a crucial role 
in the GBA, contributing to nutrient bioconversion, detoxification, immune regulation, and 
protection against pathogens. Research indicates that maternal gut microbiota plays a critical role in 
fetal development by transferring metabolites and other factors to the fetus through the placenta 
[189].  

Maternal gut microbiota plays a crucial role in supporting the healthy development of the fetal 
brain, influencing both its structural and functional connectivity and ultimately affecting cognitive 
performance and behavioral outcomes in offspring. Clinical studies indicate that disruptions in 
maternal gut microbiota, such as dysbiosis during pregnancy, can negatively impact fetal CNS's 
physiological and functional development. Instances of microbial depletion, caused by factors like 
infection or antibiotic treatment during pregnancy, have been associated with abnormal brain 
structure and function, contributing to maladaptive behaviors reminiscent of autism in offspring 
[131,132]. Depletion of maternal gut microbiota during pregnancy impacts gene expression in the 
developing fetal brain, particularly genes that regulate the development of new axons connecting the 
thalamus to the cortex, which is responsible for sensory processes. Gut microbiota generates 
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neurotransmitters and neuromodulators, including serotonin, gamma-aminobutyric acid (GABA), 
and SCFAs. These bioactive substances are transported to the fetal brain through the placenta and 
blood-brain barrier. Maternal gut microbiota, particularly during pregnancy, produces SCFAs crucial 
for various differentiations facilitated by G protein-coupled receptors.  

Additionally, maternal gut metabolites support fetal thalamocortical axogenesis. Notably, germ-
free mice exhibited region-specific changes in neurotransmitter systems, with increased serotonin (5-
HT) concentration in the hippocampus [186]. The placenta plays a crucial role in synthesizing 5-HT, 
influencing fetal CNS development by regulating cell proliferation, migration, and wiring during 
prenatal development. Tryptophan, the precursor to 5-HT, is derived from maternal gut metabolites. 
Placental 5-HT reaches the fetal forebrain during cortical neurogenesis and initial axon growth, with 
serotonergic neurons appearing in the fetal hindbrain around embryonic day 10.5 in mice [190]. 
Chronic mild stress during rat pregnancy increases free tryptophan concentration in both maternal 
blood and the fetal brain, leading to heightened anxiety in the offspring. In humans, placental 
synthesis of 5-HT occurs in the first and second trimesters of pregnancy [191]. Disruption of placental 
5-HT signaling causes long-term behavioral problems, including anxiety after birth. The maternal gut 
microbiome also influences the formation of the fetal BBB. Animal studies have demonstrated that 
higher BBB permeability in germ-free mice is related to poorer brain innate immunity and reduced 
thalamocortical axon development [35]. The VN plays a significant role in innervating the intestine 
from the proximal duodenum to the distal descending colon, serving as a crucial bidirectional 
communication pathway between the gut and the brain. It conveys information about the gut's status, 
including chemical content, distension, and inflammation, to key brain regions such as the nucleus 
of the solitary tract (NTS), the paraventricular nucleus of the hypothalamus (PVN), and the arcuate 
nucleus. Metabolites produced by maternal gut microbiota, including SCFAs are transported through 
specific transporters across the gut epithelium, activating the VN.  

Afferent fibers of the VN carry signals from the gut microbiota to the brain. In response to these 
signals, the brain sends feedback signals back to entero-epithelial cells through efferent fibers of the 
VN. This bidirectional communication system allows for the regulation of gut-brain interactions 
[192]. VN sensory and motor nuclei were discovered in E11-E14 mouse embryos [193]. In humans, 
morphological studies reveal a rapid developmental rise in the total number of myelinated vagal 
fibers from 24 weeks until adolescence, with the most significant increases reported from roughly 30-
32 weeks of gestation to approximately six months after birth [194]. During the transition from the 
late second to the early third trimester, sympathetic activation increases, accompanied by increased 
parasympathetic regulation and baseline stability ability [174]. During the final trimester, 
myelination of vagal efferent fibers associated with heart activities begins[169].  

The gut microbiota engages in bidirectional communication with the brain through the GBA, 
encompassing the CNS and ANS, sympathetic and parasympathetic components, including the VN 
and ENS, as well as the immune, endocrine (including the hypothalamic–pituitary–adrenal or HPA), 
and gut/gut microbiota systems (Figure 3). The reciprocal nature of the GBA network enables 
communication between the emotional and cognitive centers of the brain and the peripheral intestinal 
functions of the ENS [195]. The gut microbiota produces metabolites, hormones, and 
neurotransmitters, creating a connection between the gut and the brain. 

Conversely, the brain influences intestinal activities, including the behavior of functional 
immune effector cells. It is improbable that the prenatal gut microbiota can independently generate 
metabolites and influence CNS development. It is reasonable to infer that maternal microbial 
metabolites and other factors might be involved in fetal development, including the formation of the 
GBA. This inference gains support from observations indicating that disruptions in maternal gut 
microbiota during pregnancy are linked to irregularities in the developing GBA, encompassing 
gastrointestinal, neuronal, immune, and hormonal components [196]. Maternal gut dysbiosis 
activates microglia, leading to systemic inflammation, resulting in neuroinflammation [197]. While 
eubiosis promotes myelination, dysbiosis-associated increase in proinflammatory cytokines can 
damage differentiating neurons and oligodendrocytes during active myelination, supporting the 
direct impact of maternal gut dysbiosis-induced inflammation on fetal neuroinflammation [187].  
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Figure 3. Mechanistic overview of the gut microbial effects on fetal brain plasticity. Gut microflora 
produces several neuroactive metabolites such as GABA, tryptophan, and serotonin, potentially 
regulating neurotransmitter homeostasis in the fetal gut-brain axis. The gut microbiota also affects 
neuroinflammation and microglial maturation, and it functions in a mechanism involving SCFA 
action and/or modulation of neuroactive molecules. These metabolites, in turn, activate the expression 
of epigenetic marks, including mRNA, miRNA, hydroxymethylation, and histone remodeling in the 
brain cells. BDNF – Brain-derived neurotrophic factor; GABA-Gamma-aminobutyric acid; DNAm : 
DNA methylation. 

Maternal gut microbiota activates the fetal neuroendocrine HPA axis, producing cortisol and 
influencing the physiological stress response [198]. This activation occurs by releasing 
proinflammatory mediators, microbial antigens, and prostaglandins that can cross the BBB. Dysbiosis 
in maternal gut microbiota may result in constitutive hyperactivity of the HPA axis [199]. The fetal 
HPA axis is crucial for the differentiation and maturation of fetal lungs, liver, and CNS. In species 
giving birth to mature young (such as primates, sheep, and guinea pigs), a significant portion of 
neuroendocrine maturation occurs in utero [146]. In contrast, species giving birth to immature young 
(like rats, rabbits, and mice) experience neuroendocrine development postnatally.  

Consequently, manipulations during the fetal or neonatal stages affect different phases of 
neuroendocrine development, depending on the species studied [200]. The human HPA axis becomes 
active at 11 weeks’ gestation, with hormonal activity detectable between 8 and 12 weeks. The 
glucocorticoid receptor (GR) mRNA is present in the adrenal gland by 8–10 weeks of life, with limited 
knowledge about later developmental changes in GR expression [201]. Corticotropin-releasing 
hormone (CRH) immunoactivity and bioactivity are evident in fetal hypothalamic tissue extracts by 
12–13 week gestation, increasing with gestational age [202]. During pregnancy, the fetal 
hypothalamus and the placenta produce CRH, regulating HPA axis maturation and 
adrenocorticotrophin (ACTH) secretion. ACTH, in turn, coordinates fetal adrenocortical growth, 
angiogenesis, differentiation, and steroidogenesis. Cortisol plays a crucial role in maintaining 
intrauterine homeostasis and fetal tissue maturation, with de novo synthesis starting in humans after 
28 weeks of gestation. In response to acute stress like arterial hypotension, the fetal hypothalamus 
releases CRH, stimulating the secretion of fetal ACTH, which enhances cortisol production [203]. 
Placental estrogens also impact the fetal HPA axis by converting active cortisol to inactive cortisone, 
thereby reducing fetal cortisol levels. Recent epidemiological evidence suggests that stress during the 
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fetal period and exposure to corticosteroids can lead to lasting changes in neural pathways, 
potentially predisposing individuals to diseases later in life [204].  

Conclusions 

Epigenetic alterations related to maternal nutrition and environmental exposures may affect 
fetal growth. Nutritional epigenetics has been viewed as an attractive tool to prevent pediatric 
developmental diseases. In recent years, epigenetics roles have been linked to the pathogenesis of 
type 2 diabetes mellitus, obesity, inflammation, and neurocognitive disorders. Although the 
possibility of developing a treatment or discovering preventative measures for these non-
communicable diseases is exciting, current knowledge in nutritional epigenetics is limited and 
warrants studies to expand the available tools like AI, resources such as next-generation RNA 
sequencing, and others.  

Epigenetic regulation maintains gestational integrity and fetoplacental development. Unveiling 
epigenomic modification can expand understanding of the dynamic developmental processes to 
intervene for a better new life. Disseminating epigenetic regulation may allow clinicians to advise 
women at increased risk of adverse pregnancy outcomes and develop precise, personalized, risk-
specific interventions. Several clinical trials have highlighted the effects of maternal nutrients on fetal 
epigenetic programming, which influences fetal growth, birth weight, and brain performance in the 
subsequent stages (Table 2). Previous studies identified epigenetic biological markers specific to the 
placenta in maternal blood, suggesting that epigenetic biological markers from the placenta may be 
released or leaked into the mother’s bloodstream during pregnancy. A better understanding of using 
nutrients or bioactive food components for maintaining health and preventing diseases through 
modifiable epigenetic mechanisms is required.  

Epigenetic reprogramming is essential in embryonic and early postnatal development, and 
epigenetic deregulation is recognized in the etiology of several developmental disorders. The 
various in-utero exposures and maternal nutritional state may affect the epigenome differently. 
Although it is widely agreed that epigenomic dysregulation can program the later disease risk in 
offspring, effective intervention strategies aiming to modulate the epigenome and prevent the 
development of complex human diseases because of nutritional programming are still challenging. 
Early biological markers should be established during the prenatal period to detect systemic 
pathophysiological processes (nonspecific tissue) or local processes (specific tissue, such as the 
placenta). 
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Table 1. Fetal epigenetic modifications to the maternal dietary intervention: evidence from pre-clinical trials. 

Aim Study design Primary outcome Ref 
To distinguish between direct 
transmission of epigenetic states and 
de novo epigenetic-induced marks in 
each generation in response to energy 
diets 

Female Wistar rats, dietary energy increased 
by 25% at conception in F0 and maintained at 
this level up to generation F3; Epigenetic 
marks over four generations studied 

-The transgenerational effects on offspring’s phenotype directly 
reflected with altered DNA methylation of specific genes  
-Induction of de novo epigenetic marks in each generation indicated 
heritability of epigenetic changes due to germline transmission 

[223] 

Effect of dietary choline on fetal brain 
and memory function in deficient 
mice 

Timed-pregnant C57 BL/6 mice, choline diet- 
1.1 g/kg choline chloride, from embryonic day 
12-17, brain analysis on day 17 

-Decreased DNA global methylation in the ventricular and 
subventricular zones of the choline-deficient fetal brain 
-Decreased DNAm of the gene (Cdkn3) expression of a cell cycle 
regulator indicated altered brain development 

[14] 

Prenatal restricted diet and trans-
generational epigenetic alterations in 
four successive generations in rats 

Wistar rats, control- chow diet, restricted 
group- 50% of their daily intake, from the 
appearance of vaginal plug until parturition 

-Prenatal dietary restriction affected expression of genes involved in 
epigenetic mechanisms in the liver across generations 
-Influenced the global histone H3 acetylation in fetal liver 

[224] 
 

The n-3 PUFA deficiency at the time 
of pregnancy and lactation and 
epigenetic changes in the brain of the 
adult offspring in mice 

C57BL/6J mice, n-3 PUFA deficient diet- 
sunflower oil with high LA and no n-3 PUFA, 
n-3 PUFA adequate diet- fish oil, flax seed 
and sunflower oil containing 0.47% DHA and 
5.25% of LA 

-Decreased BDNF expression in deficient diet associated with a 
hypermethylated DNA at CpG sites indicated a potential long-term 
impacts of brain development in offspring 

[225] 

Folic acid availability or deficiency on 
oocytes development and epigenetic 
effects in next generation progeny 

Female BALB/c mice, folic acid deficient (7-
fold) or supplement (10-fold) starting from 4 
wks prior mating, throughout gestation and 
lactation 

-F2 litters showed a higher resorption rate, reduced litter size,  
abnormal embryo outcomes  
-Both low and high folate prior to oocyte maturation compromised 
oocyte quality and affecting early development of next generation by 
altering DNA methylation patterns 

[226] 

Maternal n-3 PUFA deficiency during 
pregnancy and changes in the 
epigenetic modulators of the placenta 

Female Swiss albino mice, n-3 PUFA deficient 
diet - n-6/n-3 PUFA= 50/1, 0.13% energy from 
ALA; n-3 sufficient diet- n-6/ n-3 PUFA= 2/1; 
2.26% energy from ALA; 

-Global hypermethylation in F0 and F1 of n-3 deficient placenta 
-Increased expression of DNMT3A and DNMT3B in F0 and F1 n-3 
deficient placenta 

[227] 

Maternal micronutrients and omega-3 
fatty acids on global methylation 
patters in the brain 

Pregnant rats fed with folic acid (normal and 
excess) in presence or absence of Vit B12; 
Omega-3 supplemented in Vit B12 deficient 
rats 

-Global hypomethylation in offspring brain at birth. 
-Despite postnatal control diet, cortex of offspring showed 
hypermethylation at adult age 
-Omega-3 fatty acids reversed methylation patterns 

[228] 
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Effects of dietary combinations of B12 
and folic acid on genome imprinting 
modulators 

6-week-old C57BL/6 males mice fed with 
standard chow diet and females with different 
levels of folic acid and B12 for two 
generations 

Non-coding RNA expression of IGF2R and KCNQ1OT1 were sensitive 
to the different dietary combination folic acid and B12 in the mice 
offspring indicated epigenetic programming  

[229] 

Maternal low protein diet (MLPD) 
and epigenetic alterations in gene 
expression of brain renin-angiotensin 
system (RAS) in mice 

FVB/NJ mice, MLPD-50% protein depletion, 
from gD10.5 to 17.5 

-MLPD results hypomethylation of ACE-1 promoter regions in fetal 
brain 
-Changes in DNA methylation and miRNA expression modulate key 
regulators of hypertension in adults 

[230] 

Effect of a maternal HFD on fetal 
gluconeogenic gene expression and 
regulation of histone modifications 

Timed-pregnant obese resistant rats,  
control - 64%, 20%, 16% and HFD- 35%, 20% 
and 45% of carbohydrate, protein and fat 
respectively from embryonic day 2 to 20 

In utero exposure to HFD programmed the gluconeogenic capacity of 
offspring through epigenetic modifications and predispose offspring 
with altered insulin sensitivity in adulthood 

[231] 

Maternal calorie restriction (CR) on 
DNA methylation and placental gene 
expression 

C57/BL6 mice, control- chow diet, CR- 50% 
(w/w) diet of their daily intake from gD 10 to 
19 

Altered DMRs in CR mice associated with IUGR phenotypes enriched 
with micro-RNA target genes linked with risk factors of cardiovascular 
and neurological diseases  

[232] 

Maternal HFD during pregnancy and 
its effects on regulation of gene 
functions 
  

Female C57BL6J, HFD-22.6% fat, 48.6% 
carbohydrate, 23% protein; Standard chow 
diet- 10% fat, 68.8% carbohydrate, 18% 
protein; prior to conception, during 
pregnancy and lactation 

Altered hepatic expression of insulin like growth factor-2 and key 
microRNAs in the adult offspring 

[233] 

HFD- High fat diet; LA- Linoleic acid; ALA-alpha-linolenic acid; PUFA- polyunsaturated fatty acids; BDNF- Brain-derived neurotrophic factor; DHA- Docosahexaenoic acid; DMR-
differentially methylated regions; Cdkn3- cyclin dependent kinase inhibitor 3; ACE-1- Angiotensin-converting enzyme 1; IUGR- Intrauterine growth restriction; DNMT3A- DNA 
methyltransferase 3A; DNMT3B- DNA methyltransferase 3B; gD- gestational day;. 

Table 2. Role of maternal nutrients in fetal epigenetic programming: consolidated clinical trials. 

Aim Subjects & design Analysis & method Primary outcome Ref. 

In utero DHA supplement 
and fetal epigenome 

-Pregnant women in 
Australia  
-DHA (800 mg), EPA (100 
mg) supplement per day 
from gD 21 until delivery 

Blood spots at birth (n=991)  
 

- 21 differentially methylated regions (DMRs) in genes associated with 
appetite regulation, neurodevelopment  
-DMRs was greater in males than females  

[205] 

Association between 
maternal fatty acids (FA) 

-Pregnant women in the 
United States 

Cord blood DNA from 
singletons  

-Preconception marine PUFA levels correlated with increased DNAm 
of GRAMD2A and HTR1B genes involved in neurological functions [206] 
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and newborn DNA 
methylation (DNAm)  
 

-Plasma phospholipid 
FAs at preconception 
4mo before pregnancy 
(n = 346) and at 8wks 
(n = 374) of gestation 

-Preconception SFA levels correlated with increased DNAm at KIF25-
AS1 and SLC39A14 genes involved in microtubule motor activity and 
neurodegeneration respectively  
-FAs levels at 8 weeks of gestation were unrelated to DNAm   

Dietary PUFA during 
pregnancy and methylation 
of imprinted genes  

DHA (400mg/day, n=131) 
or placebo (n=130) from 
gD 18-22 until delivery 

DNA methylation of IGF2 
promoter 3 (P3), IGF2 DMRs, 
and H19 DMR in cord blood 
mononuclear cells 

- DNAm of IGF2 P3 higher (p=0.04) in preterm infants of DHA group 
than placebo 
- IGF2 DMRs higher in DHA group than placebo infants of overweight 
mothers  
- H19 DMR lower in infants of normal weight mothers in DHA group 

[207] 

Maternal micronutrient 
supplementation and 
DNAm in their children 

Indian (n=698) and 
Gambian (n=293) 
pregnant women 
before and during 
pregnancy  

-Micronutrient rich snack 
periconceptionally (India)  
-Micronutrient tablet daily 
until confirmation of 
pregnancy (Gambia) 

-No changes in DNAm children (5-7 yrs) from the Indian cohort 
-In the Gambian cohort, Changes in DMRs involved in angiogenesis 
and cell growth; cadherin 18 (CDH18) and catenin alpha 2 (CTNNA2) 
implicated to the brain development  

[208] 

Prenatal n-3 PUFA intake 
and DMRs in cord blood 

Pregnant women, n=577, 
Italy 

Pregnant women 45–64% of 
daily calories from 
carbohydrates, 20–35% of 
daily calories from fats and 
60g/day of proteins and 3 
fishes per week 

-Reduced methylation of MSTN, ATP8B3, IFNA13 and GABBR2 genes 
in newborns from either low or high n-3 PUFA diet compared to 
medium n-3 PUFA diet 
-Over expression of these genes may lead to insulin resistance and 
adiposity 

[209] 

Maternal dietary FAs quality 
on epigenetic aging and 
newborn cardiometabolic 
risk 

Healthy mothers and 
children, n=224, Australia 

Body fat, aortic intima-
media thickness, heart rate 
variability and epigenetic 
age acceleration in newborn 
infants 

- Omega-3 FAs showed a beneficial association with newborn 
epigenetic age acceleration 
-Maternal dietary FAs quality associated with epigenetic aging in 
newborns 
 

[210] 

Vitamin D supplementation 
and epigenetic gestational 
age acceleration (GAA) in 
newborn 

Pregnant women, n=92, 
multiethnic population, 
USA 

- 4000 IU/ day Vit D3 or 
placebo plus prenatal 400 IU 
vitamin D3 during 
pregnancy  

-GAA associated with higher birth weight 
-No association between vitamin D3 supplementation and GAA [212] 

Folic acid beyond first 
trimester and DNAm of 
genes related to brain 
development and function 

Pregnant women, n=86, 
Ireland 

400 µg folic acid/day, 
through the second and 
third trimesters compared 
with placebo 

-Lower DNAm of LINE-1, IGF2, and BDNF 
-Continued folic acid supplementation in pregnancy results in 
significant changes in DNAm in cord blood of genes related to brain 
development 

[213] 
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Maternal choline intake on 
methylations of cortisol 
regulating genes in placenta 
and cord venous blood 

Pregnant women, n=26, 
USA 

Choline supplementation- 
480 mg/day and 930 mg/day 
for 12 weeks from 26-29 
gestational weeks until 
delivery 

-Higher placental promoter methylation of cortisol regulating genes, 
CRH, NR3C1 
-Lower cord blood promoter methylation of CRH, NR3C1 
-maternal choline intake modulates the epigenetic state of genes that 
regulate fetal HPA axis 

[16] 

Maternal dietary glycaemic 
index on cord blood DNAm 

Mother offspring pairs, 
n=2003, U.K, Netherlands 
and Spain 

Maternal dietary glycaemic 
index calculated by FFQ and 
correlated with cord blood 
DNAm 

Maternal glycaemic index associated with the changes in DNAm of 
genes associated with neurodevelopment, lipid metabolism in 
overweight/obesity subjects 

[214] 

Parental dietary quality on 
offspring DNAm Families, n=1124, Ireland 

Maternal diet in first 
trimester and paternal diet 
were assessed by FFQ 

-Maternal healthy eating index inversely associated with DNAm of 
PLEKHM1 gene (bone development) 
-Prenatal parental dietary quality might influence offspring DNAm 
during childhood 

[215] 

Mediterranean diet during 
pregnancy and neonatal 
DNA methylation at birth 

Mother-infant pairs, n= 
390, USA 

Overall dietary assessment 
by FFQ in periconception 
and once in each trimester 

-Lower adherence to Mediterranean diet results in a greater odd of 
hypomethylation at the MEG3-IG DMR indicating dietary effects on 
genome imprinting 

[216] 

Mediterranean diet 
adherence during pregnancy 
and imprinted gene 
methylation of brain task 

Mother/infant pairs, 
n=325, USA 

Maternal periconceptional 
FFQ and correlated with 
child behavioural outcomes 
at 2 years of age 

- Adherence to a Mediterranean diet in early pregnancy was associated 
with favourable neurobehavioral outcomes in early childhood  
-Sex-dependent methylation differences of MEG3, IGF2 DMRs. 

[217] 

Dietary fat intake during 
pregnancy and imprinting 
gene methylations 

Pregnant women, N=154, 
Eastern Massachusetts 

Maternal fat intake during 
first and second trimester by 
FFQ 

Maternal total fat and PUFA intake inversely correlated with IGF2-
DMR and positively correlated with H19-DMR (negative regulation of 
body weight and cell proliferation) methylation 

[219] 

Effect of substituted low 
glycaemic index (GI) diet or 
GI diet on epigenetic profile 
of the offspring at 5 years of 
age 

5-year-old children from 
ROLO kids’ study, n=60-
63, Australia, Ireland 

High GI diet substituted 
with low GI from second 
trimester until delivery 

No association between maternal factors due to substituted GI or low 
GI diet on DNAm status of the offspring at 5 years age  

[220] 
[221] 

Mediterranean diet 
adherence during 
pregnancy, fetal gut 
microbiota and offspring 
epigenetic regulation 

Pregnant women, n=41, 
USA 

Dietary patterns assessed by 
FFQ, Mediterranean diet 
adherence scores correlated 
with neonatal microbiome 
and fetal epigenetic 
programming 

With adherence to Mediterranean diet results a greater abundance of 
Pasteurellaceae, Bacteroidaceae and other short-chain fatty acid-
producing species and connected with fetal DMRs of in utero 
development 

[222] 
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DHA-Docosahexaenoic acid; EPA-Eicosapentaenoic acid; DMR-differentially methylated regions; DNAm-DNA methylation; GRAMD2A-GRAM domain containing 2A; HTR1B- 5-
Hydroxytryptamine Receptor 1B; KIF25-AS1- Kinesin Family Member 25 Antisense RNA 1; SLC39A14- solute carrier family 39 member 14; IGF2- insulin like growth factor 2; H19-gene 
for a long noncoding RNA; MSTN-myostatin; ATP8B3-ATPase Phospholipid Transporting 8B3; IFNA13-Interferon Alpha 13; GABBR2-gamma-aminobutyric acid type B receptor 
subunit 2; FFQ-food frequency questionnaire; SFA-saturated fatty acid; PUFA- polyunsaturated fatty acids; LINE-1-long interspersed element 1; BDNF-Brain-derived neurotrophic 
factor; CRH- Cortisol regulating hormone; NR3C1- glucocorticoid receptor; HPA- hypothalamic-pituitary-adrenal axis; PLEKHM1-pleckstrin homology and RUN domain 
containing M1; MEG3- maternally expressed 3 gene; gD- gestational day;. 
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